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Abstract

Protein glycosylation is a major post-translational modification that regulates tumor initiation and progression; however, its
dynamic modeling during multistep evolution of lung adenocarcinoma (LUAD) remains poorly understood, particularly in
clinically archived tissues. Here, we established an integrated multi-omics workflow combining global proteomes, N-glycans,
and site-specific intact N-glycopeptides to comprehensively characterize glycosylation in formalin-fixed paraffin-embedded
(FFPE) specimens spanning four pathological stages of LUAD progression: inflammatory nodules (IN), atypical adenomatous
hyperplasia (AAH), adenocarcinoma in situ (AIS), and invasive adenocarcinoma (IAC). Using optimized protein extraction,
hydrophilic interaction liquid chromatography (HILIC)-based glycopeptide enrichment, and high-resolution LC-MS/MS, we
achieved large-scale identification of proteins, N-glycans, and intact glycopeptides from archival clinical samples. Integrated
analyses revealed progressive remodeling of site-specific N-glycosylation during malignant transformation, characterized by
increased glycan branching, fucosylation, and sialylation during the transition from premalignant lesions to invasive cancer.
Sialylated glycans reached their highest abundance in the premalignant AAH stage, whereas highly branched and fucosylated
complex N-glycans predominated in invasive adenocarcinoma, indicating stage-dependent glycan remodeling throughout
disease progression. Functional enrichment analyses linked these glycosylation alterations to extracellular matrix organiza-
tion, neutrophil degranulation, and immune-associated pathways, while representative glycoproteins, including_
- exhibited coordinated changes in protein abundance and site-specific glycoform micro-heterogeneity across patho-
logical stages. Collectively, this study demonstrates the feasibility of deep glycoproteomic profiling using archived FFPE
tissues and provides a comprehensive molecular atlas of glycosylation remodeling during LUAD progression. These findings
establish a valuable resource for elucidating disease mechanisms and identifying stage-specific glycosylation biomarkers
and potential glycan-targeted therapeutic candidates for early lung adenocarcinoma.
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Introduction

Lung adenocarcinoma (LUAD) is the most common his-
tological subtype of lung cancer and remains a leading
cause of cancer-related mortality worldwide [1, 2]. A com-
bination of imaging modalities, such as low-dose com-
puted tomography (LDCT) for high-risk screening [3] and
positron emission tomography (PET) scans [4], followed
by tissue confirmation, has been routinely practiced in
LUAD diagnosis. Although advances in imaging, molecu-
lar diagnostics, and targeted therapies have substantially
improved clinical management of LUAD [5], patient
prognosis remains highly dependent on disease stage at
diagnosis, with early-stage lesions exhibiting significantly
better survival outcomes following surgical intervention
[6]. LUAD develops through a well-defined multistep
pathological continuum, progressing from inflamma-
tory nodules (IN) and atypical adenomatous hyperplasia
(AAH) to adenocarcinoma in situ (AIS) and ultimately
invasive adenocarcinoma (IAC) [7]. However, accurately
distinguishing these stages, particularly during the early
disease phases, remains a major clinical challenge despite
its critical importance for timely diagnosis, risk stratifica-
tion, and optimal therapeutic decision-making [8]. While
the genomic and transcriptomic alterations associated with
LUAD progression have been extensively investigated,
the post-translational regulatory mechanisms that drive
disease initiation and progression remain incompletely
understood [9, 10].

Protein glycosylation is a pervasive and dynamic post-
translational modification (PTM) essential for protein fold-
ing, stability, trafficking, and intercellular communication
[11, 12]. In cancer development, aberrant glycosylation,
including altered branching, hyperfucosylation, and hyper-
sialylation, plays a pivotal role in promoting tumor cell
invasion, immune evasion, angiogenesis, and metastatic dis-
semination [13-15]. In LUAD, dysregulated N-glycosyla-
tion has been implicated in several key oncogenic processes,
including cell adhesion [16], extracellular matrix (ECM)
remodeling [17], and the organization of the tumor-immune
microenvironment [18]. Despite these advances, most stud-
ies have focused on advanced-stage disease or have been
conducted using cell lines and fresh-frozen tissues, leav-
ing the dynamic evolution of glycosylation across the full
pathological spectrum of LUAD largely unexplored. This
limitation is particularly significant given that formalin-
fixed paraffin-embedded (FFPE) specimens, which represent
the standard tissue format in routine clinical practice [19],
remain under-investigated in glycoproteomic studies.

Characterizing alterations in protein glycosylation
within lung tissues is essential for deciphering the molec-
ular evolution of glycosylation across disease stages [20,
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21]; however, the scarcity of fresh tissue—particularly
from early-stage patients—presents significant ethical and
logistical barriers [22, 23]. FFPE tissues help overcome
this challenge as the most abundant and well-annotated
resource in clinical archives, enabling large-scale ret-
rospective molecular studies correlated with long-term
clinical outcomes [24, 25]. While the extensive protein
cross-linking and chemical modifications inherent to
formalin fixation historically hindered glycoproteomic
depth [26], recent innovations in sample preparation and
high-resolution mass spectrometry (MS) have overcome
these technical constraints [27, 28]. Specifically, the inte-
gration of hydrophilic interaction liquid chromatography
(HILIC)-based enrichment strategies, such as Amide-80,
has enabled large-scale, site-specific N-glycosylation pro-
filing [29, 30]. This approach allows simultaneous charac-
terization of protein identity, glycosylation site occupancy,
and glycan structural heterogeneity, thereby providing a
comprehensive view of protein glycosylation directly from
archived clinical specimens.

While high-resolution mass spectrometry and HILIC-
based enrichment are well-established techniques [31,
32], their application to long-term archived FFPE tissues
remains challenging due to extensive formalin-induced
cross-linking, progressive sample degradation, and abundant
chemical modification artifacts. Consequently, conventional
glycoproteomic workflows developed for fresh-frozen tis-
sues often exhibit reduced sensitivity, limited glycopeptide
coverage, and elevated false-discovery rates when applied
to these compromised clinical specimens [33]. To address
this methodological limitation, we developed an integrated
workflow specifically tailored for archival FFPE samples,
incorporating systematic optimization of de-cross-linking
conditions, refinement of the HILIC enrichment microen-
vironment to reduce FFPE-associated background interfer-
ence, and an artifact-aware bioinformatics strategy. By mini-
mizing search-space inflation caused by formalin-induced
modifications and other chemical artifacts, this workflow
substantially improves the depth, accuracy, and confidence
of site-specific glycoform identification, thereby enabling
robust glycoproteomic analysis of retrospective clinical
biobank specimens.

In this study, we employed an integrated multi-omics
workflow encompassing global proteomics, N-glycomics,
and intact N-glycoproteomics to systematically character-
ize glycosylation dynamics across four pathological stages
of LUAD using archival FFPE tissue specimens (Fig. 1 and
Electronic Supplementary Material Figure S1-S2). The
experimental workflow included tissue sectioning, slide
mounting, deparaffinization, protein extraction, and trypsin
digestion, followed by peptide purification, glycopep-
tide enrichment, and LC-MS/MS analysis. By combining
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Fig. 1 Schematic workflow for the multi-omics analysis of proteins,
glycans, and glycopeptides from FFPE lung tissues. Clinical speci-
mens representing four diagnostic groups—inflammatory nodule
(IN), atypical adenomatous hyperplasia (AAH), adenocarcinoma
in situ (AIS), and invasive adenocarcinoma (IAC)—were collected by
immunohistochemistry (IHC)-guided tissue dissection. Proteins were
extracted from formalin-fixed paraffin-embedded (FFPE) tissue sec-
tions through deparaffinization, rehydration, and heat-induced rever-
sal of formalin cross-links. The extracted proteins were subjected to
glycoprotein immobilization for glycan extraction (GIG) for glycan

HILIC-based enrichment with high-resolution LC-MS/
MS, we characterized stage-specific alterations in N-glycan
structures and site-specific glycoforms, revealing a progres-
sive increase in glycan branching, fucosylation, and sialyla-
tion during malignant progression. Functional network
analyses based on KEGG (Kyoto Encyclopedia of Genes
and Genomes) [34] and GO (Gene Ontology) [35] linked
these glycosylation signatures to extracellular matrix (ECM)
organization, neutrophil degranulation, and other tumor-
associated biological processes. Collectively, our findings
highlight the utility of FFPE-based glycoproteomic profil-
ing for elucidating the molecular mechanisms underlying
LUAD progression and establish a robust framework for the
discovery of disease-specific glycosylation biomarkers for
early detection and clinical risk stratification.

Experimental methods
Reagents and materials
All chemicals and materials were ordered from Beyotime

(Shanghai, China) unless otherwise noted. lodoacetamide
(IAA), dithiothreitol (DTT), and urea were purchased from

profiling, while parallel aliquots were processed by tryptic digestion
for global proteomic and glycoproteomic analyses. Peptides were
subsequently enriched using C18 solid-phase extraction (SPE) for
proteomic analysis and Amide-80 hydrophilic interaction liquid chro-
matography (HILIC) for glycopeptide enrichment. Following liquid
chromatography—tandem mass spectrometry (LC-MS/MS) analy-
sis, the datasets were processed using GDAS and further annotated
through KEGG and GO pathway analyses to characterize molecular
alterations and elucidate their potential biological functions during
lung adenocarcinoma progression

Aladdin Chemical (Shanghai, China). Ammonium bicarbo-
nate (NH,HCO;) and formic acid (FA) were obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Acetonitrile (ACN) was purchased from Tedia (Fairfield,
OH, USA), and trifluoroacetic acid (TFA) was ordered from
Macklin (Shanghai, China). High-performance liquid chro-
matography (HPLC) grade water was purchased from J&K
Chemical (Zhejiang, China). Sequencing-grade trypsin was
purchased from Promega (Madison, WI, USA), Amide-
80 gel slurry was ordered from Tosoh Bioscience (Tokyo,
Japan), and Silica C18 resin was purchased from Silicycle
(Quebec, QC, Canada). Environmentally friendly transpar-
ent dewaxing liquid was purchased from Solarbio (Beijing,
China).

Pathological tissue collection

Tissue specimens were obtained from patients undergoing
surgical resection and were routinely fixed in formalin and
embedded in paraffin for pathological diagnosis. According to
the histopathological evaluation, patients were classified into
four groups: inflammatory nodule (IN), atypical adenomatous
hyperplasia (AAH), adenocarcinoma in situ (AIS), and inva-
sive adenocarcinoma (IAC) (Table 1). No statistically significant
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Table 1 Pathological group classification. These four groups classify the progressive stages of lung adenocarcinoma development, showing the
spectrum of lesions from benign inflammation through premalignant changes to fully malignant and invasive cancer

Group Full name Description

Significance in progression

Benign. Not pre-cancerous, but can sometimes
mimic early cancer on imaging

IN Inflammatory node A benign lesion primarily composed of inflam-
matory cells, representing the body’s reaction to
infection, injury, or foreign material

AAH Atypical adenomatous hyperplasia A premalignant lesion, characterized by a small,

localized proliferation of atypical epithelial cells

Pre-cancerous, the earliest identifiable precursor
to adenocarcinoma

that line the airspaces; cancer cell feature but
confined to the alveolar walls

AIS Adenocarcinoma in situ

A non-invasive malignant lesion, small and com-

Noninvasive, surgical removal typically curative

posed of malignant cells that grow exclusively
along the pre-existing alveolar structures; no
evidence of stromal invasion

IAC Invasive adenocarcinoma

A fully malignant lesion where the tumor cells

Invasive cancer, worse prognosis than AIS

have breached the basement membrane and
invaded the surrounding stroma; metastasis

differences were observed among the four groups with respect
to age, sex, smoking history, or other demographic and clinical
characteristics. All samples were collected in accordance with
protocols approved by the Institutional Review Board (IRB)
of the Fourth Affiliated Hospital of Soochow University and
Suzhou Municipal Hospital, and written informed consent was
obtained from all participants prior to sample collection.

Protein extraction from paraffin-fixed tissue

For protein extraction, several 10-um-thick tissue sections
were cut from FFPE blocks containing either tumor or
inflammatory tissue. These sections were deparaffinized
using an environmentally friendly deparaffinization solu-
tion (twice, 20 min each) and subsequently rehydrated
through a graded ethanol series (100%, 85%, 75%, and
50% EtOH in water) for 10 min at room temperature (RT)
at each step, followed by a final wash with DI water [28].
The rehydrated tissues were then scraped from the glass
slides and lysed in 1 mL of lysis buffer (RIPA containing
2% SDS and 0.1 M DTT) by incubation at 95 °C for 1 h,
followed by an additional incubation at 65 °C for 1 h. The
lysates were centrifuged at 13,000 x g for 10 min at 4 °C
to remove insoluble debris, and the resulting supernatant
was collected. Proteins were precipitated by adding six
volumes of anhydrous ethanol and incubating the samples
at —20 °C overnight. Following centrifugation, the super-
natant was discarded, and the protein pellets were washed
three times with 2 mL of anhydrous EtOH, discarding the
solvent after each wash. The final protein pellets were
reconstituted in 1 X PBS, and protein concentrations were
measured using a BCA assay.
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Intact N-linked glycopeptide enrichment

To enrich intact N-glycopeptides, samples were dissolved in 100
UL of an 8 M urea solution (prepared in 100 mM NH,HCOj),
as described in our previous studies [36, 37]. The proteins were
reduced by adding 15 pL of 120 mM TCEP and incubating at
37 °C for 1 h, followed by alkylation with 16.5 pL of 160 mM
TAA at RT for 1 h in the dark. Prior to digestion, samples were
diluted fivefold with HPLC-grade water to reduce the urea con-
centration and then digested overnight at 37 °C with 20 pg of
sequencing-grade trypsin. Digestion was stopped by adjusting
the sample pH to less than 3 with 10% formic acid (FA), and
the resulting peptides were purified using solid-phase extrac-
tion (SPE) cartridges packed with C18 silica resin (200 pL of
slurry prepared in 50% methanol). The C18 column was first
conditioned by washing three times with 1 mL of 80% acetoni-
trile (ACN) in 0.1% trifluoroacetic acid (TFA) and subsequently
three times with 1 mL of 0.1% TFA. Peptides were loaded
onto the C18 column, and the flow-through was collected and
reloaded once to maximize peptide binding. The column was
washed five times with 1 mL of 0.1% TFA. Bound peptides were
then eluted three times with 300 uL of 80% ACN in 0.1% TFA.

These purified peptides were subsequently processed for
intact glycopeptide enrichment via hydrophilic interaction
liquid chromatography (HILIC) using a SPE column packed
with Amide-80 resin [29, 38]. The HILIC column was con-
ditioned with three washes of 800 uL of 0.1% TFA, fol-
lowed by three washes of 800 uL of 80% ACN in 0.1% TFA.
After the peptide sample was loaded twice, the column was
washed three times with 80% ACN in 0.1% TFA. Bound gly-
copeptides were then sequentially eluted with 800 uL each of
60% ACN in 0.1% TFA, 40% ACN in 0.1% TFA, and finally
0.1% TFA. The combined eluate was dried in a vacuum con-
centrator and dissolved in 0.2% FA for subsequent analysis.
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Mass spectrometry analysis of intact glycopeptides

Intact glycopeptides were separated using an Easy-nL.C 1200
system coupled directly to a Thermo Orbitrap Fusion Lumos
mass spectrometer. Approximately 1 pg of intact pep-
tide sample was loaded onto an EASY-Spray™ column
(75 pum x 50 cm) packed with 2 um C18 resin (100 A) and
operated at a flow rate of 250 nL/min. Chromatographic
separation was performed over a 120-min gradient using
mobile phase A (0.1% FA in 5% ACN) and mobile phase B
(0.1% FA in 80% ACN). The gradient began with a 0.1-min
hold at 6% B, followed by a linear increase to 22% B over
54 min, then to 50% B over the next 51 min, and 60% B over
5 min. The run was completed with a rapid increase to 90%
B within 1 min, followed by a 9-min hold at 90% B to ensure
column washing and elution of strongly retained species.

Peptides were ionized by electrospray ionization at
a spray voltage of 2.2 kV and analyzed on an Orbitrap
mass spectrometer operated in data-dependent acquisi-
tion mode. Full MS scans were acquired over an m/z
range of 300-1600 at a resolution of 60,000 (at m/z 200),
with a maximum injection time of 20 ms and a dynamic
exclusion duration of 30 ms. The 20 most intense pre-
cursor ions with signal intensities greater than 6 x 10*
counts were selected for high-energy collisional disso-
ciation (HCD) fragmentation using an isolation window
of 1.2 m/z, while singly charged or unassigned precursor
ions were excluded. HCD-MS/MS (MS2) spectra were
acquired at a resolution of 15,000 (at m/z 200) with a
maximum injection time of 30 s. The automatic gain con-
trol (AGC) targets were set to 3 X 10 for MS1 and 1 x 10°
for MS2, with a normalized collision energy of 27% and
an underfilled ratio of 1%. For intact glycopeptide analy-
sis, stepped HCD-MS/MS spectra were acquired using
normalized collision energies of 15%, 25%, and 35% for
precursor ions with charge states ranging from 2 to 8
and intensities exceeding 5 x 10*. MS/MS spectra were
collected at a resolution of 30,000 (at m/z 200), and
dynamic exclusion was set to 20 s. At least one charac-
teristic glycan oxonium ion (m/z 138.0545, 204.0867,
or 366.1396) was required to be present among the 20
most abundant fragment ions in the MS/MS spectrum,
within a mass tolerance of 15 ppm. The mass spectra
were analyzed using GDAS software, as described in
detail in the Supporting Information [39]. Glycopeptide
identification was performed using a custom N-glycan
database comprising 132 human N-glycan compositions,
which was established based on our previous glycomics
studies of lung tissue [40], serum [41], bronchoalveolar
lavage fluid [15], and saliva samples [42] from patients
with lung cancer and healthy controls.

Results and discussion

Differential expression of tissue proteome
across pathological states

A total of 3835 proteins were identified from four pathologi-
cal stages of lung tissues (Electronic Supplementary Material
Table S1). The total ion intensity for each stage was calcu-
lated from nine different patient tissue specimens, in which the
intensity was estimated according to the aggregated area under
the curve (AUC) for all detected peptides. The heatmap reveals
a distinct proteomic progression from IN and AAH stages to
the more advanced AIS and IAC. In the early stages, protein
expression is largely dominated by pathways related to immune
cell chemotaxis and angiogenesis. However, as the pathology
transitions to IAC, there is a sharp upregulation of proteins
associated with cell proliferation, epithelial-mesenchymal tran-
sition (EMT), and chromosomal instability. While the expres-
sion profiles of AAH and AIS are relatively similar, reflecting
their pre-invasive nature, IAC demonstrates a unique cluster of
significantly altered proteins that facilitate basement membrane
penetration and stromal invasion (Fig. 2A).

Interestingly, hierarchical clustering of the global pro-
teomic and glycoproteomic datasets (Fig. 2A) revealed
distinct molecular subclusters, in which samples from the
IN, AAH, AIS, and IAC groups exhibited an intermixed
distribution rather than a strictly stage-dependent separa-
tion. To determine whether this pattern could be attributed
to technical artifacts, experimental variability was carefully
controlled through randomized sample processing, stand-
ardized analytical procedures, and continuous LC-MS/MS
quality control monitoring. Subsequent quality assessments
indicated no evidence of significant batch effects that could
account for the observed clustering. Instead, the intermixed
distribution likely reflects the substantial biological hetero-
geneity and molecular continuity characteristic of early lung
adenocarcinoma development. Because all samples were
stringently matched for key clinical parameters, including
stage I disease status, presentation as pulmonary nodules
detected by chest CT, and tumor size <3 cm, the overlapping
molecular features among AAH, AIS, and IAC lesions sug-
gest that alterations in protein expression and site-specific
glycosylation occur along a dynamic pathological progres-
sion continuum rather than within discrete clinical stages.

The Venn diagram analysis of IN, AAH, AIS, and IAC in
Fig. 2B demonstrates a progressive overlap in differentially
expressed proteins (DEPs), reflecting a stepwise molecular
evolution. While IN and AAH show relatively distinct pro-
files, the number of shared genes significantly increases dur-
ing the transition from AIS to IAC, indicating a common set
of drivers for malignancy. KEGG and GO analysis further
reveals that while early stages (AAH/AIS) are enriched for
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Fig.2 Global proteomic profiling and differential expression analysis
across four lung tissue diagnostic groups. A Hierarchical clustering
heatmap showing protein expression patterns among inflammatory
nodule (IN), atypical adenomatous hyperplasia (AAH), adenocarci-
noma in situ (AIS), and invasive adenocarcinoma (IAC) samples. B
Venn diagram illustrating the overlap and stage-specific distribution
of identified proteins, including 2,318 proteins shared across all four
groups. Corresponding KEGG and Gene Ontology (GO) enrichment

pathways related to cell-cell adhesion and metabolic shifts,
the IAC stage is uniquely characterized by the activation of
pathways associated with EMT, focal adhesion, and cell-
cycle deregulation. The volcano plots in Fig. 2C illustrate
the differential protein expression patterns across the four
pathological stages, with blue dots representing upregulated
proteins, pink representing downregulated proteins, and gray
indicating no significant change. The comparisons—such as
AAH vs. IN, AIS vs. AAH, and IAC vs. AIS—reveal that
the number of significantly altered proteins varies across
these transitions, with a notable shift in expression profiles
as the tissue moves from pre-invasive to invasive states. In
the transition to IAC, specifically in the IAC vs. AIS and
TAC vs. IN plots, there is a distinct emergence of upregulated
(blue) and downregulated (pink) proteins, suggesting that the
acquisition of invasive potential is driven by specific prot-
eomics changes. Overall, the relatively sparse distribution of
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analyses revealed significantly enriched biological processes (BP),
cellular components (CC), and molecular functions (MF) associated
with the transition from inflammatory lesions to invasive adenocar-
cinoma. C Volcano plots displaying differentially expressed proteins
in pairwise comparisons among diagnostic groups, including AAH,
AIS, and IAC versus IN, as well as sequential comparisons of AIS vs.
AAH, TAC vs. AAH, and IAC vs. AIS

significant dots in comparisons like AIS vs. AAH compared
to those involving IAC highlights that the most profound
molecular divergence occurs during the final step of malig-
nant progression into invasive disease (Table 2).

N-glycosylation alteration from early stage
to the invasive adenocarcinoma

In Fig. 3, the analysis of glycoproteins across the four
pathological stages (IN, AAH, AIS, and IAC) reveals
significant changes in glycoprotein expression. Fig-
ure 3A uses a Venn diagram to illustrate that while a
core set of glycoproteins is conserved across all stages,
the transition to IAC is marked by a unique set of identi-
fied glycoproteins (Electronic Supplementary Material
Table S2). KEGG and GO analysis further demonstrates
that these glycoproteins are significantly enriched in
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Table2 Summary of
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obtained in accordance with Male 4 4 5 5
institutional protocols following Female 5 5 5 5
informed patient consent cD
Hypertension 2 0 1 3
Diabetes 0 1 0 1
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Fig.3 Glycoprotein profiling and site-specific N-glycosylation motif
analysis across lung tissue progression. A Venn diagram illustrating
the distribution of identified glycoproteins among the four diagnos-
tic groups, including 144 core glycoproteins shared across all stages
and stage-specific glycoproteins identified in IN (19), AAH (30), AIS
(11), and IAC (56). Corresponding KEGG and Gene Ontology (GO)
enrichment analyses reveal significantly enriched biological processes

(B)

(BP), such as neutrophil degranulation (NPD) and neutrophil activa-
tion involved in immune response (NAIIR), along with key cellular
components (CC) and molecular functions (MF). B Sequence motif
analysis of site-specific N-glycosylation illustrating the frequency
and conservation of amino acids surrounding the canonical N-X-S/T
sequon, where N represents asparagine, X is any amino acid except
proline, and S/T denotes serine or threonine
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biological processes (BP) such as cell adhesion, extracel-
lular matrix organization, and metabolic reprogramming,
with cellular components (CC) enrichment in the plasma
membrane and extracellular region, and molecular func-
tions (MF) enriched in receptor binding and catalytic
activities. Figure 3B highlights that the N-glycosylation
sequon remains consistent with the canonical N-X-S/T
(asparagine-X-serine/threonine, where X is not proline)
sequence across all stages; however, the specific amino
acid frequencies surrounding these sites (represented
by the letters in Fig. 3B) vary, potentially reflecting
the aberrant glycosylation patterns—such as increased
branching or sialylation—that drive tumor progression
and invasive potential in lung adenocarcinoma.

Comparison of the altered N-glycan profile
from early-stage to invasive adenocarcinoma

The N-glycan profiling across the four pathological stages
reveals a dynamic restructuring of the glyco-landscape as
lung tissue progresses from inflammatory nodules (IN)
toward invasive adenocarcinoma (IAC) (Fig. 4). Quantita-
tive analysis demonstrates a general trend of upregulation for
high-mannose, hybrid, and complex-type glycans—includ-
ing HSN2F1, STH5N4, and S3H6N5—in the AAH, AIS,
and IAC groups relative to IN. Interestingly, while specific
sialylated structures like STHSN4, S2ZH6NS, and S2ZHO6NSF1
reach peak abundance early in the AAH stage, complex
branched and fucosylated structures such as HSN2F1, H6N3,
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Fig.4 Profiling of 14 significantly altered N-glycan species across
four diagnostic groups. The identified N-glycans, including high-
mannose, hybrid, and complex structures (e.g., HSN2F1, SIH5N4,
and S3H6NS), exhibited an overall trend of increased abundance in
AAH, AIS, and IAC relative to IN. Notably, several sialylated gly-
cans, including SIH5N4, S2H6NS, and S2H6NSFI, reached their
highest abundance in the AAH group. In contrast, complex, branched,
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and fucosylated glycans, such as H5N2F1, H6N3, S1H6N3, and
S1H4N3F1, were most abundant in the IAC group, suggesting a
progressive increase in glycan complexity during LUAD develop-
ment. Statistical significance is indicated by asterisks (*p <0.05,
**p<0.01), and error bars represent the standard deviation of bio-
logical replicates
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S1H6N3, and SIH4N3F1 exhibit their most significant
increases (p <0.05 or p<0.01) in the IAC group (H =hex-
ose, N=HexNAc, S=Neu5Ac, F=fucose). This shift from
early metabolic alterations in precursor lesions to the accu-
mulation of highly branched, sialylated, and fucosylated
N-glycans in invasive disease suggests a strong correlation
between glycan complexity and malignant progression [43,
44]. These aberrant glycosylation patterns likely facilitate
the transition to malignancy by modulating cell—cell signal-
ing and enhancing the invasive potential of adenocarcinoma
cells [45].

The interplay of biological processes

The network diagram illustrates the complex interplay
between several major biological processes through

their shared and unique protein expressions (Fig. SA).
The network identifies key functional clusters centered
around humoral immune response (HES), complement
activation (CSIV/CCA), and neutrophil degranulation
(NDG), alongside structural and regulatory processes
like extracellular matrix (ECM) organization and neu-
trophil activation involved in immune response (NCM).
Platelet-related activities, specifically platelet degranula-
tion (PRCM/PRLM) and platelet-derived growth factor
binding (PRCA), act as critical bridges within the net-
work, sharing numerous proteins with both immune and
structural components. While each process maintains a
specific set of proteins (represented in the outer circles),
the central overlap highlights highly integrated nodes—
such as those involving the ECM and NDG—suggest-
ing a coordinated biological response where structural
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Fig.5 Network analysis of differentially regulated glycoproteins and
representative site-specific glycoforms. A Network-based Venn dia-
gram showing differentially regulated glycoproteins associated with
key biological processes, including hemostasis (HES), cell surface
interactions at the vascular wall (CSIV), cell-cell adhesion (CCA),
neutrophil degranulation (NDG), positive regulation of cell adhe-
sion (PRCA), extracellular matrix (ECM) organization, NABA core
matrisome (NCM), positive regulation of locomotion (PRLM), and
positive regulation of cell migration (PRCM). Glycoproteins shared
among the NCM, ECM, and NDG clusters are highlighted to show

functional connectivity and overlap between extracellular matrix
remodeling and immune-related pathways. B Representative site-
specific glycoforms of CEACAMG6 and - are presented as exam-
ples of cancer-specific glycoproteins. CEACAMSG6 is implicated in
ECM and NDG, whereas FGB is associated with NCM and ECM
processes. Glycosylation profiles are shown across the four diagnos-
tic groups— IN, AAH, AIS, and IAC—revealing progressive altera-
tions in site-specific glycosylation, characterized by increased gly-
can branching and structural complexity at glycosylation sites N197,
N224, and N394 during disease progression
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remodeling and immune cell activation are functionally
linked.

As shown in Fig. 5B, site-specific protein glycosyla-
tion involved in extracellular matrix organization (ECM)
and neutrophil activation (NCM) in immune response
is characterized by diverse glycan structures at specific
asparagine residues in . CEACAMBS,
which is associated with NCM, displays significant het-
erogeneity across two specific N-glycosylation sites,
N197 and N224; these sites feature high-mannose (Man)
and complex-type glycans with various terminal modifi-
cations, including galactose (Gal), N-acetylneuraminic
acid (Neu5Ac), and fucose (Fuc). These glycoforms are
categorized across the four distinct structural patterns—
IN, AAH, AIS, and TAC—with the IAC group exhibit-
ing the most complex and branched glycan profiles at
both sites. Our integrated multi-omics analysis revealed
a distinct two-level dysregulation pattern for CEACAMS6.
Specifically, proteomic profiling demonstrated signifi-
cant changes in CEACAMBS6 protein abundance during the
progression from IN to IAC. Concurrently, intact glyco-
proteomic analysis revealed alterations in its site-specific
glycosylation profile, characterized by increased abun-
dances of high-mannose and sialylated glycoforms at the
Asn-97 and Asn224 glycosylation sites. These findings
indicate that disease progression is associated not only
with changes in CEACAMSG protein expression but also
with remodeling of its site-specific glycosylation land-
scape, highlighting the complementary contributions of
protein abundance and glycoform micro-heterogeneity
to the evolving pathological microenvironment. Interest-
ingly, the survival data indicate that patients with low
CEACAMG6 expression exhibited significantly shorter sur-
vival times compared to the high CEACAMG6 expression
group. In contrast, CEACAMS expression showed no sig-
nificant correlation with the overall survival (Electronic
Supplementary Material Figure S3). Similarly, the FGB
protein, associated with both ECM and NCM, exhibits
a diverse glycan structures at site N394, predominantly
featuring complex bi-antennary and tri-antennary glycans
with sialylation and fucosylation across the same four
categorical groups. The site-specific glycoforms for other
key glycoproteins—including

—are
illustrated in Electronic Supplementary Material Fig-
ure S4. Because some of these glycoproteins exhibit
distinct glycan profiles in other conditions, such as Par-
kinson’s disease [30] or diabetes [46], they may repre-
sent potential disease-specific markers. Consequently,
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targeting these unique glycopatterns may improve their
utility as diagnostic or prognostic indicators.

Conclusion

In conclusion, this study established an integrated multi-
omics workflow for comprehensive profiling of the global
proteome and site-specific N-glycosylation in lung adeno-
carcinoma (LUAD) and its precursor lesions using clinical
FFPE tissues. By systematically characterizing molecular
alterations across four pathological stages, from inflamma-
tory nodules (IN) to invasive adenocarcinoma (IAC), we
revealed dynamic, stage-dependent remodeling of protein
N-glycosylation during LUAD progression. Notably, gly-
coproteomic analyses highlighted coordinated changes in
key biological processes, including extracellular matrix
organization and neutrophil activation involved in immune
response, which were associated with distinct site-specific
glycosylation patterns on proteins such as CEACAMG6 and
FGB.

The integration of proteomic data with large-scale tran-
scriptomic and clinical data from TCGA and GTEXx further
demonstrated the clinical relevance of several dysregulated
glycoproteins. Although both CEACAMS and CEACAM6
were found to be significantly upregulated in LUAD tis-
sues, only elevated CEACAMG6 was significantly associated
with improved overall survival. Collectively, these findings
provide new insights into the molecular and glycosylation
alterations underlying LUAD initiation and progression and
identify candidate glycoprotein biomarkers that may facili-
tate improved diagnosis, prognostic stratification, and the
development of glycan-targeted therapeutic strategies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-026-06702-z.
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