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Background: The main reason why lung cancer has maintained a high rate of morbidity and mortality is that
its early diagnosis is difficult. No current lung cancer screening is recommended by any major medical
organization due to the lack of sensitive and specific screening technologies. Thus, this study aimed to
systematically investigate the correlation between the alterations in serum glycosylation and three main
types of lung cancers (SCLC, ADC and SqCC). Materials and methods: We investigated the protein
glycopatterns in sera from 333 subjects (65 healthy volunteers, 38 benign lung disease patients, 49 small
cell lung cancer patients, and 181 NSCLC patients) using a lectin microarray. A serum microarray was
produced to evaluate and verify the terminal carbohydrate moieties of the glycoproteins in individual
serum samples from 30 cases simultaneously. Results: There were 16 lectins (e.g., RCA120, BS-I, and
UEA-I), 24 lectins (e.g., HHL, PTL-I, and MAL-Il), and 18 lectins (e.g., GSL-I, LEL, and ACA) that exhibited
significant differences in serum protein glycopatterns in the patients with SCLC, ADC and SqCC
compared with the controls (HV and BPD). There were 6 lectins (e.g., EEL, NPA, and LEL) that exhibited
significantly increased NFls in ADC and SqQCC compared with SCLC. Also, there were 5 lectins (e.g.,
Jacalin, BS-1, and UEA-I) that exhibited significantly decreased NFls in ADC compared with SCLC and
SqCC. Conclusions: This study can facilitate the discovery of potential biomarkers for the differential
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1 Introduction

Lung cancer is the most common malignant tumor and the first
leading cause of cancer-related deaths among men and the
second leading cause of cancer-related deaths among women
worldwide." The main reason why lung cancer has maintained
a high rate of morbidity and mortality is that its early diagnosis
is difficult. Most lung cancer patients have metastatic primary
lung cancer at the time of diagnosis, and their five-year survival
rate is only 3.5%. Therefore, the low survival rate of lung cancer
is closely related to the abovementioned reasons.** In contrast,
early-stage lung cancer has relatively favorable survival.®
However, currently, there is no lung cancer screening recom-
mended by any major medical organization due to the lack of
sensitive and specific screening technologies.” Lung cancers are
broadly classified into two types, namely, small cell lung cancers
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diagnosis of lung cancer based on the precise alteration in serum protein glycopatterns.

(SCLC) and non-small cell lung cancers (NSCLC), which is based
upon the microscopic appearance of the tumor cells. SCLC
comprises about 10-15% of lung cancers, which metastasize
rapidly to many sites within the body and are most often
discovered after they have spread extensively. The clinical stage
of SCLC can be divided into limited diseases and extensive
diseases. However, NSCLC is the most common lung cancer,
accounting for about 85% of all cases, which has several main
types: squamous cell lung cancer (SqCC), lung adenocarcinoma
(ADC), large cell carcinoma (LCC) and lung adenosquamous
carcinoma (ASC). ADC forms the largest group (approximately
60%) among all NSCLC and is thereby the most frequent cause
of tumor-related deaths.**°

Tissues and blood were used extensively in early attempts to
detect lung cancer. However, it is difficult to acquire enough tissue
samples for molecular marker detection because most lung cancer
patients are often diagnosed late, and they are not suitable for
surgery. In contrast, serum samples are easy to obtain via minimally
invasive methods, and they are suitable and convenient for
molecular marker detection. The serum isocitrate dehydrogenase 2
(IDH2) can be a new and reliable biomarker for the diagnosis and
prognosis of NSCLC."* Currently, some tumor markers are used to
detect lung cancer, such as carcinoembryonic antigen (CEA), serum
cytokeratin 19 fragment (Cyfra 21-1) and progesterone-releasing
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peptide (pro-GRP). However, the relatively low sensitivity and
specificity of these markers in the detection of cancer cells make
their application unsatisfactory in the early diagnosis and moni-
toring of diseases.”»* Furthermore, some target prodrugs have been
designed and synthesized for the precision therapy of NSCLC. The
prodrug polyamine analog gefitinib (PPG) offers reliable and rapid
data for the diagnosis of NSCLC within 4 h.***

There is significant correlation between aberrant glycosylation
modification and many diseases. Many types of genetic diseases
are result of congenital disorder of glycosylation. Alterations in
glycan structures are closely related to the mechanism of
numerous diseases, suggesting that a change in these glycans
may play a critical role in tumor formation and development.*®
For example, most of the proteins in the serum are secreted by
the liver, thus many studies have identified N-glycan alterations
in the development of liver disease, which is the basis of many
investigations. Alterations in core fucosylation, outer-arm fuco-
sylation, sialylation and glycan branching have been found in the
serum of patients with liver disease."” Similarly, there are also
many groups that give greater insight into the underlying bio-
logical mechanisms of aberrant glycosylation in lung cancer.'®*
For example, the role of o-1,3-fucosyltransferase (Fut3) in the
synthesis of sLex and prognosis of its physiological function have
been assessed in lung cancer. The accumulation of tumor-
associated antigens, such as sLex, was mostly studied in the
sera of patients with lung cancer. The level of core fucosylation
increased in ADC compared with nonmalignant tissue. However,
although the pathogenic mechanism is not completely clear,
glycosylation modification is closely related to many diseases.
Changes in the glycan structures of serum proteins are an indi-
cation when a disease is present, which can provide important
information in the pathogenesis and progression for various lung
diseases.” The differential glycosylation patterns of lung tumor
tissue and nonmalignant tissue at the level of individual glycan
structures were examined using nLC-chip-TOF-MS.** Also,
a serum mass profile-based signature identifying patients with
early lung cancer was developed,”* which profiled the low-
molecular-weight serum fraction by MALDI-MS and revealed
several components with abundances discriminating patients
with early lung cancer from healthy high-risk smokers.>* Addi-
tionally, 38 glycopeptides from 22 different proteins were
significantly differentially abundant in the serum of lung cancer
using LC-MS/MS, and the differential expression levels of serum
proteins harboring selective glycopeptide candidates were
confirmed using sandwich-based ELISAs.*® Lectins are also
carbohydrate-binding proteins that can distinguish glycans
based on structural differences.”® Researchers were able to
distinguish between patients with ADC, SQLC and SqCC and
patients with benign conditions using lectin arrays to detect the
A1AT-specific glycosylation changes in individual serum glyco-
proteins.”” The lectin microarray can quickly detect many
different types of glycosylation forms simultaneously. Thus, the
emergence of this high-throughput sugar group technology has
become the main method to study the glycosylation of various
protein samples.”®

SCLC, ADC and SqCC are the most common lung cancers in
clinic. LCC and ASC are unusual types, which account for less
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than 7% of lung cancers. In this study, we aimed to systemati-
cally investigate the correlation between the alterations in
serum glycosylation and the three main types of lung cancers
(SCLC, ADC and SqCC) using lectin microarrays, provide new
basic insight into serum protein glycopatterns, and compare
different or similar alterations in glycoprotein glycopatterns
between SCLC, ADC and SqCC.

2 Materials and methods
2.1 Study approval

The collection and use of all human serum for research pre-
sented here were approved by the Ethical Committee of
Northwest University and the First Hospital of Medicine College
of Xi'an Jiaotong University (Xi'an, China). Written informed
consent was received from participants for the collection of
their whole serum. This study was conducted in accordance
with the Ethical Guidelines of the Declaration of Helsinki.

2.2 Serum collection

Serum samples were collected from 65 healthy volunteers
(median age 69.7 years [range 60.5-84.5], 60% male), and 268
patients with lung diseases (66.7% male). These patients had
two main types, SCLC and NSCLC. SCLC patients (n = 87)
including (1) benign pulmonary disease (BPD, n = 38, median
age 60.1 years [range 42.0-83.0]), (2) limited disease small cell
lung cancer (LD-SCLC, n = 23, median age 69 years [range 65.5-
76.0]), and (3) extensive disease small cell lung cancer (ED-
SCLC, n = 26, median age 59.5 years [range 46.5-73.5]). The
NSCLC patients (n = 181) included: (1) lung adenocarcinoma
early stage (ADC-ES, n = 17, median age 59.0 years [range 41.5-
71.0]), (2) lung adenocarcinoma advanced stage (ADC-AS, n =
73, median age 56.0 years [range 45.5-63.5]), (3) squamous cell
lung cancer early stage (SqCC-ES, n = 21, median age 45.0 years
[range 37.0-58.5]), and (4) squamous cell lung cancer advanced
stage (SqCC-AS, n = 70, median age 62.5 years [range 52.0-
72.5]). The baseline characteristics of HVs and patients with
lung diseases are summarized in Table 1.

Serum was separated immediately via centrifugation at
13 000 x g for 10 min at 4 °C. An EDTA-free inhibitor cocktail
(Halt protease inhibitor; Thermo Scientific Pierce Protein
Research Products, Rockford, IL, USA) was added immediately
at a concentration of 10 uL, mL~" serum. The produced serum
was aliquoted into small portions, immediately frozen on dry
ice and stored at —80 °C. The protein concentration was
determined using the BCA assay.

2.3 Lectin microarrays

To normalize the differences between subjects and to tolerate
individual variation, the serum samples from HV and patients
with SCLC, ADC and SqCC were pooled. Total proteins in the
sera were labeled using Cy3 fluorescent dye and purified using
a Sephadex-G25 column. Lectin microarrays were utilized as
previously described.>?*° Briefly, 37 lectins with different
binding preferences covering N- and O-linked glycans were
spotted on homemade epoxysilane-coated slides. Each lectin

This journal is © The Royal Society of Chemistry 2020
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was spotted in triplicate per block, with quadruplicate blocks on
one slide. After immobilization, the slides were blocked with
blocking buffer containing 2% BSA in 1 x PBS (0.01 M phos-
phate buffer containing 0.15 M NacCl, pH 7.4) for 1 h and rinsed
twice with 1 x PBS. Then the blocked slide was incubated with
Cy3-labeled salivary proteins diluted in 0.6 mL of incubation
buffer for 3 h at room temperature. After incubation, the
microarray was rinsed twice with 1 x PBST (0.2% Tween 20 in 1
x PBS) for 5 min each, and finally rinsed in 1 x PBS before
drying. The microarrays were scanned using a Genepix 4000B
confocal scanner (Axon Instruments, Foster City, Calif., USA) set
at 70% photomultiplier tube and 100% laser power. The
acquired images were analyzed at 532 nm for Cy3 detection
using the Genepix 6.0 software.

2.4 Data acquisition and analysis

The acquired images were analyzed at 532 nm for Cy3 detection
using the Genepix 3.0 software. The average background was
subtracted, and values less than the average background + 1.5
standard deviations (SD) were removed from each data point. The
median of the effective data points for each lectin was globally
normalized to the sum of medians of all the effective data points
for each lectin in a block. Each pooled sample was observed
consistently by three repeated slides and the normalized medians
of each lectin from 9 repeated blocks were averaged and its SD
was counted. The normalized data of the parallel groups were
compared with each other based on fold change, according to the
following criteria: fold change = 1.5 or <0.67 in pairs indicated
up-regulation or down-regulation, respectively. Differences
between two arbitrary data sets or multiple data sets were tested
by Student's ¢ test or one-way ANOVA for each lectin signal using
SPSS statistics. The original data was further analyzed using
Expander 6.0 (http://acgt.cs.tau.ac.il/expander/) to perform hier-
archical clustering analysis.>*

2.5 Serum microarrays

A sera microarray was produced by 120 individual serum
samples from HVs (n = 30) and patients with BPD (n = 30),
SCLC (n = 30), ADC (n = 30) and SqCC (n = 30) according to our
previous protocols.>**** These serum samples were randomly
chosen from the 333 samples we collected before. The baseline
characteristics of HVs and patients with lung diseases are
summarized in Table 1. Briefly, the serum samples were dis-
solved in spotting buffer containing 0.5 mg mL ™' BSA in 1 x
PBS, pH 7.4, to a concentration of 1 mg mL™ " before spotting on
homemade epoxysilane-coated slides with Stealth micro spot-
ting pins (SMP-10B). After immobilization, the slides were
blocked with the blocking and incubation buffers (ESI
Appendixt) for 1 h and rinsed twice with 1 x PBS. Cy3-labeled
lectin diluted in 0.5 mL of buffer (ESI Table 7t) was incubated
on the blocked slide for 3 h at room temperature in the dark.
The slide was washed and dried via centrifugation at 600 rpm
for 5 min. The slide was scanned using a Genepix 4000B
confocal scanner at 70% photomultiplier tube and 100% laser
power settings, and the acquired images were analyzed at
532 nm for Cy3 detection. All values less than average

RSC Adv, 2020, 10, 7181-7193 | 7183
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background + 2SD were removed from each data point, and the
median of the effective data points of each sample was counted.
The medians from one group were averaged and expressed as
the mean + SD. Differences between two arbitrary groups or
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The layout of the lectin microarrays and glycopatterns of the
Cy3-labeled pooled serum proteins from HV, BPD, LD-SCLC,
and ED-SCLC bound to the lectin microarrays are shown in
Fig. 1A and B. The normalized fluorescent intensities (NFIs) for

each lectin are summarized as the mean value £ SD in ESI Table
1.} Specifically, (1) results showing a significant increase in NFIs
(fold change = 1.50, p < 0.05), (2) results showing a significant
decrease in NFIs (fold change =< 0.67, p < 0.05), and (3) results

multiple groups of medians were tested using Student's ¢-test or
one-way ANOVA for each serum sample using SPSS version 19.

3 Results showing an almost even level in NFIs (fold change range from
3.1 Alterations of serum glycopatterns from patients with 0.67 to 1.50, no significant difference). All the results based on
SCLC fold change in pairs (with p-values lower than 0.05) with the

NFIs of each lectin from HV, BPD, LD-SCLC, and ED-SCLC are
shown in ESI Table 2.1 The results showed that there were 16
lectins giving a significantly differential signal in pooled serum

The subjects were chosen at the same or similar age stage and
the proportionality subjects in each group was similar to avoid
differences between subjects and tolerate individual variations.
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Fig. 1 Glycopatterns of serum glycoproteins from male and female HVs and lung disease patients with BPD, LD-SCLC and ED-SCLC using
a lectin microarray. (A) Layout of the lectin microarray. Each lectin was spotted in triplicate per block, with triplicate blocks on one slide. Cy3-
labeled BSA was spotted as a location marker and BSA as a negative control. (B) Profiles of Cy3-labeled serum proteins from HV and lung disease
patients with BPD, LD-SCLC and ED-SCLC bound to the lectin microarrays. A portion of the slide with three replicates of the lectin arrays is
shown. The lectin microarrays revealed a significant difference, as marked with red frames. (C) Heat map and hierarchical clustering analysis of
the 37 lectins with three biological replicates. The samples are listed in the columns, and the lectins are listed in the rows. The color and intensity
of each square indicate the expression levels relative to the other data in the row. Red, high; green, low; and black, medium. (D) Three lectins
revealed significant differences between HV and all groups of patients with SCLC, and five lectins revealed significant differences between BPD
and SCLC patients, lectins showing decreasing trends of NFIs (p < 0.05). (E) Three lectins showing a decreasing trend of NFls (fold change < 0.67,
p < 0.05) in parts of groups with SCLC compared with HV and BPD according to one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001). (F) Five
lectins showing increasing trend of NFls (fold change = 1.5, p < 0.05) in some of the groups with SCLC compared with HV and BPD according to
one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001).
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from HV, BPD, LD-SCLC, and ED-SCLC. The generated data
from three biological replicates were imported into EXPANDER
6.0 to perform a hierarchical clustering analysis (Fig. 1C).

The results showed that the B-Gal and GalB-1 binder RCA120,
the o-Gal and «-GalNAc binder BS-I, and the Fuca1-2Galf1-
4Glc(NAc) binder UEA-I exhibited significantly increased NFIs
in BPD, LD-SCLC, and ED-SCLC compared with HV (all fold
change = 1.51, p = 0.037); however, there was no significant
difference between BPD, LD-SCLC, and ED-SCLC. The terminal
GalNAca/B1-3/6Gal binder WFA had significantly increased
NFIs in LD-SCLC compared with HV (fold change = 1.69, p <
0.001). Also, the Siao2-6Gal/GalNAc binder SNA, (GlcNAc),, and
high mannose-type N-glycans binder LEL and the Fucal-
2Galp1-4GlcNAc binder LTL were associated with decreased
NFIs in LD-SCLC compared with BPD (all fold change < 0.60, p
= 0.021); however, SNA showed significantly decreased NFIs in
ED-SCLC compared with BPD (fold change = 0.55, p = 0.016),
and an increase in the NFIs of LEL was observed in ED-SCLC
compared with LD-SCLC (fold change = 1.76, p = 0.014). The
bisecting GlcNAc binder PHA-E was associated with decreased
NFIs in ED-SCLC compared with BPD (fold change = 0.63, p =
0.049) (Fig. 1D).

The GalB1-3GalNAca-Ser/Thr (T) binder Jacalin had signifi-
cantly decreased NFIs in BPD and LD-SCLC compared with HV
(all fold change = 0.58, p < 0.043), and significantly increased
NFIs in ED-SCLC compared with BPD and LD-SCLC (all fold
change = 1.91, p =< 0.042). The o-p-Man and Fuca-1,6GlcNAc
binder LCA had a decrease in NFIs in BPD and ED-SCLC
compared with HV (all fold change = 0.63, p < 0.028), but an
increase in NFIs was observed in LD-SCLC compared with BPD
and ED-SCLC (all fold change = 1.84, p = 0.032). The trimers
and tetramers of the GIcNAc binder STL had significantly
increased NFIs in LD-SCLC and ED-SCLC compared with BPD,
and had significantly increased NFIs in LD-SCLC compared
with HV (all fold change = 1.55, p =< 0.046) (Fig. 1E).

The Gala1-3(Fuca1-2) Gal binder EEL showed an increase in
NFIs in BPD, LD-SCLC and ED-SCLC compared with HV (all fold
change = 1.99, p = 0.23), but a decrease in NFIs was observed in
ED-SCLC compared with BPD and LD-SCLC (all fold change =
0.34, p = 0.047). Also, the aGalNAc/aGal binder GSL-I was
associated with decreased NFIs in LD-SCLC and ED-SCLC
compared with BPD (all fold change < 0.58, p < 0.039) and
a decrease in NFIs was observed in ED-SCLC compared with HV
and LD-SCLC (all fold change = 0.58, p = 0.039). The high-
mannose binder NPA, high-mannose binder HHL, and aGal-
NAc and GalNAca1-3(Fucal-2) Gal binder DBA showed a signif-
icant increase in NFIs in BPD compared with HV and LD-SCLC
(all fold change = 1.87, p =< 0.010) (Fig. 1F).

3.2 Alterations of serum glycopatterns from patients with
ADC

The glycopatterns of the Cy3-labeled pooled serum proteins
from HV, BPD, ADC-ES, and ADC-AS bound to the lectin
microarrays are shown in Fig. 2A. The NFIs for each lectin are
summarized as the mean values + SD in ESI Table 3.1 All the
results based on fold change in pairs (with p-values lower than

This journal is © The Royal Society of Chemistry 2020
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0.05) with the NFIs of each lectin from HV, BPD, ADC-ES, and
ADC-AS are shown in ESI Table 4.7 The results showed that
there were 24 lectins showing a significantly differential signal
in the pooled serum from HV, BPD, ADC-ES, and ADC-AS. The
generated data from three biological replicates was imported
into EXPANDER 6.0 to perform hierarchical clustering analysis
(Fig. 2B). The results showed that HHL exhibited significantly
increased NFIs in all the patients compared with HV (all fold
change = 1.64, p = 0.041). The GalNAc binder PTL-I had
significantly increased NFIs in ADC-ES compared with HV (fold
change = 1.55, p = 0.016); however, the Siax2-3Galp1-
4Glc(NAc)/Gle binder MAL-II exhibited increased NFIs in ADC-
AS compared with HV (fold change = 0.64, p < 0.001). STL was
associated with increased NFIs in ADC-AS compared with BPD
and ADC-ES (fold change = 1.60 and 1.57, p = 0.017 and 0.009).
The terminal GalNAc binder VVA exhibited significantly
decreased NFIs in ADC-AS compared with ADC-ES (fold change
= 0.64, p = 0.011) (Fig. 2C).

Both Jacalin and LCA exhibited significantly decreased NFIs
in all the patients compared with HV (all fold change < 0.58, p
= 0.043) and in ADC-ES and ADC-AS compared with BPD (all
fold change = 0.45, p = 0.032). The multivalent Sia and
(GleNAc),, binder WGA and the (LacNAc),, binder PWM exhibi-
ted significantly decreased NFIs in ADC-ES and ADC-AS
compared with HV and BPD (all fold change = 0.59, p =
0.008), and WGA showed a significant decreasing trend from
ADC-ES to ADC-AS (fold change = 0.46, p = 0.020). BS-I and
UEA-I exhibited significantly increased NFIs in BPD compared
with HV (fold change = 2.07 and 1.91, p = 0.043 and 0.045), and
decreased NFIs in ADC-ES and ADC-AS compared with BPD (all
fold change = 0.59, p =< 0.030), and BS-I also showed a signifi-
cant decreasing trend from BPD and ADC-ES to ADC-AS (all fold
change = 0.56, p = 0.038), and UEA-I exhibited a significant
decrease in ADC-AS compared with HV (fold change = 0.60, p =
0.012) (Fig. 2D).

EEL, NPA, GSL-I, DBA, and RCA120 were associated with
significantly increased NFIs in all the patients compared with
HV (all fold change = 1.87, p =< 0.049), and the NFIs of EEL and
NPA in ADC-ES and ADC-AS were significantly increased
compared with BPD (all fold change = 1.82, p < 0.040). The
NFIs of DBA and RCA120 showed a significant increasing trend
from BPD and ADC-ES to ADC-AS (all fold change = 1.52, p <
0.033). GSL-I, LEL, the GalB-1/4GlcNAc/Siax2-3Gal binder MAL-
I, the high-mannose binder ConA, and the Gal binder PTL-II
exhibited significantly increased NFIs in ADC-ES compared
with HV and BPD (all fold change = 1.50, p =< 0.049), and
decreased NFIs in ADC-AS compared with ADC-ES (all fold
change = 0.64, p = 0.022). The Fucal-6 GlcNAc (core fucose)
binder AAL, the GalB1-3GalNAc/GalNAc binder MPL, the
terminating in GalNAco/B1-3/6Gal binder WFA, and SNA
showed significantly increased NFIs in ADC-AS compared with
HV, BPD and ADC-ES (all fold change = 1.51, p =< 0.015), except
for the NFIs of MPL, which were not significantly different
between ADC-ES and ADC-AS, and the NFIs of WFA and SNA
were not significantly different between ADC-ES and BPD
(Fig. 2E).
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Fig. 2 Glycopatterns of the serum glycoproteins from male and female HVs and lung disease patients with BPD, ADC-ES and ADC-AS using
a lectin microarray. (A) Layout of the lectin microarray. Each lectin was spotted in triplicate per block, with triplicate blocks on one slide. Cy3-
labeled BSA was spotted as a location marker and BSA as a negative control. The profiles of Cy3-labeled serum proteins from HV and lung disease
patients with BPD, ADC-ES and ADC-AS bound to the lectin microarrays. A portion of the slide with three replicates of the lectin arrays is shown.
The lectin microarrays revealed a significant difference, as marked with red frames. (B) Heat map and hierarchical clustering analysis of the 37
lectins with three biological replicates. The samples are listed in the columns, and the lectins are listed in the rows. The color and intensity of each
square indicate the expression levels relative to the other data in the row. Red, high; green, low; and black, medium. (C) Three lectins revealed
significant differences between the HV and ADC patients, and two lectins revealed significant differences between the BPD and ADC patients,
with the lectins showing decreasing trends of NFIs (p < 0.05). (D) Six lectins showed a decreasing trend of NFls (fold change = 0.67, p < 0.05) in
parts of groups with ADC compared with HV and BPD according to one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001). (E) Eleven lectins
showed increasing trend of NFls (fold change = 1.5, p < 0.05) in some of the groups with ADC compared with HV and BPD according to one-way
ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001).

3.3 Alterations of serum glycopatterns from patients with from three biological replicates were imported into EXPANDER
SqcCC 6.0 to perform hierarchical clustering analysis (Fig. 3B). The
results showed that both GSL-I and LEL significantly increased
the NFIs in the patients compared with HV (all fold change =
1.80, p = 0.037), except for the NFIs of LEL had no difference
between BPD and HV. The GalB1-3GalNAco-Ser/Thr (T) binder
ACA had significantly increased NFIs in SqCC-AS compared with
HV (fold change = 1.68, p = 0.004) and the o-p-Man binder PSA
had significantly decreased NFIs in SqCC-AS compared with HV
(fold change = 0.58, p = 0.019). STL exhibited significantly
increased NFIs in SqCC-ES and SqCC-AS compared with BPD

The glycopatterns of the Cy3-labeled pooled serum proteins from
HV, BPD, SqCC-ES, and SqCC-AS bound to the lectin microarrays
are shown in Fig. 3A. The NFIs for each lectin are summarized as
the mean value + SD in ESI Table 5.7 All the results based on fold
change in pairs (with p-values lower than 0.05) with the NFIs of
each lectin from the HV, BPD, SqCC-ES, and SqCC-AS groups are
shown in ESI Table 6.1 The results showed that there were 18
lectins to give a significantly differential signal in the pooled
serum from HV, BPD, SqCC-ES, and SqCC-AS. The generated data
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Fig. 3 Glycopatterns of the serum glycoproteins from male and female HVs and lung disease patients with BPD, SqCC-ES and SqCC-AS using
a lectin microarray. (A) Layout of the lectin microarray. Each lectin was spotted in triplicate per block, with triplicate blocks on one slide. Cy3-
labeled BSA was spotted as a location marker and BSA as a negative control. The profiles of Cy3-labeled serum proteins from HV and lung disease
patients with BPD, SqCC-ES and SqCC-AS bound to the lectin microarrays. A portion of the slide with three replicates of the lectin arrays is
shown. The lectin microarrays revealed significant differences, as marked with red frames. (B) Heat map and hierarchical clustering analysis of the
37 lectins with three biological replicates. The samples are listed in the columns, and the lectins are listed in the rows. The color and intensity of
each square indicate the expression levels relative to the other data in the row. Red, high; green, low; and black, medium. (C) Four lectins revealed
significant differences between the HV and SqCC patients, and two lectins revealed significant differences between the BPD and SqCC patients,
with the lectins showing decreasing trends of NFls (p < 0.05). (D) Four lectins showed decreasing trend of NFls (fold change =<0.67, p < 0.05) in
some of the groups with SQCC compared with HV and BPD according to one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001). (E) Nine
lectins showed an increasing trend of NFls (fold change = 1.5, p < 0.05) in some of the groups with SQCC compared with HV and BPD according
to one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001).

(fold change = 1.85 and 1.51, p = 0.006 and 0.002). MAL-II  than that of BPD and SqCC-ES (fold change = 0.44 and 0.48, p =

exhibited significantly decreased NFIs in the SqCC-ES and
SqCC-AS groups compared with BPD (fold change = 0.64 and
0.54, p = 0.011 and 0.008) (Fig. 3C).

Both Jacalin and LCA exhibited significantly decreased NFIs
in the patients compared with HV (all fold change = 0.58, p =
0.043), and the NFIs of Jacalin in SqQCC-ES and SqCC-AS were
significantly lower than that of BPD (all fold change < 0.48,p =
0.026), and the NFIs of LCA in SqCC-AS were significantly lower

This journal is © The Royal Society of Chemistry 2020

0.008 and 0.013). The GalB1-3GalNAc binder BPL exhibited
significantly decreased NFIs in SqCC-ES compared with HV and
BPD (fold change = 0.54 and 0.58, p = 0.038 and 0.015), but an
increase in the NFIs was observed in SqCC-AS compared with
SqCC-ES (fold change = 1.79, p = 0.008). The terminal in Gal-
NAc and Gal binder SJA exhibited significantly decreased NFIs
in SqCC-AS compared with HV and BPD (fold change = 0.52 and
0.58, p = 0.012 and 0.003) (Fig. 3D).
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The NFIs of EEL, NPA, and PTL-II exhibited a significant
increasing trend in HV, BPD, and SqCC-ES to SqCC-AS (all fold
change = 1.52, p = 0.030); however, BS-I, RCA120, and MPL
exhibited significantly increased NFIs in SqCC-ES and SqCC-AS
compared with HV and BPD (all fold change = 2.00, p =< 0.028).
UEA-I and DBA exhibited significantly increased NFIs in SqQCC-
AS compared with HV, BPD, and SqCC-ES (all fold change =
1.87, p = 0.047) and their NFIs in BPD and SqCC-ES were
significantly higher than that of HV (all fold change = 1.54,p <
0.006). The high-mannose binder HHL exhibited significantly
increased NFIs in BPD and SqCC-AS compared with HV (fold
change = 2.06 and 1.71, p = 0.017 and 0.015), but a decrease in
the NFIs was observed in SqQCC-ES compared with the BPD (fold
change = 0.58, p = 0.015) (Fig. 3E).

3.4 Individual validation of the different serum
glycopatterns in patients with lung cancer

A serum microarray was fabricated to validate the differential
expression levels of serum glycopatterns among HV, BPD, LD-
SCLC, and ED-SCLC by spotting 120 individual serum samples
(20 male and 10 female samples randomly selected from HV,
BPD, LD-SCLC, and ED-SCLC) in spotting buffer to a concentra-
tion of 1 mg mL ™" on the surface of an epoxy slide according to
our previous publication.>® Each serum sample was spotted in
triplicate, and the layout of the serum microarrays is shown in
Fig. 4A. The three lectins (BS-I, UEA-I and GSL-I) that revealed
significant differences (p < 0.05) in the serum glycopatterns
according to the results of the respective lectin microarrays were
selected to validate the differential expression levels of the tar-
geted glycan structures in the individual serum (Fig. 4B). BS-I
staining showed increased fluorescence intensities (FIs) (p =<
0.002) in the patients with LD-SCLC and ED-SCLC compared with
individual HVs. UEA-I staining showed increased FIs in the
individuals with LD-SCLC and ED-SCLC compared with the
individuals with HVs (p = 0.045). GSL-I staining showed
decreased FIs in the individuals with ED-SCLC compared with
the individuals with HVs (p < 0.001). These results are generally
consistent with the results from the lectin microarrays.

Another serum microarray was fabricated to validate the
differential expression levels of serum glycopatterns among HV,
BPD, ADC and SqCC by spotting 120 individual serum samples
(20 male and 10 female samples randomly selected from HV,
BPD, ADC and SqCC). Each serum sample was repeatedly spotted
three times, and the layout of the serum microarray is shown in
Fig. 5A. Based on the results of the previous lectin microarrays,
three different lectins (p < 0.05) (PTL-II, UEA-I and DBA) were
selected for serum glycosylation changes in lung cancer, and
further verified by the serum microarray to confirm if there were
differences in the expression level of the target glycan structure in
the individual serum samples. As a result, PTL-II had increased
FIs in ADC-ES and ADC-AS compared with the HV group (p <
0.05). Moreover, it had a significant increase in alteration in
SqCC-ES and SqCC-AS compared with the HV group. UEA-I had
decreased FIs in ADC-AS compared with the HV group (p < 0.05).
DBA had increased FIs in SqCC-AS compared with the HV group
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(p = 0.001) (Fig. 5B). These results are generally consistent with
the results from the lectin microarrays.

3.5 Systematic comparison of the serum protein
glycopatterns among SCLC, ADC and SqCC

There were 16 lectins (e.g., RCA120, BS-I, and UEA-I), 24 lectins
(e.g:, HHL, PTL-I, and MAL-II), and 18 lectins (e.g;, GSL-I, LEL,
and ACA) that revealed significant differences in the serum
protein glycopatterns from the patients with SCLC, ADC and
SqCC compared with the controls (HV and HPD), respectively. A
systematic comparative analysis of the serum protein glyco-
patterns among SCLC, ADC and SqCC was performed based on
the above data, which showed that there were 6 lectins (EEL, NPA,
LEL, MPL, MAL-, and GSL-) that exhibited significantly
increased NFIs in ADC and SqCC compared with SCLC (all fold
change = 1.5, p = 0.01), and almost an even level in NFIs (fold
change range from 0.67 to 1.50, no significant difference)
between ADC and SqCC (Fig. 5A). However, there were 5 lectins
(Jacalin, BS-I, UEA-I, WGA, and PWM) that exhibited significantly
decreased NFIs in ADC compared with SCLC and SqCC (all fold
change = 1.5, p = 0.01), and Jacalin showed significantly
increased NFIs in SCLC compared with SQCC-ES (all fold change
= 1.54, p < 0.54), and BS-I exhibited significantly decreased NFIs
in SCLC compared with SqCC (all fold change = 1.5, p =< 0.01).

4 Discussion

Glycosylation is one of the most common post-translational
modifications (PTMs) of secreted proteins and plays a critical
role in signal recognition and conduction, cell-cell interaction,
cell adhesion, malignant transformation and metastasis in the
development of many cancers.® In the diagnosis of diseases
such as lung cancer, gastric cancer, breast cancer, and hepato-
cellular carcinoma, serum glycobiomarker identification has
led to big breakthroughs and improvements in their detection,
and thus has become a topic of increasing interest because of its
high sensitivity and specificity.>*** Moreover, the growing
practice of glycobiology provides great promise in the discovery
of glycosylated biomarkers for various diseases. As high-
throughput glycan technology, lectin microarrays can be used
for the rapid and accurate detection of multiple different
carbohydrate structures without the need to release N- or O-
linked glycans before analysis. Consequently, real information
can be obtained about protein glycosylation.>**°

In the present study, 333 serum samples were collected for
screening candidate lectins and constructing diagnostic models
in retrospective cohort. SCLC with a high rate of metastasis and
recurrence, is more aggressive and malignant than several types
of lung cancer. More than 70% of patients are diagnosed with
metastatic disease. Therefore, there is an urgent need for
effective SCLC biomarkers to improve its diagnosis and achieve
early detection. There were 16 lectin (e.g., PHA-E + L, BS-I, and
UEA-I) alterations in the serum glycopatterns between HV, BPD,
LD-SCLC and ED-SCLC using lectin microarrays, serum micro-
arrays, and statistical analysis. ADC is the most common type of
lung cancer, which has obvious cellular and molecular

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Validation of the differential expressions of the glycopatterns in the serum associated with SCLC, ADC and SqCC. (A) Layout of the serum
microarrays. A total of 120 serum samples ranging from HV (n = 30) and from patients with BPD (n = 30), LD-SCLC (n = 30), and ED-SCLC (n =
30) were dissolved in spotting buffer to a concentration of 1 mg mL~! and spotted on epoxysilane-coated slides. Each sample was spotted in
triplicate per block, with two continuous blocks on one slide. (B) Scan images of Cy3-labeled lectins binding to a serum microarray. Here, a block
of the slide with two sequential blocks is shown. (C) Box plot analysis of the original data obtained from the serum microarrays. Error bars
represent 95% confidence intervals for the means. The statistical significance of the differences between groups is indicated by the p-value. (D)
Layout of the serum microarrays. A total of 210 serum samples ranging from HV (n = 30) and from patients with BPD (n = 30), ADC/SqCC-I (n =
30), ADC-I1I/SqCC (n = 30), ADC-Illa/SqQCC (n = 30), ADC-Illb (n = 30) and ADC/SqCC-IV (n = 30) were dissolved in spotting buffer to
a concentration of 1 mg mL~! and spotted on epoxysilane-coated slides. Each sample was spotted in triplicate per block, with two continuous
blocks on one slide. (E) Scan images of Cy3-labeled lectins binding to a serum microarray. Here, a block of the slide with two sequential blocks is
shown. (F) Box plot analysis of the original data obtained from the serum microarrays. Error bars represent 95% confidence intervals for the
means. The statistical significance of the differences between groups was indicated by the p-value.

characteristics, and its glands or ducts have a large amount of BPD, ADC-ES and ADC-AS using lectin microarrays, serum
mucus. Because of its different pathological features and microarrays, and statistical analysis. SqQCC is one form of
prognosis, ADC is classified as a type of NSCLC, which is totally NSCLC, which begins in the tissues that line the air passages in
different from SCLC. There were 24 lectin (e.g., LEL, AAL, MAL-I, the lungs. It is also known as epidermoid carcinoma. Most
and PWM) alterations in the serum glycopatterns between HV, SqCC of the lungs are located centrally, usually in the larger

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 7181-7193 | 7189
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Fig. 5 Systematic comparison of the glycoprotein glycopatterns between SCLC, ADC and SqCC sera with the lectin microarray. (A) Six lectins
showed significant differences between the SCLC and NSCLC patients (all fold change = 1.5, p < 0.05). (B) Five lectins showed significant
differences between ADC and SCLC, SqCC patients (all fold change = 0.67, p < 0.05).

bronchi that join the trachea to the lung. There were 18 lectins
(e.g., MPL, BS-I, UEA-I) showing significant alterations in NFIs
in the pooled serum among HV, BPD, SqCC-ES, and SqCC-AS.

The serum of patients with different cancers has its own
specific glycoprotein glycans. When different types of cancer
occur, the corresponding glycan type or expression level
changes, and these changes can be quickly detected by the
lectin microarray. In our previous studies, the results showed
that in different cancers, the alterations in glycopatterns are
totally different. In breast cancer, the glycans recognized by
MAL-I, ECA, NPA, BPL, BS-I, PTL-II, DBA, PNA, PHA-E + L, UEA-I
and PWM showed differential expression.** In gastric cancer,
the glycans recognized by ECA, PSA, PHA-E + L, HHL, PNA, EEL,
MPL, and GSL-I showed differential expression.** In hepatic
carcinoma, the glycans recognized by MAL-1I, SNA, WFA, PNA,
and AAL showed differential expression.”” In lung cancer, the
alteration in the glycopattern is different from breast cancer,
gastric cancer and hepatic carcinoma. Furthermore, different
types lung cancer show different glycopatterns. The changes in
the serum glycosylation levels are correlated with tumor path-
ological characteristics, and this correlation can be amplified by
the lectin microarray signals, which provides a good reference
for the rapid diagnosis of different diseases.

The fold changes in the serum glycopatterns based on the
ratio of the NFIs of each lectin from the HV, BPD, SCLC, ADC, and

7190 | RSC Adv, 2020, 10, 7181-7193

SqCC patients are summarized in Table 2. We found that the
blood group B antigen and high-mannose recognized by EEL and
NPA increased in the patients with BPD, SCLC, ADC, and SqCC
compared with HV, and SCLC, ADC, and SqCC compared with
BPD. Thus, EEL and NPA have potential to become markers for
the diagnosis of lung diseases. The biantennary complex-type N-
glycan with outer Gal and Sia2-6Gal/GalNAc recognized by PHA-E
+ L and SNA decreased in the patients with SCLC compared with
HV and BPD, but increased in the patients with SqCC-AS
compared with HV and BPD. Therefore, SCLC and SqCC may
be distinguished by PHA-E + L and SNA. Siaa2-3Galp1-4Glc(NAc)/
Glc recognized by MAL-II only reflected the change in ADC and
core fucose recognized by AAL, and (GlcNAc), recognized by
WGA, and BraBLDhed (LacNAc),, recognized by PWM only re-
flected the change in SqCC. Thus, these lectins can be used to
distinguish ADC and SqCC (Table 2). According to the research
results, different combinations of lectins can be used to detect
the type of lung cancer, and even its pathological stage.
Untargeted abnormal growth of lung tissue often leads to
a benign lung tumor, and benign lung tumors may be derived
from many different structures of lung. Currently, very little is
known about the causes of benign lung tumors and nodules.
However, in general, benign lung tumors are usually caused by
inflammation caused by infection, tuberculosis, lung abscess and
non-infectious causes. Our results indicated that there were 8
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Table 2
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Fold change of the serum glycopatterns based on the ratio of the NFls of each lectin from HVs, BPD, SCLC, ADC, and SqCC patients

Compared with HV

Compared with BPD

BPD SCLC ADC-ES/HV SqCC SCLC ADC SqCC

Lectin BPD/HV LD/HV ED/HV ES/HV AS/HV ES/HV AS/HV Lectin LD/BPD ED/BPD ES/BPD AS/BPD ES/BPD AS/BPD
EEL 6.7071  5.9407 1.9941 14.2107 21.4781 21.1441 18.3167 EEL  — 0.2971 2.1197 3.20217 3.1531 2.7311
NPA 4.6557 17431 2.2181 6.7511 11.4391 9.4381 8.4047 NPA  0.3741 0.4767 — 2.4571 2.0277 1.8051
MPL — — — 31931 2.5411 2.4951 2.7647 MPL — — 2.6197 2.0847 2.0461 2.2671
LEL — — — 17761 1.9157 2.5931 2.1587 LEL 05011 — — — 1.8367 1.5271
GSL-I 23717 — 0.504) 17757 1.7941 3.4217 21941 GSLI 0.5851 0.2131 — — — —
DBA 1.8701 — — 1.9381 2.8297 2.3761 2.8157 DBA  0.588] — — 15137 — 1.5051
LCA 0.532] — 0.614| 0.480| 0.231] 0.237) 0.201] LCA  1.840] — — 0.4341 0.4457 0.3781
BS-I 2.0691 1.51117 2.08117 4.5221 4.0747 — — BSI — — 2.1857 1.9697 0.586] 0.329]
UEA-I 1.9141 1.7541 1.6251 1.9011 3.1437 — 0.597) UEAT — — — 1.6421 0.3807 0.3121
PHAE+L — 0.649| 0.660] — — — —

SNA — — — — — — 2.0667 SNA  0.590] 0.634] — — — 1.5451
HHL 2.0591 — 1.7261 — 1.6891 1.7127 1.6301 HHL 0.491] — 0.574] — — —
MAL-II — — — — — — 1.6331 MALII — — 0.633) 0.534] — —
AAL — — — — — 1.5391 2.5337 AAL  — — — — 150117 2.4711
MAL-I — — — — — 1.6681 1.6467 MALI 0.670] — — — — —
WGA — — — — — 0.403) 0.187) WGA — — — — 0.421] 0.195]
PWM — — — — — 0.562) 0.445] PWM — — — — 0.585] 0.463)

lectins (e.g. BS-I, UEA-I, and RCA120) to show a significant increase
in NFIs (fold change = 1.87, p < 0.043) and 2 lectins (Jacalin and
LCA) to show a significant decrease in NFIs (fold change < 0.58, p
<0.043) in BPD compared with HV. Moreover, there were 6 lectins
(e.g BSI, EEL, and HHL) to show a significant increase in NFIs
(fold change = 2.06, p < 0.043) in BPD compared with HV.

One limitation for this study is that our investigation does not
refer to the mechanisms that cause the alterations in serum
protein glycosylation in patients with LC. Past research revealed
that fucosylation of E-cadherin activated the downstream gene to
be translated, which promoted the dimerization and phosphor-
ylation of EGFR, and this can ultimately lead to lung cancer cell
proliferation and metastasis.** Thus, it is necessary to deeply
study the mechanism of glycosylation and the development of
lung cancer. The second limitation was the lack of enough clin-
ical samples from patients of LCC or ASC. The sample size was
statistically non-significant. Therefore, this study aimed to study
three common types of lung cancer. Another concern is the lack
of verification about the different glycopatterns among SCLC,
ADC and SqCC. These findings were calculated based on previous
research results and are of great significance for the construction
of a lung cancer diagnostic model. Therefore, we have collected
more clinical samples for further research, with the aim of
identifying the lung cancer types and stages more accurately.
Studies in larger cohorts enrolling more patients with the
different subtypes also need to be carried out in the future.

In conclusion, we systematically investigated the corre-
lation between the alterations in serum glycosylation related
to three main types of lung cancer (SCLC, ADC and SqCC)
using lectin microarrays, which helped us gain new insight
into the serum protein glycopatterns. Furthermore, the
different or similar alterations of glycoprotein glycopatterns
among SCLC, ADC and SqCC were systematically compared.
There were 16 lectins (e.g., RCA120, BS-I, and UEA-I), 24

This journal is © The Royal Society of Chemistry 2020

lectins (e.g., HHL, PTL-I, and MAL-II), and 18 lectins (e.g.,
GSL-I, LEL, and ACA) that revealed significant differences in
serum protein glycopatterns from the patients with SCLC,
ADC and SqCC compared with the controls (HV and HPD),
respectively. There were 6 lectins (e.g., EEL, NPA, and LEL)
that exhibited significantly increased NFIs in ADC and SqCC
compared with SCLC. Also, there were 5 lectins (e.g., Jacalin,
BS-I, and UEA-I) that exhibited significantly decreased NFIs
in ADC compared with SCLC and SqCC. This study can
facilitate the discovery of potential biomarkers for the
differential diagnosis of lung cancer based on the precise
alterations in serum protein glycopatterns.

Abbreviations

SCLC Small-cell lung cancer

NSCLC Non-small-cell carcinoma

ADC Lung adenocarcinoma

SqCC Squamous cell lung cancer

HV Healthy volunteer

BPD Benign pulmonary disease

LD-SCLC Limited disease small cell lung cancer
ED-SCLC Extensive disease small cell lung cancer
ADC-ES Lung adenocarcinoma early stage
ADC-AS Lung adenocarcinoma advanced stage
SqCC-ES Squamous cell lung cancer early stage
SqCC-AS Squamous cell lung cancer advanced stage
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