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Abstract: Pancreatic cancer is among the most malignant cancers, and thus early intervention is the key to better survival
outcomes. However, no methods have been derived that can reliably identify early precursors of development into malignancy.
Therefore, it is urgent to discover early molecular changes during pancreatic tumorigenesis. As aberrant glycosylation is closely
associated with cancer progression, numerous efforts have been made to mine glycosylation changes as biomarkers for
diagnosis; however, detailed glycoproteomic information, especially site-specific N-glycosylation changes in pancreatic cancer
with and without drug treatment, needs to be further explored. Herein, we used comprehensive solid-phase chemoenzymatic
glycoproteomics to analyze glycans, glycosites, and intact glycopeptides in pancreatic cancer cells and patient sera. The
profiling of N-glycans in cancer cells revealed an increase in the secreted glycoproteins from the primary tumor of MIA PaCa-2
cells, whereas human sera, which contain many secreted glycoproteins, had significant changes of glycans at their specific
glycosites. These results indicated the potential role for tumor-specific glycosylation as disease biomarkers. We also found that
AMG-510, a small molecule inhibitor against Kirsten rat sarcoma viral oncogene homolog (KRAS) G12C mutation, profoundly
reduced the glycosylation level in MIA PaCa-2 cells, suggesting that KRAS plays a role in the cellular glycosylation process,
and thus glycosylation inhibition contributes to the anti-tumor effect of AMG-510.
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1 Introduction

As one of the most lethal cancers, pancreatic
cancer (PC) was responsible for approximately 500 000
new cases and more than 450 000 deaths worldwide
in 2020 (Sung et al., 2021). More than 90% of PC
cases are pancreatic ductal adenocarcinoma (PDAC).
Due to the limitations of current diagnostic methods,
80%—85% of PDAC patients are diagnosed at an ad-
vanced stage, and the 5-year survival rate is less than
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5% (Ryan et al., 2014). Sporadic PDAC accounts
for 90% of all cases and usually involves mutations
in the oncogene Kirsten rat sarcoma viral oncogene
homolog (KRAS) and tumor suppressor genes cyclin-
dependent kinase inhibitor 2A (CDKN2A4), tumor pro-
tein p53 (TP53), and mothers against decapentaplegic
homolog 4 (SMAD4) (Hruban et al., 1998). PDAC
driver genes are intimately involved in various sig-
naling pathways leading to carcinogenesis (Hu et al.,
2021). Of note, many proteins that regulate PDAC
signaling pathways are modified by glycosylation,
which is one of the most common post-translational
modifications. For instance, KRAS expresses Le* that
is a Lewis antigen (Rho et al., 2014). Other proteins,
including epithelial growth factor receptor (EGFR)
(Ardito et al., 2012), transforming growth factor-§
receptor (TGFBR) (Pan et al., 2012), and integrin
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(Bassaganias et al., 2014), are post-translationally mod-
ified by various glycans. Aberrant glycosylation has
been observed in PDAC tumor progression. For ex-
ample, PC cells often have increased levels of highly
branched N-glycans, sialylated or fucosylated complex
N-glycans (Munkley, 2019). In fact, glycosylation has
multiple functions and contributes to the hallmarks of
PDAC as an active regulator of disease onset, tumor
progression, metastatic capability, therapeutic resist-
ance, and remodeling the tumor immune microenvir-
onment (Lumibao et al., 2022). Thus, the identifica-
tion of PDAC-specific glycosylation changes is key
to discovering potential biomarkers for early diagno-
sis (Xu et al., 2021; Yang et al., 2021).

Mass spectrometry (MS) has been widely used
to quantitatively characterize glycosylation in com-
plex biological samples (Xiao et al., 2019). Vreeker
et al. (2020) found that a total of 23 different N-glycans
were associated with PDAC, including branching,
fucosylation, and sialylation traits. These signatures
were also observed in PDAC sera. PDAC-specific
changes in glycosylation may be due to the differ-
ential expression of glycosyltransferases that define
PDAC glycosylation traits (Abd-El-Halim et al., 2021).
The serum N-glycome of individuals at risk for
PDAC also showed the significant upregulation of
fucosylation, tri- and tetra-antennary structures, as
well as specific sialic linkages (Levink et al., 2022).
N-Glycomic profiling has also been conducted in
PDAC cell lines by matrix-assisted laser desorption/
ionization (MALDI)-MS (Park et al., 2015). Increased
levels of high-mannose N-glycans were found in
metastasized Capan-1 cells, whereas highly-branched
sialylated N-glycans were more abundant in primary
tumor cells of Panc-1 and MIA PaCa-2, indicating the
role of glycosylation in PDAC metastasis and bio-
marker discovery.

Site-specific analysis is a common technique to
identify disease-specific glycosylation. Glycomic analy-
sis measures the overall change of glycans without
considering the protein substrates, and thereby informa-
tion about the changes of glycosites and site-specific
glycan profiling is lost. There are also quantitative
analyses of deglycosylated peptides in PDAC sera
(Nie et al., 2014) and intact glycopeptides in PDAC
tissues (Lu et al., 2021). Intact N-glycoproteomics
found that immunoglobulin G1 (IgG1) N180 expres-
sion was significantly decreased in PDAC patient sera

compared to healthy controls (Ctrl) (Liu et al., 2021).
Using multiple N-glycosidases, 782 core fucosylated
glycosites have been associated with PDAC tissue
(Cao et al., 2022), but the correlation between PDAC
cells and clinical sera in terms of N-glycoproteomic
changes has not been investigated. In addition, how
glycosylation in PDAC cells is altered by inhibiting
oncogene functions has not been studied.

In the present study, we used a comprehensive
approach involving MS analysis to elucidate detailed
N-glycosylation changes in PDAC cell lines and sera
(Fig. 1). First, we studied N-glycan profiles in PDAC
cell lines and used KRAS G12C-targeted AMG-510 to
treat primary cancer cells. The N-glycans from secreted
glycoproteins in cell culture media were also analyzed.
Then, deglycopeptides and intact glycopeptides from
cell lines and human sera were assessed by liquid
chromatography-tandem MS (LC-MS/MS). The above
workflow was previously applied to evaluate the
comprehensive serum N-glycosylation changes in
Parkinson’s disease (Xu et al., 2022), and the results
showed that site-specific glycosylation changes can
provide a more detailed trait for biomarker discovery
than the overall glycan profile.

2 Materials and methods

2.1 Enrichment of NV-glycan

N-Glycans were enriched by a solid-phase chemo-
enzymatic method (Yang et al., 2013, 2017). Briefly,
serum (10 pL) was first denatured at 90 °C for 10 min
and mixed with 200 pL of AminoLink plus resin
(Thermo Fisher Scientific, USA) in a spin column
(Beyotime, China). Proteins were conjugated to the resin
in 1x binding buffer (10 mmol/L sodium citrate and
5 mmol/L Na,CO,) for 4 h at room temperature (RT),
followed by 50 mmol/L NaCNBH, (Sigma-Aldrich,
USA). The resin was washed with 1x phosphate-
buffered saline (PBS) and the sample was further
incubated for 4 h in 1x PBS containing 50 mmol/L
NaCNBH,. After blocking the unreacted resin with
1 mol/L Tris-HCI (pH=7.4), the sialic acids were deriva-
tized with 0.25 mol/L N-(3-(dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC) (Meryer, China)/0.25 mol/L
1-hydroxybenzotriazole (HOBt) hydrate (Sigma-
Aldrich) in ethanol at 37 °C for 1 h and then labelled
with 1 mol/L p-toluidine (pT) (TCIL, Japan). The resin
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Fig. 1 Workflow of the combined mass spectrometry (MS)-platform for the analysis of glycans, glycosite-containing
peptides, and intact glycopeptides in pancreatic cell lines and serum samples. The proteins extracted from cell lines and
serum are denatured. For N-glycan analysis, proteins are first immobilized and then sialic acid residues of glycoproteins
are protected by a two-step derivatization. N-Glycans released by peptide-N-glycosidase F (PNGase F) are analyzed by
matrix-assisted laser desorption/ionization-MS (MALDI-MS). For intact /N-glycopeptide analysis, proteins are first
reduced and alkylated, and subsequently digested by trypsin. After C18 clean-up, glycosite-containing peptides are
enriched by solid-phase extraction of N-linked glycopeptide (SPEG) enrichment, and intact glycopeptides are enriched
by hydrophilic interaction liquid chromatography (HILIC). Peptide analysis is conducted by liquid chromatography

(LC)-MS.

was then washed with 500 pL of 10% (volume frac-
tion) formic acid (Sinopharm Chemical, China), 500 pL.
of 10% (volume fraction) acetonitrile (ACN) (Tedia,
USA), 500 puL of 1 mol/L NaCl (Sinopharm Chemi-
cal), and deionized water (all for three times). N-
Glycans were cleaved from the immobilized glyco-
proteins by peptide-N-glycosidase F (PNGase F)
(New England Biolabs, USA) prepared in 25 mmol/L
NH,HCO,, at 37 °C for at least 2 h or overnight. The
enriched N-glycans were dried in a vacuum concentra-
tor (Jiaimu, China).

2.2 Enrichment of /V-glycosite-containing peptides

Serum (60 pL) was dissolved in 190 uL 8 mol/L
urea (Aladdin, China) prepared in 1 mol/L NH,HCO,
and mixed with 25 pL 120 mmol/L tris-(2-carboxyethyl)
phosphine hydrochloride (TCEP) (Macklin, China) at
37 °C for 1 h. Protein alkylation was then conducted
by adding 27.5 uL 160 mmol/L iodoacetamide (IAA)
(Aladdin) at RT for 1 h in the dark. The alkylated
samples were diluted 5-fold with high-performance
liquid chromatography (HPLC)-grade water (J&K,
China) and digested by adding 40 pg sequencing
grade trypsin (Promega, USA) at 37 °C overnight.
The digested samples were mixed with 10% formic

acid for pH adjustment (<3) and further purified by
C18 solid-phase extraction (SPE). Peptides containing
N-glycosites were enriched by the SPE of N-linked
glycopeptides (SPEG) (Zhang et al., 2003). Briefly,
C18-purified peptides were oxidized in the dark by
10 mmol/L sodium periodate (Macklin). After C18
clean-up, the glycopeptides were mixed with 1%
(volume fraction) aniline (Aladdin) and coupled to
hydrazide resin (Thermo Fisher Scientific). The resin
was washed with 1.5 mol/L NaCl, deionized water, and
25 mmol/L NH,HCO,, and the glycosite-containing
peptides were released by PNGase F (prepared in
25 mmol/L NH,HCO,). The enriched peptides were
dried in a vacuum concentrator.

2.3 Enrichment of intact glycopeptides

C18-purified peptides after trypsin digestion in
the previous section were dissolved in 80% ACN with
0.1% (volume fraction) trifluoroacetic acid (TFA)
(Macklin). Subsequently, samples were loaded onto the
hydrophilic interaction liquid chromatographic (HILIC)
column containing Amide-80 gel slurry (Tosoh, Japan),
and the flow-through was collected and reloaded. The
HILIC column was washed with 80% ACN in 0.1%
TFA for three times and eluted with 60% ACN in
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0.1% TFA, 40% ACN in 0.1% TFA, and 0.1% TFA
(Yang et al., 2018). The eluate was dried in a vacuum
concentrator.

2.4 MS analysis of N-glycans and /V-glycopeptides

A Bruker ultrafleXtreme MALDI-MS instrument
was employed for the analysis of glycans. Details
about sample processing before MS analysis can be
found in a previous study (Xu et al., 2022). The posi-
tive reflector mode was applied when obtaining all
spectra, with a mass range of 900—4000. The laser
power was set as 50% and a total of 1000 shots were
accumulated for each spectrum in MS mode. Each
group contained four replicates. The signal-to-noise
(s/n) was set as =2 for creating the glycan peak list in
the Bruker flexAnalysis software. By searching the
databases in the GlycoWorkbench software (Ceroni
et al., 2008), the glycan composition was determined.

The glycosite-containing peptides and intact gly-
copeptides were analyzed by a Q Exactive HF-X Hy-
brid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific) coupled with an Easy-nLC 1200
system. The detailed procedures and parameters for
the MS analysis of peptides are described in previ-
ous studies (Yang et al., 2018; Xu et al., 2022). The
glycosite-containing peptides enriched in the SPEG
experiment were analyzed by the Proteome Discoverer
software (Thermo Fisher Scientific) to provide the
accession numbers of all identified N-glycoproteins.
The glycopeptide databases of PDAC sera and cell
lines were established by importing the accession
numbers into GlycReSoft software (Maxwell et al.,
2012), and glycopeptide search spaces were built by
assigning biosynthetically feasible human N-glycans
to the sequences of all identified N-glycoproteins. The
LC-MS/MS data were analyzed by matching the gly-
copeptide search space against the MS® fragments.
The false-discovery rate (FDR) was set at 1%.

3 Results

3.1 N-Glycosylation changes in pancreatic cell lines

We first analyzed N-glycans from three pan-
creatic cell lines, including normal hTERT-HPNE,
primary pancreatic tumor MIA PaCa-2, and metastatic
pancreatic tumor AsPC-1. These cells can be used to
mimic oncogenic process to discover PDAC-related

changes in glycosylation. The MALDI-MS analysis
of N-glycans from pancreatic cells identified 30 N-
glycans (s/n=2) in hTERT-HPNE cells, including
high-mannose and galactosylated, fucosylated and/
or sialylated structures (Fig. 2a). Consistent with the
study by Holst et al. (2017), the major N-glycan peaks
in hTERT-HPNE cells were high-mannose, which can
be further enzymatically processed into complex or
hybrid N-glycans. However, in MIA PaCa-2 cells,
contrasting changes in the N-glycan peak pattern were
revealed compared with hTERT-HPNE cells, as shown
in Fig. 2b. In the mass-to-charge ratio (m/z) range
between 1200 and 2000 units, only five high-mannose
N-glycans (Man5, Man6, Man7, Man8, and Man9)
were clearly observed in the MALDI-MS spectrum.
Meanwhile, new N-glycan structures, including bi-
secting and tetra-antennary fucosylated N-glycans,
were identified in the m/z range between 2000 and
3100 units (Fig. 2b). Interestingly, the N-glycan peak
pattern of AsPC-1 cells did not show striking changes
compared with hTERT-HPNE cells. Instead, the peak
patterns of AsPC-1 and hTERT-HPNE cells shared
similarity (Fig. 2c). A probable explanation is that
PDAC-associated abnormal glycosylation occurs at
N-glycosites, rather than the overall changes in N-
glycans (Pan et al., 2014).

An internal standard maltoheptaose (DP7), whose
intensity was set to 100%, was used to quantify N-
glycan changes in pancreatic cell lines (Figs. 2d—2g).
High-mannose glycans (Man6, Man7, and Man8) were
significantly increased in MIA PaCa-2 compared to
hTERT-HPNE, suggesting enhanced cellular glycosyl-
ation in the primary tumor cell line. Elevated levels of
high-mannose N-glycans were also found in various
cancer types (de Leoz et al., 2011; Sethi et al., 2016;
Chen et al., 2017). Except for a few fucosylated
and sialylated structures (H4NSF1, HSNSF1, HON6F1,
S(6)IH5N4F1, and S(6)1H6NSF1), most other N-
glycans in MIA PaCa-2 were significantly decreased
(Figs. 2d—2g, Table S1). Given the enhanced cellular
glycosylation in MIA PaCa-2, the reduced levels of
galactosylated, fucosylated and/or sialylated N-glycans
may be attributed to the secretion of N-glycoproteins
into the extracellular media. To confirm the increase in
the secreted N-glycoproteins from MIA PaCa-2, the
supernatant of the culture media was collected and
concentrated. N-Glycans from cell culture media were
enriched and analyzed by MALDI-MS. In accord with
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Fig. 2 Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) spectra of N-glycans from pancreatic
cell lines, and the quantitative analysis of different types of N-glycans. (a) Normal pancreatic cell lines hTERT-HPNE;
(b) Primary pancreatic tumor MIA PaCa-2; (c) Metastatic pancreatic tumor AsPC-1; (d) High-mannose and galactosylated
N-glycans; (e) Fucosylated NV-glycans; (f) Sialylated /NV-glycans; (g) Fucosylated and sialylated /N-glycans. (The numbers
above the peaks represent the corresponding mass-to-charge ratio (m/z) values. The peak at 1175 represents the internal
standard maltoheptaose (DP7). As seen in the upper right corner of the spectrum, the magnified spectrum is in the
m/z range between 2000 and 3100. The different saccharide units are denoted by colored shapes (red triangle, fucose;
green circle, mannose; yellow circle, galactose; blue square, N-acetyl glucosamine; purple diamond, sialic acid). The
monosaccharide units of all /V-glycans are represented by capital initials (F: fucose; H: hexose, including glucose, galactose,
and mannose; N: NV-acetyl hexosamine; S(6): 0.2,6-linked sialic acid; S(3): ¢2,3-linked sialic acid) (Note: for interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article). The same below).
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our expectations, many decreased N-glycans (H4N3F1,
H4N4F1, H5N4, H5N4F1, S(6)1H5N4, H6NS,
HONSF1, S(6)2H5N4, H7N6F1, and S(6)2H6NS) in
MIA PaCa-2 cells were observed in the culture media
(Fig. S1), which confirms the hypothesis of enhanced
intracellular glycosylation activity and extracellular
secretion of glycoproteins in primary tumor cell lines
(Munkley, 2019). Nevertheless, statistical analysis re-
vealed that in metastatic AsPC-1 cells, glycosylation
was restored to a level similar to that of hTERT-
HPNE (Figs. 2d—2g, Table S1), indicating a potential
feedback regulation of glycosylation in the metastatic
stage of PDAC carcinogenesis (Reily et al., 2019).
This phenomenon highlights the clinical application
value of targeting glycosylation changes in primary
tumors to achieve the early diagnosis and treatment of
PDAC.

3.2 Effect of AMG-510 on MIA PaCa-2 cells with
KRAS G12C mutation

Sotorasib (AMG-510) is currently the only US
Food and Drug Administration (FDA)-approved small
molecule inhibitor that targets solid tumors with the
KRAS G12C mutation. It has been found to potently
impair cellular viability in MIA PaCa-2 (with KRAS
G12C mutation), while non-KRAS G12C cell lines
were insensitive to the treatment (Canon et al., 2019).
Considering the involvement of aberrant glycosyl-
ation in PDAC carcinogenesis, we were eager to in-
vestigate whether AMG-510 treatment affects cellular
glycosylation levels. The protein concentrations in
treated and untreated cells after lysis were determined
by bicinchoninic acid (BCA) assay, and equal amounts
of proteins were loaded to enrich for N-glycans. The
MALDI-MS spectra revealed that the intensity of all
observable N-glycans was reduced notably after AMG-
510 treatment (1 and 10 pmol/L) for 24 h (Figs. 3a—3c).
Statistical analysis further demonstrated that the inhibi-
tion of N-glycosylation was non-selective and that the
effect of AMG-510 was dose-dependent for most N-
glycans (Figs. 3d—3f, Table S2). Under the same con-
ditions in our experiments, treatment with AMG-510
(1 and 10 umol/L) for 24 h only slightly reduced the
cell viability of MIA PaCa-2 in the cell counting kit-8
(CCK-8) assay, indicating that AMG-510 treatment
was the main contributor to the significant reduction
in N-glycosylation in MIA PaCa-2 (Fig. S2). KRAS
mutation was found to drive glycolytic flux in lung

cancer and ultimately impact aberrant protein gly-
cosylation (Taparra et al., 2018). The general inhi-
bition of N-glycosylation by AMG-510 suggested
that this drug can affect the initial stage of N-glycan
biosynthesis (synthesis of high-mannose structures)
by covalently binding to KRAS G12C or other oft-
target pathways. Our results uncovered the effect of
AMG-510 on cellular N-glycosylation and added new
knowledge to the understanding of the antitumor
mechanism of AMG-510. Nonetheless, further studies
are still needed to establish a detailed connection be-
tween AMG-510 and glycosylation biosynthesis.

3.3 N-Glycosylation changes in pancreatic patient
sera

In clinical practice, the early diagnosis and treat-
ment monitoring of PDAC can be conveniently accom-
plished through blood tests. CA19-9, a carbohydrate-
associated antigen, is an FDA-approved PDAC glyco-
sylation biomarker that primarily evaluates responses
to PDAC therapy. Although the CA19-9 blood test
can support diagnosis, it fails to provide a definitive
conclusion due to its low specificity (Gold et al.,
2019). The elevated serum CA19-9 is not specific to
PDAC and can also be upregulated in other cancers,
including colorectal carcinoma (Vukobrat-Bijedic et al.,
2013), gastric cancer (Liang et al., 2016), and lung
adenocarcinoma (Sato et al., 2016). Non-cancer dis-
eases also exhibit increased blood levels of CA19-9,
such as jaundice (Marrelli et al., 2009), liver inflam-
mation (Zhang et al., 2021), and pancreatitis (Talar-
Wojnarowska et al., 2011). As a result, identifying
PDAC-specific glycosylation changes is a priority
in the development of diagnostic biomarkers. To
this end, the overall N-glycans in human serum
samples from Ctrl, untreated PDAC patients (PDAC),
PDAC patients treated with surgery and chemotherapy
(PDAC-T), and untreated PDAC patients with add-
itional diseases (PDAC-D) were analyzed. The infor-
mation of all PDAC patients was listed in Table S3.
Unlike the pancreatic cell lines, the major N-glycans
in human sera carry fucoses and sialic acids in the
MALDI-MS spectra (Figs. 4a—4d). A certain varia-
tion in the N-glycan peak patterns was observed in
the four groups. Statistical analysis revealed that
only five N-glycans (H11N2, H3N4F1, S(6)1HS5N4,
S(3)IH4NSF2, and S(3)1H6N3F2) were significantly
increased in the PDAC group compared with the
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Fig. 3 Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) spectra of N-glycans from the MIA
PaCa-2 cell line and quantitative comparison of different types of N-glycans. (a) Untreated; (b) 1 pmol/L AMG-510;
(c) 10 pmol/L AMG-510; (d) High-mannose and galactosylated N-glycans; (e) Fucosylated N-glycans; (f) Sialylated and/or
fucosylated N-glycans.

Ctrl group (Figs. 4e—4h, Table S4). In the PDAC-D  S(6)2H5N4, S(6)1H4N4F1, and S(6)1HSN4F1) were
group, six N-glycans (H3N4F1, H4N4F1, H3N5F1, found to be significantly increased (Figs. 4f—4h), and
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Fig. 4 Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) spectra of serum N-glycans and
quantitative analysis of different types of N-glycans. (a) Healthy controls (Ctrl); (b) Untreated pancreatic ductal
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only H3N4F1 was increased significantly in both the
PDAC and PDAC-D groups compared with the Ctrl
group. Apparently, other diseases affect different types
of N-glycans, which may lead to false negative diag-
nosis in PDAC-D patients using N-glycan biomarkers
identified in PDAC patients. Ideally, the PDAC-
specific glycosylation biomarker should not be affected
by other diseases.

We also found that surgery and chemotherapy
had similar inhibitory effects on N-glycosylation
observed in MIA PaCa-2 cells treated with AMG-510
(Figs. 4e—4h, Table S4). All N-glycans detected in
PDAC sera were decreased in the PDAC-T group, and
this decrease was mostly significant (Table S4). We
believe that the general reduction in N-glycosylation
in the PDAC-T sera is mainly due to the excision
of tumors that actively secrete PDAC-associated
N-glycoproteins into the circulation (Pan et al., 2014).
Although the chemotherapy used in the PDAC-T
group was not AMG-510, the antitumor properties of
different chemicals may share the same mechanism of
N-glycosylation inhibition, which indeed requires fur-
ther investigation.

The analysis of global N-glycans did not reveal
changes in PDAC patients similar to those in pancre-
atic cell lines. As aforementioned, many factors other
than PDAC can affect the N-glycan levels in the
blood. In addition, certain mechanisms exist to regu-
late the blood glycoprotein homeostasis (Lee et al.,
2002; Roopenian and Akilesh, 2007), and plasma
glycoproteins are also involved in homeostasis and
thrombosis (Preston et al., 2013). Therefore, the
exact PDAC-specific glycosylation changes should
be unveiled by analyzing the detailed glycosylation
information of specific glycoproteins (Vreeker et al.,
2020), as the protein carriers of glycans are respon-
sible for aberrant glycosylation-associated functional
abnormalities under disease conditions.

3.4 N-Glycopeptide analysis of pancreatic cell lines
and human sera

In order to determine the specific N-glycosylation
changes in PDAC, N-glycopeptides from cell and
serum samples were analyzed by LC-MS/MS. The
glycosite-containing peptides were enriched by SPEG
for the identification of corresponding N-glycoproteins.
Among the three studied pancreatic cell lines, 267
N-glycoproteins were identified in hTERT-HPNE cells,
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163 N-glycoproteins were identified in MIA PaCa-2
cells, and 264 N-glycoproteins were identified in
AsPC-1 cells. The Venn diagram shows the number of
unique and shared proteins in all cell lines (Fig. S3).
The decreased amount of identified N-glycoprotein
in MIA PaCa-2 cells compared with the other two
cell lines may explain the previous results of over-
all N-glycan analysis. Although the number of N-
glycoproteins in AsPC-1 was close to that in hTERT-
HPNE, there were 93 unique N-glycoproteins iden-
tified only in AsPC-1. Thus, the overall changes in N-
glycan levels in the three pancreatic cell lines should
be attributed to shared and unique N-glycoproteins
(Table S5). Consequently, the overall analysis of N-
glycans will hardly provide accurate PDAC-specific
biomarkers.

Next, we aimed to discover PDAC-specific N-
glycosylation changes. N-Glycoproteins identified in
human sera were first compared to N-glycoproteins in
pancreatic cell lines to identify potential correlations
between PDAC tumors and sera. A total of 45 pro-
teins were shared by sera and one or more of the pan-
creatic cell lines (Table S6). Subsequently, intact N-
glycopeptides from human sera (four groups) were
enriched by HILIC for LC-MS/MS analysis. There-
fore, the search for site-specific N-glycosylation infor-
mation was focused on these 45 previously identified
proteins. Based on the previous results of N-glycan
analysis for the pancreatic cell lines and human sera,
we propose that an ideal serum N-glycosylation bio-
marker for PDAC should possess the following criteria:
(1) unique presence in PDAC compared with the Ctrl
group; (2) unaffected in the PDAC-D group; (3) par-
tially or fully reversed by clinical treatments.

According to the above criteria, two unique site-
specific N-glycosylation changes were found in com-
plement component 9 (C9) and a-2-HS-glycoprotein
(AHSG). C9 is involved in complement activation, a
defence mechanism against cancer (Afshar-Kharghan,
2017). Significantly increased levels of C9 and its
fucosylation glycoforms were found in lung cancer
sera (Narayanasamy et al., 2011); however, the rela-
tionship between C9 and PDAC has not been explored.
Herein, we found a unique N-glycan (S(6)2H5N4F1)
at the N-glycosite 415 of C9 in the PDAC group com-
pared with the Ctrl group (Fig. 5). This N-glycan,
along with the other types (S(6)1H5N4, S(6)2H5N4,
and/or S(6)1S(3)1H5N4) found in the Ctrl group at
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N-glycosite 415, completely disappeared in the PDAC-
T group. Importantly, no glycosylation change at N-
glycosite 415 was observed between the PDAC and
PDAC-D groups, indicating the specificity of this
site-specific N-glycosylation change. ASHG has also
been reported to be increased in the PDAC serum
(Chen et al., 2013), but its N-glycosylation in PDAC
was still unknown. In our work, a unique N-glycan

(S(6)2HO6NS) at the N-glycosite 156 of ASHG was
discovered in the PDAC group compared with the
Ctrl group (Fig. 5). Clinical treatments targeted only
this unique N-glycosylation but no other types origin-
ally found in the Ctrl group. No change at the N-
glycosite 156 was observed between the PDAC and
PDAC-D groups; therefore, we propose that two
unique N-glycosylation changes identified in C9 and



ASHG could serve as potential diagnostic and prog-
nostic biomarkers.

In addition to increased N-glycosylation in PDAC,
LC-MS/MS analysis revealed three N-glycosites from
three proteins, of which unique glycosylation was
only detected in the Ctrl group. Insulin-like growth
factor-binding protein-3 (IGFBP-3) is a transporter
protein for insulin-like growth factor that sensitizes
chemo-resistant PDAC cells by activating apopto-
sis (Mofid et al., 2020). In a case-control study, the
serum levels of IGFBP-3 were associated with an in-
creased risk of PC mortality (Lin et al., 2004). We de-
tected a unique glycan (S(6)2H5N4F1) only at the N-
glycosite 116 of IGFBP-3 in the Ctrl group, while the
same amino acid was not glycosylated in the other
groups (Fig. 5). The roles of two other proteins, phos-
pholipid transfer protein (PLTP) and inter-a-trypsin
inhibitor heavy chain H4 (ITIH4), are unclear in
PDAC. However, we also identified unique glycans in
PLTP (S(6)IHSN4F1 at N64) and ITIH4 (S(6)2H5N4
and/or S(6)1S(3)1H5N4 at N577) (Fig. 5). The dis-
appearance of the unique N-glycosylation in PDAC
does not allow the monitoring of response to clinical
treatment but still can serve as a potential diagnostic
biomarker if used in conjugation with other markers
in a panel.

4 Discussion

Unlike previous reports that analyzed only one
type of biological samples (cells, tissues, or serum)
(Zhao et al., 2007; Park et al., 2015; Lu et al., 2021),
our study sought to investigate potential correlations
among PDAC cells, clinical serum samples, and thera-
peutic treatments. To mimic the oncogenic process, a
primary tumor cell line (MIA PaCa-2) and a metastatic
tumor cell line (AsPC-1) were used. The results of N-
glycan analysis demonstrated that contrasting changes
in N-glycosylation had already occurred in primary
tumor cells, suggesting that early detection of PDAC-
specific N-glycosylation could facilitate clinical diag-
nosis. Meanwhile, the FDA-approved AMG-510
targeting KRAS G12C could significantly inhibit N-
glycosylation levels in MIA PaCa-2 cells. Based on
these results, early diagnosis and monitoring of treat-
ment response by detecting N-glycosylation changes
in clinical samples (such as serum) seemed a possibility.
However, we found that the N-glycosylation status in
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the serum was different from that in the cell lines.
Glycosylation in blood circulation can be affected by
different disease conditions, with CA19-9 being an
example. Therefore, the discovery of PDAC-specific
N-glycosylation biomarkers is not an easy task. The
overall analysis of N-glycans failed to reveal the same
contrasting changes in different cell lines. Since gly-
cosylation regulates protein structures and functions
(Esmail and Manolson, 2021), identifying the exact
changes in glycoforms on PDAC-associated proteins
is imperative. In our work, N-glycoproteins shared by
cell lines and human sera were selected for the analy-
sis of intact glycopeptides. An important aspect of in-
tact glycopeptide analysis in our work was to monitor
the effects of treatment and other disease conditions on
the N-glycosylation changes identified in PDAC serum.
A biomarker affected by other disease conditions
cannot be used to specifically diagnose a particular
disease. As the mean age of PDAC patients enrolled
in our study was over 60 years, these patients com-
monly had other diseases; N-glycosylation changes
affected by diseases other than PDAC may lead to
false-negative diagnosis in future clinical applications.
Meanwhile, clinical treatments should theoretically re-
verse the aberrant glycosylation of the PDAC-specific
biomarker in question. Consequently, the two unique
N-glycoforms identified in C9 and AHSG are promis-
ing candidates for validating their roles as diagnostic
and prognostic biomarkers. In addition, the disappear-
ance of unique glycosylation in PDAC can also indi-
cate a disease status. Additionally, our methods can be
used to study the glycosylation of tumor immune
checkpoints, such as cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4) and programmed cell death pro-
tein-1 (PD-1), as these proteins are highly glycosylated
(Gao et al., 2022).

Due to the limited number of clinical samples in
our study, we were unable to separately evaluate the
effects of surgery and chemotherapy on PDAC-specific
glycosylation. Besides, the heterogeneity of glycosyl-
ation changes among individual patients is unknown.
To study the N-glycosylation changes during PDAC
development, we are currently expanding the number
of PDAC patients recruited to include more clinical
information on disease stages. The specificity and
sensitivity of selected glycosylation biomarkers in this
work will be investigated individually or in cohorts in
subsequent work.
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5 Conclusions

In the current study, N-glycan analysis revealed
contrasting changes in PDAC cell lines, which could
be significantly inhibited by AMG-510 treatment. The
correlation between cell lines and human serum
was investigated by focusing on N-glycoproteins
shared by PDAC cell lines and serum samples. Intact
N-glycopeptides from 45 shared N-glycoproteins were
assessed by LC-MS/MS, which yielded two PDAC-
unique and three Ctrl-unique N-glycoforms. Statistical
analysis indicated that in metastatic AsPC-1 cells,
glycosylation was restored to a level similar to that of
hTERT-HPNE, suggesting a potential feedback regu-
lation of glycosylation during the metastatic stage of
PDAC carcinogenesis. We also found that surgery
and chemotherapy had similar inhibitory effects on N-
glycosylation in MIA PaCa-2 cells treated with AMG-
510. PDAC serum analysis suggested that the general
decrease in N-glycosylation in PDAC-T serum was
primarily due to the excision of tumors that actively
secretes PDAC-associated N-glycoproteins into the
circulation. With regard to tumor marker selection,
we suggest that ideal PDAC serum N-glycosylation
biomarkers should comply with the following criteria:
(1) uniqueness in PDAC compared to the Ctrl group;
(2) the PDAC-D group is unaffected; (3) changes
are partially or completely reversed by clinical treat-
ment. We believe that the site-specific N-glycosylation
changes (used individually or in a panel) identified in
this study have the potential to be developed into clin-
ical diagnostic and/or prognostic biomarkers.
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