Open Access Article. Published on 13 October 2025. Downloaded on 4/2/2026 3:11:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 38044

Received 20th July 2025
Accepted 6th October 2025

DOI: 10.1039/d5ra05241f

Quantitative proteomic and glycoproteomic
analysis identifies CLCA1, FBN1, and FGB as
potential biomarkers for ulcerative colitis
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Ulcerative colitis (UC), a prevalent inflammatory bowel disease (IBD), significantly increases the risk of
colorectal cancer with prolonged duration. Current diagnostic approaches for UC rely on clinical
symptoms, inflammatory markers, and endoscopic findings. However, these methods often face
challenges due to symptom overlap with Crohn's disease (CD) and other gastrointestinal conditions. This
highlights a critical need for reliable biomarkers in human body fluids for accurate UC diagnosis and
effective therapeutic To address this, we employed quantitative proteomic and
glycoproteomic analysis using liquid chromatography-mass spectrometry on proteins extracted from UC
tissues and paracancerous (PCA) tissues. Our comprehensive findings revealed that three differentially
expressed glycoproteins (CLCA1, FBN1, and FGB) are likely associated with UC, although their expression

intervention.

patterns differ slightly different from those in CD. Site-specific glycosylation analysis further revealed that
each N-glycosylation site contained distinct N-glycans, and their fold changes are similar to the overall
protein changes. We validated both the protein and gene expression of these glycoproteins through
immunohistochemistry and RT-gPCR. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
analyses indicated a possible functional correlation of CLCA1 with endopeptidase activity and FGB with
the collagen-containing extracellular matrix. Furthermore, enzyme-linked immunosorbent assay (ELISA)
quantification of these glycoproteins in the serum of UC and CD patients showed increased expression
of FGB and reduced expression of CLCAL in both conditions, while FBN1 levels remained unchanged.
These results collectively suggest that the quantitative analysis of site-specific glycosylation profiles
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Introduction

Ulcerative colitis (UC) is a chronic and remitting inflammatory
bowel disease (IBD) that primarily affects the colon and
rectum." The clinical presentation of UC is highly variable,
ranging from mild, non-specific symptoms to severe manifes-
tations such as hematochezia, persistent diarrhea, fecal
urgency, tenesmus, and abdominal cramping.> Beyond gastro-
intestinal symptoms, approximately 25 to 40% of UC patients
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could be crucial for differentiating UC from CD, thereby facilitating earlier and more accurate diagnosis.

experience extra-intestinal manifestations (EIM), which can
sometimes precede the onset of gastrointestinal involvement.®
The unpredictable course and chronic nature of UC signifi-
cantly impact patient quality of life, necessitating continuous
monitoring and management. Thus, reliable biomarkers are
crucial for early diagnosis of UC and for prognosticating treat-
ment effectiveness.*

Current diagnostic approaches for IBD integrate clinical
assessment, laboratory tests, radiological imaging, and criti-
cally, endoscopy with biopsy and histological analysis. Endos-
copy remains the gold standard, offering direct visualization of
mucosal inflammation and tissue acquisition for definitive
diagnosis and disease activity assessment. Routine blood and
stool tests, such as fecal calprotectin (FCP), are widely used to
assess inflammation. FCP, a neutrophil-derived protein, is often
elevated in IBD patients,® offering greater specificity for colonic
inflammation and correlating well with mucosal healing in both
UC and CD. Its upregulation also aligns with gut microbial
dysbiosis and serum inflammation.® However, endoscopy is
invasive, expensive, and carries inherent risks like perforation
or bleeding, limiting its frequent use for routine monitoring.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, existing non-invasive biomarkers have significant
limitations. While useful, FCP lacks specificity for a definitive
IBD diagnosis, as its elevated levels can also indicate infections
or even colorectal cancer.”® C-reactive protein (CRP), a simple
blood test, measures non-specific inflammation,® and aids in
assessing cardiovascular diseases (CVD)." Similarly, CRP lacks
specificity because various inflammatory conditions, not
exclusively IBD, can elevate its CRP levels. Notably, CRP is less
sensitive in UC than in CD, often showing only a modest or
absent response even in patients with active UC."

The diagnosis of UC is complicated by its heavy reliance on
invasive procedures and the limitations of current non-invasive
biomarkers like FCP and CRP. These biomarkers often lack
specificity or present practical challenges, leading to delayed or
inaccurate diagnoses and suboptimal treatment. Ultimately,
this significantly negatively impacts patient quality of life.
Therefore, there's an urgent need for novel, highly specific, and
less invasive diagnostic and monitoring tools for UC. Improved
biomarkers are crucial to accurately differentiate UC from
conditions such as irritable bowel syndrome (IBS)* or acute
gastroenteritis (AGE)," identify patients at high risk for severe
disease progression, complications, or relapse, and guide
personalized treatment strategies by predicting individual
responses to specific drugs. Given the strong association
between disease states and post-translational modifications
(PTMs),** with abnormal glycosylation often reflecting patho-
physiological status,'® investigating disease-specific glycosyla-
tion (DSG) holds promise for significantly enhancing biomarker
specificity and sensitivity.'**® Therefore, studying glycosylation
in UC is vital for developing reliable biomarkers that can assess
disease activity and mucosal healing without repeated invasive
endoscopic procedures, and facilitate the discovery of UC
molecular subtypes for more targeted and effective
interventions.**?°

Glycosylation alterations are implicated in various diseases.
In UC, genetic disruptions in O-glycan biosynthesis lead to
truncated O-glycans of MUC2 mucin, frequently forming dense
N-acetylgalactosamine (Tn) and galactose-N-acetylgalactos-
amine (T) antigens.*® These shorter O-glycans on mucosal
mucins compromise the colon's protective barrier against
bacteria, enzymes, and chemicals, as mucin O-glycans typically
facilitate symbiosis to maintain gut immune homeostasis and
act as a physical protective layer." Dysregulation of glyco-
enzymes (glycosyltransferases and glycosidases) also contrib-
utes to altered glycosylation in disease.* For instance, elevated
levels of sialic acid O-acetylesterase (SIAE) in UC lead to reduced
acetylation of sialic acids, which are subsequently hydrolyzed by
sialidases (neuraminidase, NEU1), resulting in decreased cell
surface sialic acid expression and impaired cell-cell adhesion.*
Comprehensive pathway analyses indicate that innate microbial
sensing, adaptive immunity, cytokine networks, and epithelial
barrier function are crucial in UC risk.>*** Furthermore, onco-
gene protein glycosylation, induced by pathways like endo-
plasmic reticulum (ER) stress, can alter the biological functions
of immune macrophage inflammatory proteins, thereby
advancing the pathogenesis of UC and even colitis-associated
cancer (CAC).****” However, the precise mechanisms by which
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these pathway alterations affect protein glycosylation in path-
ological tissue and serum remain to be elucidated.

This study aimed to identify glycoprotein biomarkers for UC
diagnosis using a comprehensive mass spectrometry-based
approach (Fig. 1). Tissue samples, specifically paracancerous
(PCA) and UC tissues, underwent homogenization and protein
extraction. These proteins were then subjected to tryptic
digestion to yield peptides. Ten percent of these peptides were
analyzed for global protein expression using C18 chromatog-
raphy, while the remaining peptides were enriched for glyco-
proteins via hydrophilic interaction liquid chromatography
(HILIC) for glycoproteomic analysis. Both global and glyco-
enriched peptide samples were then analyzed by bottom-up
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) to generate MS spectra for label-free quantitative analysis.
In parallel, serum samples from UC patients, CD patients, and
healthy controls (HC) were analyzed for the expression levels of
specific glycoprotein candidates (CLCA1, FBN1, and FGB), using
ELISA (Enzyme-linked immunosorbent assay) for validation and
quantitative analysis. This multi-faceted approach, combining
tissue proteomics and glycoproteomics with serum-based ELISA
validation, seeks to identify and characterize novel glycoprotein
biomarkers for UC diagnosis.

Materials and methods
Clinical sample collection

Clinical UC and PCA tissues were obtained from patients
undergoing colectomy or diagnostic endoscopy. For this study,
a diverse range of samples was used for different analytical
techniques to ensure a comprehensive evaluation. Specifically,
we collected three ulcerative colitis (UC) and three para-
cancerous tissue (PCA) samples for both global and glyco-
proteomics studies. For immunohistochemistry, we utilized
tissue slides from 10 UC and 20 PCA patients to examine protein
localization. Finally, for the enzyme-linked immunoassay
(ELISA), we collected serum from three UC and three healthy
control individuals to quantify protein levels. All clinical spec-
imen collection procedures adhered to ethical guidelines and
received approval from the Institutional Review Board of the
Second Affiliated Hospital of Soochow University, with
informed consent secured from all participants (JD-LK2023117-
101). Upon collection, tissue samples were immediately flash-
frozen in liquid nitrogen and stored at —80 °C to preserve
protein integrity and prevent degradation. Prior to protein
extraction, frozen tissues were carefully weighed and prepared
for homogenization.

Tissue protein extraction

Proteins were extracted from the homogenized UC and control
colon mucosal tissues using a standardized protocol optimized
for maximizing protein yield and minimizing degradation.
Initially, tissue samples were thoroughly washed with ice-cold
1x PBS to eliminate blood and external contaminants, then
gently dried in sterile, lint-free tube. Each dried tissue sample
was precisely weighed using an analytical balance to a precision
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Fig. 1 Schematic diagram of glycoproteomic analysis of protein glycosylation in UC. Clinical specimens are collected, followed by protein
extraction and tryptic digestion. Global peptides are purified using a C18 solid-phase extraction (SPE) cartridge, while glycopeptides are enriched
via HILIC-SPE. Both fractions are then quantitatively analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The potential
glycoprotein markers are further verified using enzyme-linked immunoassay (ELISA).

of 0.1 mg. Subsequently, pre-chilled RIPA buffer, at a volume
approximately ten times the tissue weight (e.g., ~20 mg tissue
received ~200 pL buffer), was added along with a 1x protease
inhibitor. The tissue was then mechanically lysed using
a handheld homogenizer until a uniform mixture was achieved.
Following homogenization, the lysate was incubated on ice for
20-30 minutes with gentle vortexing every 5 minutes to enhance
protein extraction. Finally, the lysate was centrifuged at 12
000xg for 15 minutes at 4 °C, and the protein-containing
supernatant was carefully transferred to a new tube, avoiding
disturbance of the pellet. The extracted proteins were then
either stored on ice for immediate use or frozen at —80 °C for
long-term preservation.

Protein tryptic digestion for global proteins and glycoproteins

For protein tryptic digestion and subsequent purification of
peptides and intact glycopeptides, protein concentration was
first determined by a BCA assay. Then, 2 mg of protein was
denatured in 200 pL of 8 M urea (Aladdin, China) prepared in
1 M NH,4HCO3;, followed by reduction with 20 pL of 120 mM
TCEP (Macklin, China) at 37 °C for 1 hour, and subsequent
alkylation with 20 pL of 160 mM IAA (Aladdin, China) at room
temperature for 1 hour in the dark. The alkylated samples were
then diluted 5-fold with HPLC grade water (J&K, China) to
reduce the urea concentration for overnight digestion at 37 °C
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with 40 ng of sequencing grade trypsin (Promega, US). Tryptic
digestion was quenched by adjusting the pH to below 3 with
10% formic acid, and the resulting peptides were purified using
C18 SPE (Silicycle, Canada) to remove contaminants. For
glycopeptide enrichment, the C18-purified peptides were di-
ssolved in 80% ACN with 0.1% TFA (Macklin, China) and loaded
onto a HILIC-SPE column containing Amide-80 gel slurry
(Tosoh, Japan), with the flow-through reloaded to maximize
capture. The column was washed three times with 80% ACN in
0.1% TFA, then sequentially eluted with 60% ACN in 0.1% TFA,
40% ACN in 0.1% TFA, and 0.1% TFA to collect enriched
glycopeptide fractions.?® The pooled eluate, containing purified
peptides and glycopeptides, was then dried in a vacuum
concentrator prior to LC-MS/MS analysis.

LC-MS/MS analysis of peptides and glycopeptides

Both peptides and intact glycopeptides were separated and
analyzed using an easy-nanoLC 1200 system coupled to a Q-
Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Scientific). 1 pg of peptides or glycopeptides were
injected and desalted on an Acclaim PepMap C18 Nano-Trap
column (3 um, 100 A, 75 um x 2 cm) at a flow rate of 5
uL min~" with 100% solvent A (0.1% formic acid in HPLC water)
for 5 minutes. The samples were then separated on an Acclaim
PepMap 100 Nano-Column (3 pum, 100 A, 75 um x 250 mm)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using a linear gradient of 2.5-37.5% solvent B (80% ACN, 0.1%
formic acid) over 85 minutes, followed by a 5 minute wash with
90% B. The column was equilibrated with 2.5% B for 10 minutes
before the next injection. Data-dependent acquisition (DDA)
with a duty cycle of 2 seconds was employed with a static spray
voltage, static gas mode, and EASY-IC internal quality calibra-
tion. For primary mass spectrometry (MS1), a resolution of 120
000 was used with a scanning range (m/z) of 375-2000, an AGC
target of 10°, positive polarity, dynamic exclusion 20 seconds,
and inclusion of charge states 2-8. The secondary mass spec-
trometry (MS2) had a resolution of 60000, an ion selection
window of 1.2, a first mass of 110, and a standardized AGC
target of 250%. For intact glycopeptides, stepped higher-energy
collisional dissociation (HCD) spectra were acquired at 15%,
25%, and 35% HCD energy for precursors with charges between
2-8 and intensities exceeding 5.0 x 10” at a resolution of 30 000,
with dynamic exclusion set at 20 seconds. Acquisition of
glycopeptide-specific MS2 spectra was triggered when at least
one glycan oxonium fragment ion (m/z 138.0545, 204.0867,
366.1396 Da) was observed within the top 20 most abundant
fragments and within 15 ppm mass accuracy.

Gene ontology and KEGG analysis

Differentially altered proteins, identified by their corresponding
genes, were subjected to gene ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis using ShinyGO
0.81 bioinformatics.> GO enrichment analysis served to classify
these differentially expressed glycoproteins into functional
categories, encompassing biological processes, molecular
functions, and cellular components. Concurrently, KEGG
analysis mapped these proteins onto molecular interaction,
reaction, and relation networks, revealing pathways generally
correlated with the development and progression of UC.

Validation of altered expression of glycoproteins in UC

To rigorously validate the findings from MS and bioinformatics
analyses, the three differentially expressed glycoproteins iden-
tified as having strong UC specificity were further characterized
using orthogonal experimental techniques: immunohisto-
chemistry, RT-qPCR (primers are given in Table S1), and ELISA.
This multi-level validation provides robust evidence of differ-
ential expression at both gene and protein levels and confirms
their presence in circulating blood.

UC tissue immunohistochemistry

Human colon tissue paraffin sections were obtained from the
Pathology Department of the Second Affiliated Hospital of
Soochow University. All patients signed informed consent
forms before sample collection. Among them, UC patients were
diagnosed based on clinical manifestations, endoscopic exam-
ination, and histological standards (n = 10; 6 males and 4
females; aged 16-69 years). Control intestinal biopsy samples
were taken from PCA tissues (n = 20; 12 males and 8 females;
aged 45-72 years). After dewaxing the sections with xylene, they
were treated with gradient ethanol (100%, 95%, 80%, 70%) and

washed with PBS. Subsequently, antigen retrieval was
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performed by heating at 121 °C for 10 minutes in 10 mM citrate
buffer (pH 6.0) under high pressure. To block endogenous
peroxidase activity, sections were incubated in 3% hydrogen
peroxide solution at room temperature for 10 minutes. After
rinsing with 1xPBS, anti-CLCA1 antibody (rabbit; 1:200; Pro-
teintech, Inc.; catalog no. 25291-1-AP), anti-FBN1 antibody
(rabbit; 1:200; Proteintech, Inc.; catalog no. 29425-1-AP), and
anti-FGB antibody (rabbit; 1:100; Proteintech, Inc.; catalog no.
16747-1-AP) were added respectively and incubated at room
temperature for 2 hours. Subsequently, detection was per-
formed using goat anti-rabbit HRP secondary antibody (Thermo
Scientific, Inc.; catalog no. C31460100) and DAB (catalog no.
34065) for color development. Finally, sections were counter-
stained with hematoxylin, rinsed with running water, differen-
tiated with hydrochloric acid ethanol, dehydrated, and
mounted for observation and photography under a microscope.

Validation of serum glycoprotein expression by ELISA

ELISA was used to detect the content of target proteins in serum
samples from UC, CD, and HC. Before the experiment, the kit
(Shanghai Enzyme-linked Biotechnology) was taken out of the
4 °C refrigerator and allowed to equilibrate at room temperature
for 20 minutes, and the serum samples to be tested were kept on
ice. Standards were prepared according to the kit instructions,
and a standard curve was established (replicates for each
concentration), along with blank and sample wells. 50 uL of
gradient concentration standards were added to the standard
wells, and 50 pL of serum to be tested was added to the sample
wells. Except for the blank wells, 100 nL of HRP-labeled detec-
tion antibody was added to each well. After sealing with film,
the plate was incubated at 37 °C for 60 minutes. After incuba-
tion, the liquid was discarded and blotted dry. 350 pL of wash
buffer was added to each well, left for 1 minute, and then
shaken dry; this washing step was repeated 5 times. Subse-
quently, 50 pL of substrate A and B were added sequentially to
each well, and color was developed at 37 °C in the dark for 15
minutes. Finally, 50 pL of stop solution was added to quench
the reaction, and the OD value was measured at 450 nm within
15 minutes using an ELISA reader. A standard curve was plotted
using Excel with standard concentrations on the x-axis and OD
values on the y-axis, and the concentration of each sample was
calculated based on the regression equation.

Results and discussion
Differentially regulated proteins in UC

In this study, a comprehensive proteomics approach was
employed to analyze proteins extracted from the tissues of three
UC patients and three PCA patients. Following trypsin digestion
and C18 desalting, LC-MS/MS analysis was performed, revealing
over 462 differentially regulated proteins between UC and PCA
(Table S2). A volcano plot (Fig. 2), comparing UC and PCA,
distinctly illustrates that 9 proteins were significantly upregu-
lated (fold-change > 1.5, p-value < 0.05) (These criteria indicate
a substantial and statistically significant increase), while
another 9 proteins were significantly downregulated (fold-
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Fig. 2 The volcano plot illustrating the differentially expressed
proteins between UC and PCA tissues, derived from the analysis of
three UC and three PCA patient samples. The x-axis represents the
fold-change (FC) between UC and PCA, while the y-axis represents the
negative logarithm (base 10) of the p-value. Statistical significance was
determined using Student's t-test, with a p-value less than 0.05 indi-
cating a statistically significant difference.

change < 0.67, p-value < 0.05) (These criteria indicate
a substantial and statistically significant decrease). Notably,
among the upregulated proteins, KRT20 showed a substantial
5.9-fold increase in UC, followed by FBN1 (3.2-fold), COPE (2.8-
fold), FSCN1 (2.5-fold), ALDH16A1, RPL7, DARS1, COPG1, ME2,
and SNRPD3. Conversely, CLCA1, FGA, ORM1, CMPK1, FGB,
NAPRT, ETFB, CZIB, PAICS, and STRAP were significantly
decreased in UC. These results suggest that altered protein
expression may be associated with inflammation pathogenesis.

Protein glycosylation altered in UC compared to PCA

Intact glycopeptides were identified and analyzed using
MSFragger and Byonic. Site-specific intact glycopeptides found
in both UC and PCA tissues are presented in Fig. S1 and Table
S3, with their relative abundances visualized in a violin plot. A
notable finding was the decreased N-glycosylation of MUC2 in
the mucosal layer, which aligns with expectations since reduced
N-glycosylation diminishes the protective function of mucus;
indeed, studies have shown that UC can lead to a 60% decrease
in Muc2 levels and complex glycans.** However, truncated O-
glycans weren't found in this study. The identification of
protein O-glycosylation requires different analytical methods,
specifically the use of O-glycoproteases and alternative mass
spectrometric detection techniques like electron transfer
dissociation (ETD). This work used HILIC to enrich tryptic
peptides and relied on higher-energy collision dissociation
(HCD), which isn't suitable for detecting MUC2 O-glycopep-
tides. These glycoproteins collectively contribute to diverse

38048 | RSC Adv, 2025, 15, 38044-38055
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cellular functions: DCN, LAMC1, LUM, and MUC2 are extra-
cellular matrix and structural components whose altered
glycosylation can significantly impact cell adhesion, differenti-
ation, and signaling.** HPX and HP function as transport and
binding proteins, potentially safeguarding cells from oxidative
damage, while ITGA1 acts as a cell-surface receptor for collagen
and laminin, playing a role in regulating inflammatory
response.** Furthermore, several identified glycoproteins are
enzymes with various catalytic activities; for instance, CTSA is
a protease that degrades other proteins, and its aberrant
glycosylation is frequently associated with cancer and inflam-
mation.*® CTSL is another thiol protease crucial for protein
degradation, and POGLUTS3 that catalyzes the O-glucosylation of
proteins was correlated to inflammation via notch signaling.****
Importantly, HSP90B1, SSR2, and STT3A/STT3B are vital
molecular chaperones and protein processing enzymes, with
alterations in STT3A/STT3B directly leading to altered N-glyco-
sylation of proteins.**

Among the glycoproteins identified in Fig. S1 and Table S3,
significantly altered glycosylation sites are elaborated in Fig. 3.
Specifically, the CTSA glycopeptide, MDPPCTN[327]TTAAS-
TYLNNPYVR, exhibited a significantly elevated H5N3 glycan in
UC compared to PCA, as shown by relative abundance in the
violin plot. Similarly, the HPX glycopeptide, ALPQPQN[454]
VTSLLGCTH, displayed a decreased relative abundance of the
S2H5N4 glycan at N454 in UC. The LUM glycoprotein showed an
elevated S1H5N4F1 glycan at glycosite N127. Interestingly,
STT3A carried one glycosite, but was associated with two
distinct N-glycans: H8N2 and H9N2. Additionally, the TPP1
glycopeptide, FLSSSPHLPPSSYFN[438]ASGR, featured a fucosy-
lated N-glycan (H3N2F1) that was upregulated in UC. These
findings collectively suggest that site-specific quantitative
glycopeptide analysis holds promise for differentiating UC from
PCA.

We further examined the glycoforms of several key glyco-
proteins. Fig. 4 illustrates the annotation of MS2 fragments of
intact glycopeptides from CLCA1 and FGB. While the frag-
mentation ions were almost identical between PCA and UC, we
observed subtle differences in fucosylation. Specifically, the
CLCA1 peptide (ASNATLPPITVTSK)
S1H5N4F2, whereas the corresponding peptide in UC had
S1H5N4F1, suggesting reduced fucosylation in UC. Conversely,
the FGB peptide (GTAGNALMDGASQLMGENR) exhibited
higher fucosylation in UC, with two fucose residues compared

from PCA contained

to none in PCA. These findings demonstrate that even subtle
changes in site-specific glycosylation can occur in different
pathophysiological states.

UC-specific glycosylation in triple glycoproteins

To identify glycoproteins associated with UC, we investigated
three candidate proteins: CLCA1, FBN1, and FGB. We per-
formed immunohistochemistry (IHC) staining on tissue
samples from both UC and PCA, using monoclonal antibodies
specific to each glycoprotein. As depicted in Fig. 5A, the
mucosal layer in UC tissues appeared damaged when compared
to PCA tissues. Furthermore, IHC staining revealed a decrease

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Altered protein glycosylation between UC and PCA. The relative abundance of five glycoproteins shows significant differences in
glycosylation between UC (blue) and PCA (orange) tissue specimens. The violin plots illustrate the distribution of intact glycopeptides identified
for each protein. Specifically, the plots show the relative abundance of CTSA (with glycan composition H5N3 at N-glycosite 327), HPX (S2H5N4),
LUM (SIH5N4F1), STT3A (HON2 and H8N2), and TTP1 (H3N2F1). The specific amino acid sequence containing the glycosylation motif is shown
below each plot, with the glycosylation site highlighted in red. Statistical significance was determined using an unpaired Student's t-test, with p-
values indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Glycan abbreviations are as follows: H = Hexose, N = HexNAc, S = Neu5Ac, F

= Fucose.

in protein expression of CLCA1 and FGB in UC samples, while
FBN1 protein expression was notably elevated in UC, consistent
with the quantitative analysis of protein expression shown in
Fig. 5A. Subsequent RT-qPCR quantification of gene expression
levels showed a similar trend to the protein expression data;
however, these analyses do not directly provide insights into
potential glycosylation alterations in UC.

The quantitative characterization of protein glycosylation
can be effectively achieved through bottom-up glycoproteomics,
a technique where tryptic peptides undergo HILIC-SPE enrich-
ment for intact glycopeptides.*”*® Given its exceptional hydro-
philic and polar interactions due to non-ionic carbamoyl
groups, Amide-80 has been widely employed for the enrichment
of intact N-glycopeptides.*®*® Fig. 5B illustrates the site-specific
glycosylation profiles of the target glycoproteins using
MSFragger and Byonic search, in which FDR is set to be 1% and
PEP2D (posterior error probability 2D) less than 0.5. In this
representation, glycosites are denoted by a three-letter code
where ‘N’ signifies asparagine, ‘S’ for serine, and ‘T" for

© 2025 The Author(s). Published by the Royal Society of Chemistry

threonine, with the second letter representing any amino acid
except proline. The glycan compositions are indicated by ‘N’ for
HexNAc, ‘H’ for Hexose, ‘F’ for Fucose, and ‘S’ for Neu5Ac. The
“FC (Global)” and “FC (Glyco)” values represent the fold-change
of global protein and glycoprotein expression, respectively, in
UC compared to PCA. Specifically, CLCA1 N[585]AT exhibited
high fucosylation and an increased number of N-glycans in UC,
while no N-glycans were detected at N[503]GT in UC. FBN1 at N
[448]VT, N[1067]CT, and N[1581]TS showed similar glycosyla-
tion trends in UC relative to PCA. Interestingly, S2H5N4 was
exclusively identified at N[394]AL of FGB in PCA. The observa-
tion that the FC in global protein expression was similar to that
of glycopeptide expression suggests a possible correlation
where protein upregulation or downregulation is accompanied
by corresponding changes in its glycosylation.

KEGG-GO analysis on glycoproteins

Glycoproteins exhibiting altered expression in UC were further
analyzed through GO and KEGG pathway enrichment to

RSC Adv, 2025, 15, 38044-38055 | 38049
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Fig. 4 Differential N-glycosylation patterns of CLCA1 and FGB in colon epithelial tissues from UC and PCA. The top two panels display the mass
spectrometry (MS) annotation for the CLCAL glycopeptide. In the PCA sample, the CLCAL glycopeptide (ASN[SIH5N4F2]ATLPPITVTSK) elutes at
40.4 min. Conversely, in the UC sample, the CLCAL glycopeptide (ASN[SIH5N4F1]JATLPPITVTSK.T) elutes earlier at 34.9 min. This indicates
a difference in fucosylation and retention time for CLCA1 between PCA and UC. The bottom two panels show the MS annotation for the FGB
glycopeptide. The UC sample shows that the FGB glycopeptide (GTAGNALMDGASQLMGEN[S1IH5N4F2]R) elutes at 74.1 min and has two
fucoses. In contrast, the PCA sample for FGB (GTAGNALMDGASQLMGEN[+1914]R) exhibits no fucosylation, as depicted by the glycan structure
lacking fucose. These site-specific N-glycosylation analyses of CLCALl and FGB demonstrate significant alterations in protein fucosylation
patterns in UC compared to PCA.
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Fig. 5 Differential expression and N-glycosylation profiles of key glycoproteins in UC compared to PCA. (A) The IHC data demonstrated that
CLCA1 and FGB protein expression is downregulated in UC, while FBN1 expression is significantly increased in UC. Consistent with these findings
(nuc = 10 and npca = 20 for IHC, nyc = 3 and npca = 3 for RT-gPCR). (B) Proteomic and glycoproteomic analysis showed CLCA1 and FGB
significantly downregulated in UC, while FBN1 is upregulated. Furthermore, site-specific glycoproteomic analysis reveals that FBN1 is particularly
elevated at the N[1067]CT glycosite in UC, with some glycosylation sites, such as N[448]VT and N[1581]TS, uniquely present only in UC. Overall,
the glycosylation level on CLCAL and FGB is observed to be reduced in UC.

elucidate their functional implications and potential correla-
tion with disease pathogenesis (Fig. 6 & Table S4). As shown in
Fig. 6B, significantly enriched biological processes include the
integrin-mediated signaling pathway (IMSP), lysosome organi-
zation (LYO), and lytic vacuole organization (LVO). These
pathways are critical to cellular adhesion, degradation, and
waste management, all of which are frequently dysregulated in
inflammatory conditions like UC. Furthermore, enriched
cellular components such as vacuolar lumen (VAL), secretory
granule lumen (SGL), and lysosomal lumen (LYL) suggest
widespread disruption in intracellular vesicular trafficking and
organelle function, indicative of cellular stress and altered
homeostasis in the inflamed gut. At the molecular level,
prominent functions identified include endopeptidase activity
(EPA), serine-type exopeptidase activity (SEA), and extracellular
matrix binding (EMB). These indicate a possible imbalance in
protein degradation and tissue remodeling, processes crucial
for maintaining the integrity of the intestinal barrier.

Fig. 6C further illustrates the significantly impacted KEGG
pathways, with ECM-receptor interaction (ECMRI) and
complement and coagulation cascades (CCC) demonstrating
high statistical significance. These pathways are central to

© 2025 The Author(s). Published by the Royal Society of Chemistry

immune response, tissue integrity, and inflammatory
processes, probably correlating the observed glycoprotein
changes to the underlying pathogenesis of UC. These interac-
tions between altered glycoproteins and various molecular
functions, as presented in Fig. 6A, provide further insights; for
example, CLCA1 interacts with serine-type peptidase activity
(SPA) and serine hydrolase activity (SHA), while FGB interacts
with collagen binding (COB) and phosphatase binding (PHB).
The alterations in glycosylation patterns of CLCA1, FGB, and
FBN1, coupled with their involvement in these critical GO terms
and KEGG pathways, suggest their potential as specific
biomarkers for UC. These glycoproteins, through their modified
glycosylation, might reflect the ongoing extracellular matrix
remodeling, immune dysregulation, and altered -cellular
degradation pathways characteristic of UC, making them
promising candidates for diagnostic or prognostic indicators.

Validation of expression of glycoproteins in circulating blood

To validate the alterations of these glycoproteins in UC, we
performed ELISA on serum samples from three HCs, three UC
patients, and three CD patients, the latter serving as a positive
control. Based on initial tests, a 20x dilution was used for ELISA

RSC Adv, 2025, 15, 38044-38055 | 38051
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Fig. 6 Integrated gene ontology (GO) and KEGG pathway analysis of dysregulated glycoproteins in ulcerative colitis (UC). (A) A molecular
function network visualization illustrated the relationships between dysregulated glycoproteins identified in UC (blue nodes) and their associated
enriched GO molecular functions (beige nodes). The color intensity of the protein nodes indicates the Log,(fold change) (Log,FC) of their
expression, ranging from low (purple) to high (red), signifying the extent of dysregulation in UC. The size of the protein nodes corresponds to the
number of interactions or connections within the network, reflecting their centrality or involvement in multiple processes. The GO terms include
a diverse biological activity. (B) A bar graph of GO analysis categorized the regulated protein glycosylation into top enriched biological processes
and molecular functions, providing a quantitative overview of altered pathways. (C) KEGG pathway analysis showed specific pathways involved in
the pathogenesis of UC that are impacted by these dysregulated glycoproteins, with dot size representing the count and color indicating the P-

value.

measurements. Specifically, 2.5 pL of serum was mixed with
47.5 pL of dilution buffer from the respective ELISA kits (FGB:
ml592612-1; CLCA1: ml060692-1; FBN1: ml105508-1). Each
diluted sample (2.5 pL serum +47.5 pL dilution buffer) was then
added to 100 pL of HRP-labeled monoclonal antibody. As shown
in Table 1, which presents the mean protein concentrations in
serum from HC, UC, and CD individuals based on nine ELISA
measurements (3 specimens x 3 technical replicates) with
calculated standard deviations and p-values, distinct patterns
emerged. CLCA1 concentration was found to be higher in the
serum of HC individuals but lower in both UC and CD patients.

Interestingly, despite FBN1 exhibiting altered glycosylation in
UC in our prior MS analysis, its serum concentration showed
negligible changes in UC or CD compared to HC. In contrast, we
observed a significantly increased concentration of FGB in both
UC and CD serum, with 4.34-fold and 2.70-fold changes,
respectively, relative to HC. These results might suggest that
while serum FGB concentration could serve as a biomarker to
differentiate IBD patients (UC and CD) from HCs, the unique
glycosylation patterns of these glycoproteins, particularly FBN1
and CLCA1, might potentially allow for the differentiation
between UC and CD. The observation of increased FGB levels in

Table 1 Concentration of three glycoproteins in serum, measured by enzyme-linked immunosorbent assay (ELISA). Healthy controls (HC) are
individuals without ulcerative colitis (UC) or Crohn's disease (CD). All serum samples were diluted 20x using 1x PBS buffer, and each sample was
measured in triplicate. STD indicates standard deviation; FC represents fold-change. The P-value was calculated using a Student's t-test based on
nine experiments, which consisted of three individual specimens with three technical replicates each

HC (ug mL ™) UC (ug mL™") CD (ug mL™")
Glycoprotein Mean STD (&) uc STD (&) FC p-Value CD STD (&) FC p-Value
FGB 15.1 0.43 65.55 3.1 4.34 0.0056 40.82 4.73 2.70 0.0052
FBN1 83.2 7.84 85.51 8.12 1.03 0.097 92.97 12.67 1.12 0.115
CLCA1 105.32 16.09 45.04 4.87 0.43 0.018 32.39 4.80 0.31 0.004
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the serum but decreased levels in the colon is not a contradic-
tion; rather, it may highlight distinct biological processes. FGB
is an acute-phase reactant protein whose production by the liver
is stimulated by inflammatory cytokines, such as IL-6.*° This
systemic, liver-driven response may lead to a significant
increase in serum FGB, which accounts for the elevated levels in
the bloodstream. Conversely, the lower FGB concentration in
the inflamed colon tissue likely reflects local factors, including
the continuous consumption of the protein for wound healing
and clotting at the site of tissue damage due to vascular leakage
and matrix remodeling.* Our future work will focus on
comprehensively studying the glycoforms of these glycoproteins
in both tissue and serum samples from UC and CD patients to
further solidify their roles as UC-specific biomarkers.

Challenges and limitations of the study

This study, while providing compelling evidence for novel
glycoprotein biomarkers in UC, acknowledges several signifi-
cant challenges and limitations. The small sample sizes and
lack of mechanistic data, such as from cell biology or animal
studies, are the primary limitations of this study. Secondly, the
inherent complexity and heterogeneity of glycosylation can lead
to signal dilution and complicate comprehensive quantifica-
tion, as well as cause issues with ionization efficiency during
mass spectrometry (MS) analysis.**** Furthermore, technical
biases in sample preparation, such as discrimination against
certain protein types and the masking effect of highly abundant
serum glycoproteins, can hinder the detection of clinically
relevant glycoproteins.** From a translational perspective, the
implementation of glycoproteomics in medical practice faces
obstacles due to increased costs, technical complexity, diffi-
culties in ensuring reproducibility, and a lack of standardiza-
tion criteria, which collectively impede objective interpretation
and clinical translation.*” Lastly, study design limitations
include the need for validation in larger, independent, and
prospective cohorts, the importance of longitudinal studies for
assessing utility in disease monitoring, and the necessity of
exploring less invasive sample types (e.g., blood, urine, or stool)
for practical clinical application,'” as the current study focused
primarily on tissue samples.

Future directions and clinical implications

The identification of specific glycoprotein biomarkers for UC
presents significant opportunities for future research and clin-
ical application. Immediate future directions involve rigorous
validation of these biomarkers in larger, diverse patient cohorts
through longitudinal studies to assess their utility in tracking
disease progression, response to treatment, and predicting
relapse across various UC phenotypes. A crucial step for clinical
translation is the development of non-invasive assays for these
glycoproteins. This can be achieved using novel methods, such
as enzyme-immune and protein capture biorthogonal chem-
istry,* enabling their detection in accessible biological fluids
like blood, urine, or stool, and thereby reducing the need for
invasive procedures. Beyond validation, integrating these
glycoprotein biomarkers with other omics data (genomics,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transcriptomics, metabolomics) using advanced informatics
could provide a more comprehensive understanding of UC
pathogenesis and lead to the discovery of more robust
biomarker panels with superior predictive capabilities.***
Moreover, given their functional relevance to inflammation and
mucosal barrier integrity, these identified glycoproteins could
also serve as novel therapeutic targets, necessitating further
mechanistic studies. Ultimately, the successful translation of
these glycoprotein biomarkers into clinical practice holds the
potential to revolutionize UC diagnosis and management by
enabling personalized medicine approaches, guiding “treat-to-
target” algorithms, optimizing therapeutic efficacy, and signif-
icantly improving the quality of life for UC patients.

Conclusion

This study successfully identified three differentially expressed
glycoproteins—CLCA1, FGB, and FBN1—exhibiting expression
and glycosylation patterns specific to UC through a compre-
hensive mass spectrometry-based glycoproteomics workflow,
thereby advancing the search for UC biomarkers. Complemen-
tary ELISA assays demonstrated a substantial increase of FGB
and a significant decrease of CLCA1 in the serum of both UC
and CD patients, while FBN1 showed no significant change in
either UC or CD serum. Further studies are required to validate
whether these glycoproteins are specific diagnostic markers for
distinguishing between UC and CD. Subsequent GO and KEGG
pathway analyses further suggested the potential functional
implications of these glycoproteins in UC pathogenesis. These
proteins are critically implicated in biological processes such as
integrin-mediated signaling, lysosome and lytic vacuole orga-
nization, and molecular functions including endopeptidase
activity, serine-type exopeptidase activity, and extracellular
matrix binding. These findings collectively point to disruptions
in cellular adhesion, degradation, intracellular trafficking,
protein degradation, and tissue remodeling, all vital for main-
taining intestinal barrier integrity. Furthermore, their associa-
tion with highly significant KEGG pathways, particularly ECM-
receptor interaction and complement-coagulation cascades,
might correlate these glycoprotein alterations to the immune
response, tissue integrity, and inflammatory processes central
to UC pathogenesis. The consistent involvement of CLCA1, FGB,
and FBN1, along with their altered glycosylation, in these key
GO terms and pathways, strongly supports their promising
potential as specific diagnostic or prognostic biomarkers for UC
and/or CD, reflecting the ongoing extracellular matrix remod-
eling, immune dysregulation, and altered cellular degradation
characteristic of the disease.
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