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ABSTRACT: Aberrant glycosylation has been extensively reported in ’x
cancer, with fundamental changes in the glycosylation patterns of cell—

surface and secreted proteins largely occurring during cancer
progression. As such, serum glycan and glycopeptide biomarkers have

been discovered using mass spectrometry and proposed for cancer |yngcancer
detection. Here, we report for the first time potential serum N-glycan ~ Patients
and glycopeptide biomarkers for Philippine lung cancer patients. The

N-glycan and glycoprotein profiles of a cohort (n = 26 patients, n = 22 %\“ﬁx
age- and gender-matched) of lung cancer patients were analyzed and
compared to identify potential N-glycan and glycopeptide serum
biomarkers using nano-QToF-MS/MS and ultra-high-performance

liquid chron.latography couplgd vpth triple quadrupole mass spectrom- althy
etry dynamic multiple monitoring methods, respectively. Statistical

analyses identified differential N-glycan and glycopeptide abundances. The N-glycans were mostly sialylated and sialofucosylated
branched structures. The glycopeptides involved proteins in complement and coagulation cascades (p,q = 6.418 X 107*), innate
immunity (p,g = 6.094 X 107°), acute inflammatory response (p,g = 6.404 X 107°), defense response (p,g = 2.082 x 107%),
complement activation pathways (padj = 1.895 X 107%), and immunoglobulin-mediated immune response pathways (padj = 4.818 X
107%). Biomarker models were constructed using serum N-glycans [area under the curve (AUC) = 0.775; 95% CI: 0.617—0.931] and
glycopeptides (AUC = 0.959; 95% CI: 0.85—1.0), with glycopeptides having higher accuracies than N-glycans. The results suggest
that in the Philippine lung cancer patient sera, specific N-glycans and site-specific glycans are differentially expressed between cases
and controls. This report represents the first serum glycan and glycopeptide biomarkers of Philippine lung cancer patients, further
demonstrating the utility of mass spectrometry-based glycomic and glycoproteomic methods.

Bl INTRODUCTION susceptibility genes such as TPS3° and epidermal growth
factor receptor T790M sequence variation.” Recently, the
effect of race-ethnicity in cancer trends have been reported as
well, showing unique cancer biomarkers due to racial and

Cancer incidence and mortality are growing rapidly worldwide,
reflecting several factors including aging, population growth,
increasing cancer risk factors, and socioeconomic development. o P o s
According to the GLOBOCAN 2020 database of 185 countries ethnic differences. As such, it is important to identify race-
and 36 cancers, there will be 19.3 million new cases and 10 specific cancer biom?rke?s for a specific pop ulation..

million cancer deaths worldwide." Of these, 2,093,876 cases Protein glycosylation is one of the most complicated and

(11.6%) and 1,761,007 (18.4%) deaths for both sexes will be most common post-translational modifications. It is involved in
. ) ) M . . . .

due to lung cancer. Additionally, lung cancer is the leading many cellular interactions such as host—pathogen interactions,

cause of cancer death among men in 93 countries and among cell differentiation and trafficking, and intra- and intercellular

women in 28 countries. There are two main types of lung

cancer—small cell lung cancer and the more common non- Received: August 9, 2022
small cell lung cancer (NSCLC), which accounts for Accepted: September 9, 2022
approximately 85% of all lung cancer cases.” Published: October 26, 2022

Several risk factors contribute to the pathogenesis of
NSCLC such as cigarette smoking,” secondhand or passive
smoking,* alcohol consumption,” and the presence of

© 2022 The Authors. Published b
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signaling."” Protein glycosylation is a step-wise process that
starts at the endoplasmic reticulum and continues in the Golgi
apparatus to achieve the diversity and complexity of final
glycan structures through biosynthetic steps involving
glycosyltransferases and glycosidases. In cancer, these glycan-
processing enzymes are overexpressed, resulting in enhanced
expression of related glycan structures. For example, the
enzymes Alphal-6FucT, BAGALT2, MAN1A2, and MAN2A1
are overexpressed in lung cancer tissue samples.14 Likewise,
high-mannose, fully galactosylated, and fucosylated N-glycans
are also overexpressed in lung cancer tissues.> Furthermore,
altered glycosylation is also correlated with the other hallmarks
of the disease such as enhanced proliferation, angiogenesis
potential, apoptosis and tumor suppression, replicative
immortality, and metastatic potential.'® Aberrant glycosylation
has been well documented in cancer, with fundamental
changes in the glycosylation patterns of cell surface and
excreted proteins during cancer progression. Growing evidence
further supports the role of glycosylation during tumor
progression and cancer cell proliferation, invasion, metastasis,
and angiogenesis.'’

The utility of serum biomarkers using liquid chromatog-
raphy—tandem mass spectrometry (LC—MS/MS) has been
demonstrated previously, with methods focusing on N-
glycans'>'® and glycopeptides'”™>* responding to cancer
progression. In particular, distinct glycans including
Hex,HexNAcFuc;, Hex;HexNAcsFuc,, NeuAc,, and Gal,
have been previously shown to provide discriminating area
under the curve (AUC) (AUC = 0.74, 95% CI: 0.68—0.80) in
a primarily Caucasian cohort (n = 100 cases, 199 controls for
discovery set; n = 108 cases, 216 controls for test set).'®
Furthermore, comparison of glycans on isolated IgG from lung
cancer patients and healthy volunteers showed overexpression
of Hexj;HexNAc,Fuc, and underexpression of
Hex;HexNAcsNeuAc,, Hex;HexNAcsNeuAc,, and
Hex;HexNAc Fuc,NeuAc,.”

In this study, the N-glycan and glycoprotein profiles of a
cohort (n = 26 patients, n = 22 age- and gender-matched
volunteers) of Philippine lung cancer patients were analyzed
and compared using LC—MS/MS to identify potential N-
glycan and glycopeptide serum biomarkers. This report
represents the first attempt to characterize differences in
serum protein N-glycosylation of Philippine lung cancer
patients and to identify N-glycan and glycopeptide biomarkers
that specifically target this population.

B MATERIALS AND METHODS

Ethical Statement and Clinical Sample Collection.
This research study was approved by the Lung Center of the
Philippines Institutional and Ethics Review Board and was
performed in accordance with the institutional guidelines/
regulations (LCPIERB; ethics approval number: LCP-CS-003-
2018). Before recruitment, informed consent was obtained
from all participants and/or their legal guardians. A total of 26
TTF1 (thyroid transcription factor-1)-positive®* confirmed
non-small cell lung adenocarcinoma patients from the Lung
Center of Philippines, Quezon City, Philippines, and 22 age-
and gender-matched control individuals were enrolled in the
current study from June 2018 to June 2021. All enrolled
individuals were Filipino up to second degree of consanguinity,
aged 18—8S years old, and had neither TB nor HIV. Case
individuals were chemotherapy—as well as radiotherapy—
naive. Control individuals, on the other hand, were physically
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assessed to be healthy by a physician, had no smoking history
for 2 years, had no history of malignancies, were non-diabetic,
and did not have serious illness in the past 6 months.
Complete clinical and demographic information of the cohort
can be found in the Supporting Information, Table 1. Venous
blood samples were collected in tubes containing clot activator
and were centrifuged to separate the serum. The collected
serum samples were then stored at —70 °C ultra-low
temperature freezer and shipped to the University of California
Davis for LC—=MS/MS analyses.

N-Glycan Sample Preparation and LC—MS/MS Anal-
ysis. Serum N-glycans were prepared and analyzed as
previously described, with modifications.”> Serum samples
and quality control, a 1:1 mixture of human serum (Sigma-
Aldrich) and RNAse B, were resolubilized in N-glycan release
solution (100 mM NH,HCO,;, S mM DTT) and then boiled
for 1 min in a water bath. Afterward, 2 uL peptide-N-
glycosidase F (PNGase F) was added, and the samples were
microwaved (20 W, 10 min, 33 °C; Discover Proteomics)
followed by overnight incubation (18 h, 37 °C) to release
covalently linked N-glycans. These were then cleaned up using
porous graphitized carbon-solid phase extraction plates and
eluted with 40% ACN + 0.05% TFA. N-glycans were analyzed
as previously described”>*® using an Agilent 6520 chip-QToF
mass spectrometer (Santa Clara, CA). N-glycan samples were
reconstituted in 25 uL of Milli-Q water, and S uL of the
resulting solution was used for injection into the nano-LC-MS/
MS system. Separation was performed using an Agilent PGC-
Chip II with a 40 nL enrichment and 43 mm X 75 pm
analytical column (particle size S ym) and a binary solvent
system composed of mobile phase A (3% v/v acetonitrile and
0.1% v/v formic acid in water) and mobile phase B (90% v/v
acetonitrile and 1% v/v formic acid in water). The gradient
sequence for separation used was as follows: 0—2.5 min, 1% B;
2.5—20 min, 16% B; 20—35 min, $8% B; 35—40 min, 100% B;
40—50 min, 100% B; 50.01—65 min, 0% B with a flow rate of
0.3 pL/min. Tandem MS spectra were acquired via collision-
induced dissociation (CID), with spectra measured at 0.8 s per
spectrum in the positive ion mode.

Analysis of the N-glycan data was performed using
MassHunter Qualitative Analysis Software B.07.00 (Agilent
Technologies). MassHunter was used to automatically identify
the N-glycan structures by matching of the monoisotopic
masses obtained against our in-house database consisting of
known N-glycan compositions and their exact masses, using a
quality score >30 and mass accuracy <20 ppm.”>”’ Addition-
ally, N-glycan hits were subsequently verified through their
corresponding MS/MS spectra. The relative abundance of
each glycan in a sample was determined using the peak area of
all glycans from extracted ion chromatograms in MassHunter.
N-glycan structure and compositions are reported based on the
number of each type of residue, Hex,HexNAc,FucNeuAc,,
where Hex, refers to the number of hexose (i.e., mannose,
galactose), HexNAcy, refers to the number of N-acetylhexos-
amine (i.e., N-acetylglucosamine), Fuc, refers to the number of
fucose, and NeuAc, refers to the number of neuraminic acid
(i.e., sialic acid) residues. The N-glycans were subsequently
classified using an in-house classification system: high-mannose
(Hex,HexNAc,, where b = 2 denotes the chitobiose core and
“a” refers solely to mannose residues), undecorated
(Hex,HexNAc,, where “a” refers to both mannose and
galactose residues), fucosylated (Hex,HexNAc,Fuc,, where ¢
> 1), sialylated (Hex,HexNAc,NeuAcy, where d > 1), or

https://doi.org/10.1021/acsomega.2c05111
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Figure 1. Biomarker analysis of serum N-glycan abundance comparing lung cancer patients and healthy volunteers. (A) Scores plot showing
distribution of cancer patients (red) and healthy volunteers (green) across components 1 and 2 given the OPLS-DA model for serum N-glycans.

(B) ROC curve analysis of serum N-glycans.

sialofucosylated (Hex,HexNAc,Fuc NeuAcgy, where both ¢ and
d > 1). Relative abundances of N-glycan groups (high-
mannose, undecorated, fucosylated, sialylated, and sialofucosy-
lated glycans) were calculated by adding the relative
abundance of each individual glycan belonging to a specific
glycan group.

Glycopeptide Sample Preparation and LC—MS/MS
Analysis. Serum glycopeptides were prepared and analyzed as
previously described, with modifications."”~>"** Ten micro-
liters (10 L) each of serum samples, glycoprotein standards—
immunoglobulin M (IgM) and alpha-2-macroglobulin
(A2MG)—and standard serum (Sigma-Aldrich) were resolu-
bilized in 50 uL buffer (50 mM NH,CO;), reduced with 40 uL
dithiothreitol (25 mM, 60 °C, S0 min), alkylated with 20 uL
iodoacetamide (90 mM, 30 min), and then digested with 60
uL trypsin (0.067 ug/uL) overnight at 37 °C. After trypsin
digestion, 20 uL of internal standard (peptide sequence:
RPAIAINNPYVPR; 9 pg/mL) and 10 uL of 18% formic acid
were added to quench the reaction. To determine the linearity
of the procedure, dilutions of digested standard serum samples
were prepared (50—1500 ug/mL). Digested glycopeptides and
peptides were analyzed in an Agilent 1290 infinity LC system
coupled to an Agilent 6495 triple-quadrupole (QqQ) mass
spectrometer (Santa Clara, CA) using a previously described
dynamic multiple reaction monitoring method
(dMRM).""72"** 2 L of each sample was injected into an
Agilent Eclipse plus C18 column (rapid resolution high
definition [RRHD] 1.8 ym, 2.1 X 100 mm) coupled with a
C18 guard column (RRHD 1.8 ym, 2.1 X S mm). Separation
was performed using a binary solvent system composed of
mobile phase A (3% v/v acetonitrile and 0.1% v/v formic acid
in water) and mobile phase B (90% v/v acetonitrile and 0.1%
v/v formic acid in water). The gradient sequence for
separation used was as follows: 0—2.5 min, 1% B; 2.5-20
min, 16% B; 20—3S min, 58% B; 35—40 min, 100% B; 40—50
min, 100% B; and 50.01—65 min, 0% B with a flow rate of 0.5
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mL/min. The dMRM method applied predetermined CID
energies to detect and quantify S0S specific glycopeptide
transitions.”® The dMRM results were analyzed using Mass-
Hunter Quantitative Analysis Software B.08.00 (Agilent
Technologies). Data was exported as integrated areas, and
glycopeptide abundance was normalized to corresponding
peptide concentrations to reduce the variability caused by
over- or underexpression of proteins. Glycopeptides are
reported as follows: UniProt Protein name_Asparagine
glycosite_N-glycan composition; for example, IgM-Asn46_-
HexsHexNAc,FucNeuAc, refers to immunoglobulin M at
glycosite asparagine 46 with N-glycan composition of IgM-
Asn46_Hex;HexNAc,Fuc;NeuAc;.

Statistical Analysis. Statistical analyses were performed
using the MetaboAnalyst 5.0 platform.” Before statistical
analysis, missing values were imputed with 1/5th of the analyte
minima. The resulting values were log,-transformed and
mean-centered to transform and scale the data. Differential
analyses were done using the “Statistical Analysis [one factor]”
module in MetaboAnalyst 5.0. Orthogonal Projections to
Latent Structure Discriminant Analysis (OPLS-DA) was
performed based on the R package ropls® as implemented in
MetaboAnalyst, to generate the score plot and identify
important features using variable importance in projection
(VIP) scores. Biomarker models were calculated using the
“Biomarker Analysis” module in MetaboAnalyst 5.0. Multi-
variate receiver operating characteristic (ROC) curves were
generated using support vector machine (SVM) classification
method and feature ranking methods. Biomarker models
incorporating significantly different N-glycan, glycopeptide,
and both N-glycan and glycopeptide analytes were generated
using a linear SVM algorithm.

To identify the pathway involvement of differentially
glycosylated serum glycoproteins, the protein IDs were
mapped to different Reactome, KEGG, and gene ontology
pathways using g:profiler.’!
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Figure 2. Relative abundances of significantly over- and underexpressed N-glycans (reported as Hex HexNAc_Fuc_NeuAc) in lung cancer sera
compared to healthy volunteers, identified using OPLS-DA; *p < 0.0S5; **p < 0.01.

B RESULTS AND DISCUSSION

Serum N-Glycan Biomarkers of Lung Cancer in
Philippine Patients. N-Glycans obtained from the sera of
lung cancer patients and healthy controls were primarily
sialylated only (>50%) and sialofucosylated (>20%) (Support-
ing Information Figure 1). Orthogonal partial least square
discriminant analysis (OPLS-DA) of the relative N-glycan
abundances between cancer patients and healthy volunteers
suggests separation between the two groups (Figure la).
Moreover, ROC-curve analyses also suggest good accuracy,
with biomarker models using 100 N-glycans having AUC =
0.608 (95% CI: 0.419—0.776) (Figure 1b).

Further statistical test was performed to identify the highly
discriminating N-glycans. Multiple t-tests (p < 0.05) show that
these identified N-glycans were significantly different (Figure
2; Supporting Information, Figure 2). Specifically, significantly
overexpressed N-glycans were identified as having the
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compositions HexcHexNAcsNeuAc;,, HexsHexNAcsNeuAc;,
HexcHexNAc;Fuc,NeuAc;, and Hex;HexNAcFuc,NeuAc;.
On the other hand, significantly underexpressed N-glycans
were identified as Hex,HexNAc;NeuAc, and
Hex;HexNAc,Fuc,NeuAc,.

Interestingly, majority of the N-glycans that were signifi-
cantly different between cancer and healthy sera were
fucosylated, sialylated, and sialofucosylated. We observed
highly branched sialylated and sialofucosylated structures to
be overexpressed in cancer sera as well as a significant decrease
in the abundance of biantennary structures. Comparison of
serum N-glycan biomarkers with reported tissue N-glycan
biomarkers in lung cancer tissues coincides with decrease in
fully galactosylated N-glycans observed in lung cancer
tissues—Hex;HexNAc,, Hex;HexNAc,NeuAc,, and
Hex,HexNAc,Fuc,."?

Serum Glycopeptide Biomarkers of Lung Cancer in
Philippine Patients. Multiple reaction monitoring (MRM)

https://doi.org/10.1021/acsomega.2c05111
ACS Omega 2022, 7, 40230—40240


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05111/suppl_file/ao2c05111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05111/suppl_file/ao2c05111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05111/suppl_file/ao2c05111_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05111?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05111?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05111?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05111?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scores Plot

(A)

Cancer
Normal
& O
(o]
F o~ o 0® &
~ @
g O
- *° o0
g < oo &
. o
3 ° g .0 )
Rl o
: X L
© o
¥ o
o
o
o
®
T T T T
-10 5 0 S
T score [1] ( 25.7 %)

(B)

e ———
e gl . )
Vi
=
@ J
o /
/
’
= :
g
s © y
2 o )
= /
& )
] /
£ /
g < /
= ©
S
<
@
w
e | Var. AUC CI
* 2 0854 06770977
/ 3 0867 0.738-0.978
f =5 0875 0.758-0.965
10 0894 0.805-0.978
ol | = 20 0897 0.794-0978
= 46 09 0.805-0.987
T T T T T T
0.0 02 0.4 06 08 10

1-Specificity (False positive rate)

Figure 3. Biomarker analysis of serum glycopeptides comparing lung cancer patients and healthy volunteers. (A) Score plot showing distribution of
cancer patients (red) and healthy volunteers (green) across components 1 and 2 given by the OPLS-DA model for serum glycopeptides. (B) ROC

curve analysis of serum glycopeptides.

method involves selecting a predetermined precursor ion,
fragmenting it, and detecting and quantifying a predetermined
fragment ion. High selectivity, sensitivity, and robustness is
obtained due to the non-scanning nature of the method and
selectivity steps in filtering out background ions.”> However,
monitoring analytes throughout the whole chromatographic
period poses a limit on the number of analytes that can be
monitored simultaneously. A more recent approach, dMRM,
alleviates this limit by monitoring analytes only at specific
retention times.'””" Serum glycopeptides were analyzed using
a previously established dMRM method consisting of 505
transitions representing 505 glycoforms of 62 unique serum
glycoproteins.'”~*

The dMRM results were extremely reproducible, producing
85 transitions having less than 20% CV in a S-day batch run
(Supporting Information, Figure 3). Furthermore, the dMRM
method was very quantitative, with high linear range of the
internal standard (R? = 0.9963) in the 50—1500 yug/mL range
(Supporting Information, Figure 4). Glycopeptides obtained
from sera of lung cancer patients and control suggested marked
differences in the glycopeptide profiles (Supporting Informa-
tion, Figure S).

OPLS-DA of the peptide-normalized glycopeptide abundan-
ces between cancer patients and controls suggested good
separation between the two groups (Figure 3a). ROC-curve
analyses suggest excellent accuracy with biomarker models
using 20 glycopeptides having AUC = 0.897 (95% CI: 0.794—
0.978) (Figure 3b).

Multiple t-tests (FDR < 0.05) show that these identified
glycopeptides were significantly different. Specifically, the
glycopeptides TRFE-Asn630_ Hex,HexNAcsNeuAc;, TRFE-
Asn630_HexcHexNAcsFuc;NeuAc;, AIAT-Asn271_-
Hex;HexNAc,NeuAc,, Al1AT-Asnl07_-
Hex;HexNAc,Fuc,NeuAc,, Al1AT-Asnl07_-
HexcHexNAcsFuclNeuAc;, CO3-Asn85_Hex;HexNac,, IgM-
Asn46_Hex,HexNAc;Fuc;NeuAc,, IgM-Asn46_-
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Hex;HexNAcsNeuAc,, IgM-Asn209_Hex;HexNAc,NeuAc,,
IgM-Asn46_Hex;HexNAc,Fuc|NeuAc;, and IgM-Asn46_-
HexsHexNAcsFuc,NeuAc, were significantly overexpressed in
cancer patients (Figure 4). These glycopeptide compositions
correspond to changes in serum glycosylation of TRFE
(serotransferrin), A1AT (alpha-1-antitrypsin), CO3 (comple-
ment C3), and IgM (immunoglobulin M).

Likewise, the glycopeptides HPT-Asnl84_-
Hex;HexNAc,NeuAc;, HPT_Asn241_-
Hex(HexNAcsFuc; NeuAc,, HPT-Asn207_-
Hex, HexNacyFuc,NeuAc,, CO8B-Asn243 -
HexsHexNAc4Fuc,, CERU-
Asnl138_HexjHexNAc,Fuc;NeuAc,, AACT-Asnl06_-
Hex;HexNAcsNeuAc;, 1gG2-Asn297_ Hex,HexNAcFuc,
IgG2-Asn297_ Hex,HexNac,Fuc;NeuAc;, 1gG2-Asn297_-
Hex,HexNAc;, 1gG2-Asn297 Hex;HexNAcFuc), and IgG2-
Asn297 Hex;HexNAc,Fuc, were significantly underexpressed
in cancer patients (Figure S5). These underexpressed
glycopeptide changes correspond to glycosylation of HPT
(Haptoglobin), CO8B (complement component C8 beta
chain), CERU (ceruloplasmin), AACT (alpha-1-antichymotr-
pysin), and IgG2 (immunoglobulin G2).

Comparison of the significant glycopeptides with significant
N-glycans yielded interesting results. The overexpressed
triantennary sialylated N-glycan Hex,HexNAc;NeuAc; was
also overexpressed in the glycopeptide TRFE-Asn630_-
Hex¢HexNAc;NeuAc;. Triantennary N-glycans were similarly
overexpressed in the glycopeptides TRFE-Asn630_-
HexsHexNAcsNeuAc;, TRFE-Asn630_ -
HexcHexNAc;Fuc;NeuAc;, and AlAT-Asnl07_-
HexsHexNAcsFuclNeuAc;. On the other hand, the underex-
pressed biantennary sialofucosylated N-glycan
Hex HexNac,Fuc,NeuAc, was also underexpressed CERU-
Asn138_ Hex;HexNAc,Fuc;NeuAc, as well as overexpressed in
Asnl07 Hex;HexNAc,Fuc,NeuAc,. These results show the
difference in quantifying global glycosylation (in glycomics)
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Figure 4. Relative abundances of significantly overexpressed glycopeptides (reported as Protein_Asn glycosite-N-Glycan) in lung cancer; **q <

0.01; ***g < 0.001.

and glycoprotein/glycosite-specific glycosylation (in glycopro-
teomics).

Interestingly, quantification of these glycoproteins using the
same dMRM method suggests significant differences in serum
glycoprotein expression as well (Supporting Information,
Table 2). The glycoproteins TRFE (g = 3 X 107°), AIAT
(g =0.003353), IgM (g = 0.000825), and IgG2 (g = 0.028177)
were found to be significantly underexpressed, while HPT was
significantly overexpressed (g = 0.002399) in serum cancer
samples compared to healthy volunteers. This result suggests
that not only do serum protein expression vary between
disease states but also glycosylation of specific protein
glycosites differ as well.

Due to the high abundance of protein glycosylation in
serum, N-glycans and glycoproteins serve as prime candidate
biomarkers.”> These glycoconjugates serve critical roles in
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cellular functions, including chemical signaling, cell differ-
entiation and proliferation, and protein—protein interac-
tions.”** Interestingly, as broad as the functions of these
biomolecules are in critical biological processes, aberrantly
glycosylated proteins are hi§h1y associated with several human
diseases, especially cancer.’

Using pathway enrichment analysis,®" the glycoproteins we
identified with significantly different glycosylation were found
to be involved in complement and coagulation cascades (padj =
6.418 X 107*), innate immune system (p,g = 6.094 X 107°),
acute inflammatory response (p,g = 6.404 X 107°), defense
response (p,g; = 2.082 X 107%), complement activation
pathway (p, = 1.895 X 107%), and immunoglobulin-mediated
immune response pathway (p,q = 4.818 X 107%) (Supporting
Information, Figure 6). Most notably, the glycoproteins IgM,
IgG2, and complement components 3 and 8 were found to be
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critical in these pathways. In addition, the glycoproteins we
identified with significantly different glycosylation have been
previously implicated in cancer. Changes in serotransferrin
(TRFE) glycosylation have been implicated in cholangiocarci-
noma’’ and ovarian cancer.”” Moreover, alpha-1 antitrypsin
(ALAT) deficiency is considered as a risk factor for lung cancer
development in non-smokers.”* The components of the
complement pathway were also suggested as potential drug
target in lung cancer.””*” CO3 has been shown as a prognostic
factor in NSCLC.*" The result for CO3 was very interesting, in
that it was the only significantly different glycopeptide
containing high-mannose glycosylation in all the N-glycan
and glycopeptide analytes detected in the study. Furthermore,
the abundance of high-mannose N-glycans was negligible in
the sera of healthy volunteers (Figure 4). Increased abundance
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of high-mannose N-glycans has been correlated with cancer
progression in tissues and tumor models of lung cancer,"’
cholangiocarcinoma,* and breast cancer.” The heterotropic
production of ceruloplasmin (CERU) was also reportedly
higher in invasive lung adenocarcinoma compared to
adenocarcinoma in situ, suggesting poor prognostic outcome.**
In our results, the glycosylation of IgM and IgG were
significantly overexpressed and underexpressed, respectively.
Traditionally, immunoglobulins are thought of as produced
only by B immune cells, but recent studies have suggested that
cancer cells also produce tumor-derived immunoglobulins
during cancer progression.%’46

Serum Biomarker Models for Philippine Lung Cancer
Patients Using Significantly Different N-Glycan and
Glycopeptide Analytes. Using these results, several
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Figure 6. ROC curves of serum biomarker models for lung cancer patients using (A) N-glycan and (B) glycopeptides.

biomarker models incorporating N-glycans and glycopeptides
were developed (Figure 6). The model features were selected
based on LASSO (least absolute shrinkage and selection
operator) frequencies as calculated from MetaboAnalyst 5.0
Biomarker module.”” The N-glycan model (AUC = 0.775; 95%
CI: 0.617—0.931) was composed of the N-glycans
HexcHexNAcsNeuAc,, HexsHexNAc;NeuAcy,
HexsHexNAcsFuc,NeuAc,, Hex,HexNAcsFuc;NeuAc;,
Hex,HexNAc;NeuAc;, and Hex;HexNAc,Fuc;NeuAc,. A
biomarker model using glycopeptides (AUC = 0.959; 95%
CL: 0.85—1.0) was proposed as well using the following:
TRFE-Asn630_HexsHexNAcsNeuAc;, A1AT-Asn271 -
Hex;HexNAc,NeuAc;, CO3-Asn85_ Hex;HexNac,, COS8B-
Asn243_ HexsHexNAcgFuc,, and AlAT-Asnl07_-
Hex;HexNAc,NeuAc,. The biomarker models using glycopep-
tides (AUC = 0.959; 95% CI: 0.85—1.0) had higher accuracy
than the N-glycan model (AUC = 0.775; 95% CI: 0.617—
0.931). These biomarker models illustrate the higher specificity
obtained and utility in using glycopeptides for cancer serum
diagnostics compared to N-glycans.

The N-glycans and glycopeptides included in the biomarker
models were primarily sialylated, fucosylated, and sialofucosy-
lated. This result highlights the relevance of fucosylation and
sialylation in cancer progression.'”'”*"~* Several %lycosyl—
transferases had been associated as cancer biomarkers.”> UDP-
N-acetyl-D-glucosamine:N-acetylglucosamine transferase V
(GIeNACT-V), which catalyzes 1-6 branching of N-glycans,
has been observed in breast carcinoma.’® Sialyltransferases are
another example of glycosyltransferases that are abnormally
expressed in cancers and are therefore implicated in carcino-
genesis, progression, and metastasis.”' > Overexpression of
a2-3 sialyltransferase III (ST3Gal-III) in pancreatic cancer has
been implicated in pancreatic tumor progression. Over-
expression of a2-6 sialyltransferase 1 (ST6GalNAc-I) was
related to poor patient survival in colorectal carcinoma
patients.”® Similarly, a prior study of glycosylation gene
expression changes in lung cancer patients showed significantly
upregulated expressions of MAN1A2, MAN2A1, MGAT?2,
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MGAT4B, B4GALT2, FUT2, FUT3, FUT6, and FUTS, while
several enzymes, MAN1Al, MANIC1, MAN2A2, MGAT],
MGAT3, and FUT1 were significantly down-regulated in lung
tissue samples of lung cancer patients.'™"

B CONCLUSIONS

In summary, the N-glycan and glycoprotein profiles of a cohort
(n = 26 patients, n = 22 age- and gender-matched volunteers)
of Philippine lung cancer patients were analyzed and compared
using mass spectrometry techniques to identify potential N-
glycan and glycopeptide serum biomarkers. Although no
dramatic differences were observed in the total N-glycan
compositions of cancer and healthy volunteers, we identified
several N-glycan compositions that were significantly different
(p < 0.05). This result suggests that in lung cancer patient sera,
only specific glycoproteins are differentially expressed and the
overall N-glycan composition may not be significantly
different. To test this hypothesis, further quantification of the
differences between lung cancer and volunteer serum
glycopeptides using dMRM gave greater number of highly
significantly different glycopeptides (FDR < 0.05) and a better
discrimination between the groups (AUC = 0.9 for 46
glycopeptides). Using the information from significantly
different N-glycan and glycopeptide analytes, biomarker
models were constructed and proposed to discriminate
between cancer patients and healthy volunteer, using serum
N-glycans (AUC = 0.775; 95% CI: 0.617—0.931) and
glycopeptides (AUC = 0.959; 95% CI: 0.85—1.0). To develop
serum biomarker models for lung cancer patients, we utilized
differentially abundant N-glycans and glycopeptides. These
results could open potential diagnostic platforms specifically
targeting lung cancer in the Philippine population. One
possible limitation of the study is the small sample size; as
such, it will be interesting to observe similar changes in cancer
stages with significantly larger sample size. Additional
validation studies of the identified serum biomarkers are still
needed for its use in the development of potential lung cancer
diagnostic platforms for the Philippine population.
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Bl DATA AVAILABILITY

Mass spectrometry data for glycomics (doi:10.25345/
CSR20S05Z, MSV000089041) and glycoproteomics
(doi:10.25345/CSVT1GS9C, MSV000089040) are available
on MassIVE data repository upon reasonable request.
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