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Background: Ulcerative colitis (UC) disrupts the colon’s protective mucus layer, exposing the epithelium to bacteria and triggering
inflammation. This barrier, crucial for intestinal health, depends on complex glycosylation, notably sialic acid modifications. However,
the precise role of sialic acid acetylation and the enzyme SIAE (sialic acid acetylesterase) in UC pathogenesis remains unclear. This
study investigates the role of glycosylation changes, specifically sialic acid de-acetylation, in UC progression.

Methods: Tissue samples were obtained from patients with ulcerative colitis (UC) and colorectal cancer at the Second Affiliated
Hospital of Soochow University. HT-29 cells were utilized to investigate the molecular mechanisms of SIAE in UC pathogenesis.
Mass spectrometry was performed to analyze differences in protein and glycoprotein expression. Western blot (WB) and immuno-
histochemistry (IHC) were used to examine SIAE protein expression changes during inflammation. Furthermore, polymerase chain
reaction (PCR) and immunofluorescence were employed to determine the effects of SIAE on sialic acid levels and mucosal immunity.
Results: In this study, we characterized proteins and glycoproteins from patient tissues with UC, finding that sialic acid acetylesterase
(SIAE) is upregulated in UC. HT-29 cells exposed to TNF-a induced an inflammatory response with a 5-fold increased expression of SIAE
and NEU1 when TNF-a was at a concentration of 100 ng/mL. Mass spectrometry analysis revealed a reduction in acetylation on glycans and
glycoproteins, while confocal microscopy confirmed a decrease in sialic acid on the cell surface. Gene expression analysis showed that
CDHI, CTNNDI, and ITGAS8 were significantly downregulated in HT-29 cells stimulated by TNF-a, suggesting a reduction in cell-cell
adhesion. SNA lectin-confocal microscopy revealed a reduction of sialic acid on HT-29 cells in TNF-a-induced UC cell models.
Conclusion: This study demonstrates that SIAE is significantly upregulated in ulcerative colitis (UC) tissues and TNF-a-stimulated
HT-29 cells, leading to a marked reduction in sialic acid acetylation and cell surface sialic acid levels. These changes correlate with
decreased expression of cell adhesion molecules, suggesting a disruption of the mucosal barrier integrity. Consequently, SIAE-
mediated sialic acid de-acetylation emerges as a critical factor in UC pathogenesis, potentially serving as both a valuable biomarker
and a promising therapeutic target.

Plain Language Summary: Ulcerative colitis (UC) is a disease where the lining of the large intestine becomes inflamed. This
inflammation can damage the protective mucus layer, allowing bacteria to enter and trigger more inflammation. In this study,
researchers found that a protein called SIAE is increased in UC patients. This protein breaks down sialic acid, a sugar molecule
that helps protect the lining. When sialic acid levels decrease, the protective barrier weakens, leading to more inflammation and
potentially worsening UC.
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Introduction
Inflammatory bowel disease (IBD) is a chronic condition that requires patients to manage for the rest of their life. It has
over 6.8 million cases worldwide, with an incidence of 10.9 per 100,000 in the United States."? The exact cause of IBD
remains unknown, but it is believed to be a complex interplay of genetic and environmental factors. Population-based
studies have demonstrated evidence that genetic factors can contribute to the pathogenesis of IBD, with an approximate
8- to 10-fold greater risk of developing IBD in individuals whose relatives have ulcerative colitis (UC) or Crohn’s disease
(CD).** An overactive immune system, possibly triggered by certain genetic and environmental factors like diet, stress,
or infections, mistakenly attacks healthy gut tissue. Studies have shown that genetic loss of a cytokine such as
interleukin-10 (IL-10) or its receptor can lead to early-onset IBD in infants and children.’ Conversely, non-genetic
factors such as smoking, vaccinations, and antibiotics have been implicated in the increased incidence of IBD.°
Therefore, understanding the mechanism of IBD can provide an effective therapeutic strategy for drug development
and treatment.

Ulcerative colitis (UC) is the most common type of IBD, affecting the rectum and colon to a variable extent, with
5 million cases globally in 2023.” Common symptoms include persistent diarrhea, rectal bleeding, abdominal pain,
urgency to defecate, fatigue, and anemia.® UC typically starts in the rectum and can spread continuously up the colon,
forming open sores on the inflamed lining of the colon. The thinner colon lining directly relates to a damaged mucous
layer, primarily composed of mucins produced by goblet cells, and compromised epithelial cell adhesion. Studies have
shown that the depleted mucosal barrier is one of the primary abnormalities in pediatric UC, where bacteria coated with
IgA and IgG can penetrate the mucin layer.” MUC2 is the major component of the colon mucus layer, with less expressed
proteins such as IgG Fc-binding protein (FCGBP), chloride channel (CLCA1, CLCA3), zymogen granule protein 16
(ZG16), anterior gradient protein 2 homolog (AGR2), and immunoglobulins. The outer mucus layer serves as a regulator
of host-microbial interactions, while the inner layer is much denser to prevent bacteria from penetrating the epithelium.'’
The gel-like MUC2 mucin carries enormous O-glycans that selectively interact with the gut microbiota to colonize
beneficial bacteria while preventing harmful ones.'" Thus, altered MUC2 O-glycans can degrade its defense ability, as
truncated O-glycans, especially core 3, are observed in UC patients.'? This study investigates how glycosylation changes,
specifically sialic acid de-acetylation, contribute to UC progression.

Sialylation of mucus proteins is significantly altered in the mucus layer of UC patients. Early research found an
increased rate of sialylation of colonic mucin using mucosal explants from UC tissues, measured by the incorporation of
N-acetylmannosamine (ManNAc) into mucin.'® Altered glycosylation in UC can be triggered by disrupted intracellular
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glycan synthesis, with over 20 glycoenzymes implicated as UC-associated risk genes.'* The core 3 synthase, B3GNT6, is
downregulated in an IBD mouse model, resulting in increased sialyl T and Tn antigens. Conversely, the ST6GAL! gene,
responsible for the synthesis of a2,6-linked sialic acids, contributes to the polarization of CD4+ T cells towards Th'’
cells, thereby activating the IL-17 signaling pathway to promote pro-inflammatory cytokines in UC."> Furthermore, UC
tissues contain a significantly higher ratio of a2,6-linked sialic acid to 02,3-linked sialic acids, likely due to the secretion
of a neuraminidase (NEU1) with a preference for digesting the latter sialic acid linkage.'® The decreased abundance of
sialic acids disrupts the protective mucus barrier and contributes to inflammation by allowing bacteria to more easily
invade the intestinal epithelium.'” However, the molecular mechanisms underlying these alterations in sialylation in UC
remain to be fully elucidated.

This study distinguishes itself from previous investigations of mucosal glycosylation by identifying SIAE as a critical
regulator of sialic acid modifications, thereby offering novel insights into the molecular mechanisms driving UC
pathogenesis. SIAE plays a crucial role in maintaining normal gut homeostasis by regulating sialic acid acetylation,
a process essential for the integrity and function of the mucosal barrier and the fine-tuning of immune responses. By
deacetylating sialic acids, SIAE ensures appropriate sialylation patterns that support the protective mucus layer and
modulate interactions between immune and epithelial cells, preventing excessive inflammation and maintaining tolerance
to commensal bacteria. Therefore, SIAE is critical for proper gut function. While structural analyses of mammalian SIAE
have been conducted,'® the impact of UC-associated mutations on its enzymatic activity and substrate specificity remains
largely unexplored. O-acetylation, a common sialic acid modification, is implicated in inflammation. Consequently, STAE
dysfunction may lead to reduced levels of Siglec ligands, potentially lowering the threshold for B cell activation and
increasing autoimmune risk.'” Furthermore, the subtype-specific association of SIAE variants with Juvenile Idiopathic
Arthritis phenotypes suggests a role for these variants in adaptive immune dysregulation, particularly in B/T cell
interaction abnormalities. Rare and polymorphic SIAE variants, particularly those with functional defects, strongly
correlate with susceptibility to common human autoimmune disorders.>' O-acetyl groups are added to sialic acid through
the catalysis of CASD1 and hydrolyzed by SIAE. Studies have shown that UC patients have lower mucin sialic acid
O-acetylation compared to normal mucin.”?> However, there is a lack of systematic studies elucidating the molecular
mechanisms of SIAE, NEUI1, and sialic acids in UC pathogenesis. In this work, we investigated the glycosylation of
tissues from UC patients and quantitatively analyzed the expression of key enzymes in tissues and cells. We then
investigated the effect of TNF-a-induced inflammation in HT-29 cells to understand how UC can lead to altered cell
functions. This research aims to investigate the role of SIAE in UC pathogenesis, with a focus on its influence on sialic
acid acetylation, mucosal integrity, and inflammation, employing a combination of proteomic analysis and cell-line
experiments.

Experimental Methods

Reagents and Materials

Most chemicals and materials were purchased from Beyotime (Shanghai, China), unless otherwise specified.
AminoLink™ Plus resin (beads) for protein conjugation was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Sodium citrate (NazCsHsO7) and sodium acetate (Na,COg3) were used for the binding buffer. Sodium
cyanoborohydride (NaCNBH3) served as the reducing agent, and 1-hydroxybenzotriazole hydrate (HOBt) was used for
ethyl esterification. Polyvinylidene fluoride (PVDF) membranes (0.45 um) were used for Western Blotting (WB)
(Sigma-Aldrich, St. Louis, MO, USA). N-(3-(Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and p-Toluidine
(pT) were procured from TCI (Shanghai, China), while formic acid and sodium chloride (NaCl) were obtained from
Sinopharm Chemical (Shanghai, China). Glycosidases (PNGase F and a2-3,6,8 neuraminidase) were purchased from
New England Biolabs (Ipswich, MA, US). Ammonium bicarbonate (ABC), iodoacetamide (IAA), and N,N'-
dimethylaniline (DMA) were acquired from Aladdin (Shanghai, China). Tris (2-carboxyethyl) phosphine hydrochlor-
ide (TCEP) and trifluoroacetic acid (TFA) were sourced from Macklin (Shanghai, China). High-performance liquid
chromatography (HPLC) grade water, acetonitrile (ACN), and 2.5-dihydroxybenzoic acid (DHB) were purchased from
J&K Chemical (Zhejiang, China). Sequencing-grade trypsin was obtained from Promega (Madison, WI, USA), and
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silica C18 resin was procured from Silicycle (Quebec, QC, Canada). Amide-80 gel slurry (Tosoh Bioscience, Tokyo,
Japan) was used as the hydrophilic interaction liquid chromatography stationary absorbent. Empty tubes (1 mL) and
frits were utilized to create in-house solid-phase extraction (SPE) cartridges (Biocomma, Shenzhen, China). The HT-29
(CL-0118) cell line was acquired from Pricella (Wuhan, China). SIAE-siRNA was purchased from Genechem
(Shanghai, China). HiScript III RT SuperMix for qPCR (+gDNA wiper) and HiScript III RT SuperMix for qPCR
(+gDNA wiper) were purchased from VAZYME (Nanjing, China). The PCR primers were ordered from Azenta
(Suzhou, China).

Tissue Sample Preparation

Colon tissue samples from patients with UC, PCA and CA were collected according to a protocol approved by the Ethics
Committee of the Second Affiliated Hospital of Soochow University. UC specimens were obtained from UC patients who
underwent colonoscopy. Typical lesions in the intestinal cavity were selected for colonoscopy biopsy under direct
visualization. After a pathological diagnosis of UC, intestinal segment specimens from these patients were surgically
removed, and three samples of active inflammation were selected for inclusion. CA specimens were obtained from
patients with colon adenocarcinoma who underwent surgical resection. PCA specimens, confirmed as histologically
normal, were obtained from the same CA patients to minimize inter-individual differences. Three samples with
a confirmed diagnosis were selected for inclusion. All of the above specimens were obtained with informed consent
from the patients, and the experiments were conducted after ethical approval (JD-LI-2021-009-01) in accordance with the
Declaration of Helsinki. Colon tissue samples were thoroughly washed with ice-cold 1x PBS to remove blood and other
external contaminants, then gently dried using sterile, lint-free tissue. The tissue was weighed using an analytical balance
with a precision of 0.1 mg. Subsequently, a volume of pre-chilled RIPA buffer, approximately ten times the tissue weight
(~ 20 mg), was added, along with a 1:100 dilution of 100x protease inhibitors. The tissue was then mechanically lysed
using a handheld homogenizer until a uniform mixture was obtained. After homogenization, the lysate was incubated on
ice for 20-30 minutes, with gentle vortexing every 5 minutes to enhance protein extraction. Following incubation, the
lysate was centrifuged at 12,000 x g for 15 minutes at 4°C. The supernatant, containing the proteins, was carefully
transferred into a new tube to avoid disturbing the pellet. The extracted proteins could either be stored on ice for

immediate use or frozen at —80°C for long-term preservation.

Protein Expression by Western Blotting

Proteins were collected from colon tissues and extracted using RIPA lysis buffer for subsequent experiments. The protein
solution was mixed with 5x SDS-PAGE loading buffer and heated at 95-100°C for 5 minutes to denature the proteins.>
30 pg of denatured protein samples were loaded onto a 10% SDS-PAGE gel. The gel was run using rapid electrophoresis
buffer (Beyotime, P0562-10L) at a constant voltage of 150 V for 30 minutes to separate the proteins. Subsequently, an
appropriately sized piece of PVDF membrane was cut and placed in transfer buffer (Beyotime, P0575-10L) with an ice
pack in the transfer tank. Protein transfer was carried out at a constant current of 400 mA for 30 minutes. The membrane
was then incubated in rapid blocking buffer at room temperature for 30 minutes. After blocking, the membrane was
incubated with 10 mL of primary antibodies, including SIAE (1:1000 dilution, PA558230, Thermo Fisher Scientific) and
GAPDH (1:10000 dilution, 60004-1-Ig, Proteintech), for 1-2 hours at room temperature or overnight at 4°C. The
membrane was washed three times with 1x TBST (TBS + 0.1% Tween-20) buffer and subsequently incubated with
appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 hour. Two
secondary antibodies were used: HRP-labeled goat anti-rabbit 1gG (H+L) (1:1000 dilution, A0208) and HRP-labeled
goat anti-mouse IgG (H+L) (1:1000 dilution, A0216). Following incubation with secondary antibodies, the membrane
was washed three times with 1x TBST buffer. Finally, enhanced chemiluminescence (ECL) reagents (Beyotime,
PO018AS) were used for protein detection, and the signals were visualized using a gel imaging system (Chemidoc, Bio-
Rad). Each experiment included three technical replicates per sample. The data presented are representative of three
independent biological replicates.
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Tissue Immunohistochemistry

Patients with ulcerative colitis (UC) were diagnosed based on standard clinical manifestations, endoscopic examination,
and histological criteria (n=10; 5 males, 5 females; age range, 24-45 years). Control intestinal biopsy samples were
obtained from paracancerous tissue (PCA) (n = 10; 6 males, 4 females; age range, 45-60 years). Paraffin-embedded
tissue sections were deparaffinized by sequential incubation in xylene, graded ethanol solutions (100%, 95%, 80%, 70%),
and distilled water (DI). Antigen retrieval was performed by heat-induced epitope retrieval in 10 mm citrate buffer (pH
6.0) at 121°C for 20 minutes. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 minutes at
room temperature. After washing with PBS (pH 7.2), tissues were incubated with a rabbit anti-SIAE antibody (1:200
dilution; Cat. No. PA5-58229; Thermo Fisher) for 2 hours at room temperature. Immunohistochemical staining was
performed using a goat anti-rabbit HRP secondary antibody (Cat. No. C31460100) and a metal-enhanced DAB
chromogen (Cat. No. 34065). Tissues were counterstained with hematoxylin, dehydrated, and mounted. Stained sections
were examined under a microscope and photographed. Consistent with the Western blot (WB) analysis, each experiment
included three technical replicates per sample. The data shown are representative of three independent biological
replicates.

N-Glycan Enrichment

Glycoprotein immobilization on Aminolink resin was used to enrich for N-glycans.** Approximately 500 ug of protein
was dissolved in 100 pL of HPLC water and then added to 200 pL of preconditioned Amino-Link™ Plus resin in 1x PBS
within a snap-cap spin-column. The proteins were bound to the resin in 1x binding buffer (5 mm sodium carbonate and
10 mm sodium citrate) for 4 hours at room temperature (RT), followed by incubation with 50 mm NaCNBHj; for 4 hours
to stabilize the binding.*>*® The resin was subsequently washed three times with 500 pL 1x PBS and further treated with
500 pL 1x PBS containing 50 mm NaCNBH3 (4 hours up to overnight). The resin was incubated with 1 M Tris-HCI (pH
7.4) (30—60 minutes) to block remaining aldehydes. Sialic acid residues were then derivatized by ethyl esterification
(200 uL/0.25 M HOBt and 200 pL/0.25 M EDC in ethanol at 37°C for 1 hour). The resin was washed three times each
with 500 pL of ethanol and deionized water (DI), and then further derivatized with a p-toluidine (pT) solution. To prepare
the pT solution, 1 M pT was dissolved in 1 N HCI, and the pH was adjusted to 4-6 by adding concentrated HCI (36—-38%)
to optimize reactivity with sialic acids. The resin was then washed sequentially with 500 pL of 10% formic acid, 10%
acetonitrile (ACN), 1 M NaCl, and DI water. 0.5 uL of PNGase F was used to release N-glycans from immobilized
glycoproteins in 25 mm ABC, either for 2 hours or overnight at 37°C. The N-glycans solution was then collected by
centrifugation, and the resin was washed with 200 pL of 10% ACN to recover any residual N-glycans. Finally, the
released N-glycans solution was dried using a Speed-Vac.

Intact Glycopeptide Preparation

500 ug of proteins was dissolved in 200 puL of 8 M urea in 1 M ABC, then reduced with 25 pL of 120 mm Tris
(2-carboxyethyl) phosphine (TCEP) at 37°C for 1 hour. Alkylation was performed by adding 27.5 pL of 160 mm
iodoacetamide (IAA) at RT for 1 hour in the dark. The samples were diluted fivefold with HPLC-grade water before
digestion with 10 pug sequencing-grade trypsin at 37°C overnight. The reaction was quenched with 10% formic acid (pH
< 3), and samples were purified using SPE with a C18 cartridge. Purified peptides were then dissolved in 80% acetonitrile
(ACN) with 0.1% trifluoroacetic acid (TFA) for hydrophilic interaction liquid chromatography (HILIC) enrichment.
HILIC-SPE column was packed with Amide-80 resin, and samples were loaded twice. The column was washed three
times with 80% ACN in 0.1% TFA, then sequentially eluted with solutions containing 60% ACN (0.1% TFA), 40% ACN
(0.1% TFA), and 0.1% TFA. The eluate was pooled and evaporated in a Speed-Vac for drying.

Mass Spectrum Data Analysis

The mass spectrometry data analysis workflow consisted of proteomics and glycoproteomics. For the global analysis, Proteome
Discoverer (V2.4.0.305) was used with the “CWF_Comprehensive Enhanced Annotation LFQ and Precursor Quan” pro-
cessing workflow and “PWF_OT Precursor Quan_and LFQ CID SequestHT Percolator” search engine. The human com-
plete protein database (reviewed) was downloaded from UniProt and used for protein identification. Default settings were used
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for variable modifications, including oxidation, dioxidation, deamidation, acetylation, pyro-glutamation of glutamine and
glutamic acid, and the fixed modification of carbamidomethylation. In the Sequest HT module, the mass analyzer was set to
FTMS, MS2, and HCD. Byonic (version 4.3.4) was used for the analysis of mass spectrometry data from HILIC enriched
glycopeptides. The enzyme specificity was set to trypsin with cleavage at Lysine (K) and arginine (R) residues, allowing for
a maximum of two missed cleavages. Mass tolerances were set at 10 ppm for precursor ions and 20 ppm for fragment ions.
A g-value threshold of 0.05 was used. Carbamidomethylation was set as a fixed modification, and variable modifications
included oxidation, deamidation, dethiomethylation, and pyro-glutamation of glutamine and glutamic acid. A multi-part
g-Gaussian mixture model was used to estimate the false discovery rate (FDR), with a 1% PSM FDR threshold. Finally, LC-
MS/MS data were analyzed by matching MS2 spectra to a glycopeptide spectral library built from a human glycoprotein FASTA
file downloaded from Uniprot. The glycan database used was mammalian N-glycan with sialic acids modified by acetyl. Protein-
protein interaction analysis was performed using GeneMANIA.*” Due to limited tissue availability, technical replicates were not
performed for the MS analysis. However, the results were validated across three biological replicates.

Confocal Microscope on Cell Surface Sialic Acid Expression

HT-29 cells were treated with DMSO (negative control), TNF-a (100 ng/mL for 24 hours), or 02-3,6,8 neuraminidase
(NEU) (500 U/mL for 1 hour) (positive control), respectively, at 37°C in a humidified atmosphere containing 5% CO,.
Cells were cultured in 500 U/mL NEU for 1 hour at 37°C in a humidified 5% CO, incubator without serum.
Subsequently, cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature. Cell surface sialic acid
content was stained with FITC-conjugated Sambucus nigra lectin (SNA) diluted 1:400 in PBS for 1 hour at room
temperature. DAPI was used to stain the nuclei. Cells were visualized using a Nikon AX confocal microscope.

Results and Discussion

Sialic Acid Acetylation Present on UC Tissue

To detect sialic acid acetylation, we extracted proteins from UC and PCA tissues for glycan analysis. Given the fragility
of sialic acids, which are easily lost at lower pH or during matrix-assisted laser desorption ionization (MALDI), we
stabilized sialic acids through one- or two-step chemical derivatization.”>**® Studies have shown that acetyl esters can
modify N-acetylneuraminic acid (NeuS5Ac) at the 4-, 7-, and 9-positions, resulting in up to 15 different O-acetylation
patterns.'®° Because the carboxylic acid at the 1-position remains unaffected by acetylation, chemical derivatization of
the carboxylic acid preserves acetylated NeuSAc stability. To enrich N-glycans, we extracted proteins from colon tissues
with ulcerative colitis (UC) and paracancerous (PCA) and conjugated them with aldehyde-functionalized resin
(AminoLink Plus, Thermo). Sequential ethanol esterification and p-toluidine reductive amination derivatized the car-
boxylic acid of Neu5Ac, converting a2,6-linked and a2,3-linked sialic acids into stable esters and amides, respectively.*®
This enabled MALDI-TOF-MS analysis without loss of fragile sialic acids. Our results indicated that the most abundant
N-glycans in both UC and PCA were high-mannose, with sialoglycans present in both UC and PCA (Figure 1).
Importantly, we detected acetylated sialic acids from MALDI analysis, such as the mass (m/z) at 2171.1 Da, suggesting
that acetylation occurs in UC and warrants further investigation.

Dysregulated N-Glycan Expression in UC and CA Tissues

We further investigated the distribution of N-glycan subsets in UC, colon cancer (CA), and PCA. N-glycans were
categorized as high-mannose (Figure 2A), fucosylated N-glycans (Figure 2B), sialylglycans (Figure 2C), and N-glycans
without fucose or sialic acid (Figure 2D). High-mannose N-glycans were generally more abundant in UC compared to
CA or PCA, with Man5 (H5N2) showing a statistically significant difference among these groups, decreasing from UC to
CA to PCA. Fucosylated N-glycans exhibited a different profile, with CA showing higher abundance of fucosylation,
particularly on H3N4F1 and H4N4F1 (Figure 2B). Conversely, sialic acids were most abundant in PCA and less
abundant in UC and CA (Figure 2C). Additionally, galactosylated N-glycans were slightly higher in PCA. The potential
mechanisms underlying these variations will be explored in this study.
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Figure | MALDI-TOF-MS comparison of glycan profiles in ulcerative colitis (UC) and paracancerous (PCA) tissues. Acetylated sialic acids are detected in both UC and PCA.
Technical replicates were performed in triplicate, with a standard deviation of less than 10%.

Contributes to Colonic Inflammation and Tumor Development

While alterations in sialic glycosylation patterns in UC have been reported,’® our study establishes that SIAE directly
links enzyme deacetylation activity to disease-specific sialylation characteristics. To understand the potential mechanisms
underlying decreased sialylation in UC and CA, and to investigate whether acetylation is reduced in disease, we first
analyzed the global proteome of these tissues. Tryptic peptides were analyzed by nano-LC-MS/MS, while MS spectra
were analyzed using Proteome Discoverer (V2.4.0.305). The Venn diagram in Figure 3A shows that over 2000 proteins
are concurrently present in UC, CA, and PCA. Volcano plots reveal dysregulated proteins in both UC and CA, although
the specific dysregulated proteins differ between the two conditions. These altered proteins were selected for KEGG
pathway analysis based on their genes in combination with ShinyGO 0.81 bioinformatics.’' The identified pathways have
been generally correlated to the development and progression of UC.

Table 1 summarizes primary signaling pathways involved in UC pathogenesis. Among them, the complement and
coagulation cascades (CCC) may contribute to UC development and progression by promoting inflammation through
mutual activation and the release of inflammatory mediators like cytokines or chemokines.**** Activated platelets release
pro-inflammatory mediators such as IL-1, soluble P-selectin, or CD40 ligand, thereby exacerbating mucosal damage,*>*
while neutrophil extracellular traps (NETs) release DNA-based structures, damaging the mucosa and worsening the
disease.*® Notably, activation of the nicotinate and nicotinamide metabolism pathway may induce severe inflammation by
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Figure 2 LC-MS/MS comparison of glycan profiles in ulcerative colitis (UC), colon cancer (CA), and paracancerous (PCA) tissues. (A) High-mannose N-glycans, such as
H3N2, H4N2, and H5N2, are significantly more abundant in UC compared to CA and PCA. (B) Fucosylated N-glycans, including H3N2FI, H4N2FI, and H5N2FI, are
enriched in CA. (C) Sialic acid-containing glycans, particularly SIH5N3 and S2H5N4, are slightly elevated in PCA. (D) Galactosylated N-glycans, like H3N3 and H5N3, show
a slight increase in abundance in PCA. H = Hexose, N = HexNAc, F = Fucose, S = Neu5Ac. Data analyzed ANOVA analysis (*p < 0.05, **p < 0.01, **p < 0.001, ¥**p <
0.001).

cell-cell interactions in UC, with inflamed tissues exhibiting decreased NAD+ levels and increased nicotinamide (NAM)
levels.*”*® The renin-angiotensin system (RAS) promotes colonic inflammation by stimulating TH'” activation, and RAS
inhibitors have been effective in preclinical studies.*® Interestingly, pancreatic disorders are associated with UC, with
a higher incidence in UC and CD patients.*’ Other pathways related to UC are also summarized in Table 1.*'"*
Meanwhile, the potential biological roles of proteins up- or down-regulated in colon cancer, as shown in the volcano plot
(Figure 3A), are illustrated in Table S2. These proteins are widely implicated in tumor development and progression.

Immunohistochemistry (IHC) revealed increased expression of SIAE in both UC and CA tissues. Western blot (WB)
analysis also confirmed higher SIAE expression in UC and CA compared to PCA (Figure 3B and C). WB analysis
demonstrated that SIAE protein concentration was lowest in PCA, intermediate in UC, and highest in CA. This finding
aligns with the TCGA dataset, which showed significantly higher SIAE expression in colon adenocarcinomas (COAD)
(Figure S1). The SIAE gene expression in tumor tissue was 2.66-fold higher than in normal tissue, although there was
negligible difference in expression from stage 1 to 4. Quantitative WB analysis of tissue specimens revealed over 2-fold
higher protein expression in UC, suggesting a substantial increase in SIAE in UC. GeneMANIA analysis indicated that
SIAE correlates with numerous glycoproteins (Figure 3D), hinting at its potential involvement in the de-acetylation of
these glycoproteins.
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Figure 3 Deacetylation of sialic acids in ulcerative colitis (UC) and precancerous tissue promotes inflammation and may contribute to carcinogenesis. (A) Global proteomic
analysis revealed significant alterations in protein expression in UC and colon cancer (CA) tissues, including upregulation of proteins involved in inflammatory pathways.
Volcano plot of differentially abundant proteins (Welch’s t-test, log,FC>I, FDR-adjusted q<0.05) (B and C) Immunohistochemistry (IHC) and Western blot analyses
demonstrated increased expression of sialic acid acetylesterase (SIAE) in UC and CA tissues. Data analyzed by unpaired two-tailed t-test (**p < 0.01, ***p < 0.001) (D)
Protein-protein interaction studies indicated that SIAE interacts with glycoproteins, such as MUC2, suggesting a potential role in modulating mucus layer integrity and
inflammation.

Site-Specific Sialic Acid Acetylation in Glycoproteins

Previous studies have demonstrated that the concentration of O-acetylated sialic acids in the gastrointestinal tract
45,46 and UC.*® LC-MS/MS analysis revealed
distinct patterns of sialic acid acetylation within identified glycoproteins (Table 2). Sialic acids containing acetylation

diminishes in diseases such as colorectal adenocarcinoma, myeloma,47
were identified in tissues from patients with PCA, UC, and CA, each exhibiting unique glycoproteins with acetylated
sialic acids (Table S3). Acetylated glycoproteins potentially involved in mucosal protection include cadherin-17
(CDH17), mucin 2 (MUC2), calcium-activated chloride channel regulator 1 (CLCAI), scavenger receptor class
B member 2 (SCARB2), Fc gamma binding protein (FCGBP), polymeric immunoglobulin receptor (P/GR), haptoglobin
(HP), lumican (LUM), transferrin (7F), hemopexin (HPX), and decorin (DCN). Fourteen glycoproteins were co-
expressed in tissues from patients with UC and PCA, thirteen of which were also detected in CA (Figure 4A).

Figure 4B highlights two heavily acetylated examples, showcasing their N-glycosylation sites and associated
modifications. Notably, CDH17, a crucial protein for intestinal cell adhesion (also known as liver-intestine cadherin),
possesses four N-glycosylation sites (N250, N419, N587, N722). Interestingly, the types of acetylated N-glycans vary
among patient groups (PCA, UC, CA), with PCA exhibiting diverse sialic acid acetylation. CDHI7, an intestinal
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Table | The Genes Involved in the Signaling Pathways of Ulcerative Colitis

Pathway Enrichment | Fold Gene | Role in UC
FDR Enrichment

Complement and 4.04E-03 48.9 FGA, Activation of complement and coagulation cascades contributes to the

coagulation cascades FGB development and progression of UC, as well as tissue damage within the gut
lining.*?

Platelet activation 5.69E-03 335 FGA, Platelet activation contributes to UC within the colon by releasing pro-

FGB inflammatory mediators, thereby amplifying the inflammatory response and

contributing to mucosal damage.>*

Neutrophil 9.77E-03 22.0 FGA, Neutrophil extracellular trap (NET) formation occurs when neutrophils are

extracellular trap FGB activated by inflammatory stimuli in UC, resulting in the release of DNA-based

formation structures containing granule proteins. These structures can damage the
intestinal mucosa and contribute to disease progression.36

Nicotinate and 3.78E-02 57.8 NAPRT | Nicotinate and nicotinamide metabolism is implicated in UC. Inflamed UC

nicotinamide tissues demonstrate decreased NAD+ levels and increased levels of its

metabolism breakdown products, such as nicotinamide (NAM).37

Renin secretion 5.99E-02 30.1 CLCAI | Renin-angiotensin system promotes UC by partially stimulating TH'”
activation.*

Pancreatic secretion | 6.60E-02 20.4 CLCAI | Pancreatic disorders are commonly observed in individuals with uc*

Staphylococcus 6.60E-02 22.1 KRT20 | When Staphylococcus aureus enters the gut mucosa, it triggers an UC response

aureus infection by activating immune cells through the recognition of bacterial components,
such as lipopolysaccharides. This activation leads to further tissue damage and
potentially exacerbates colitis symptoms.4|

Ribosome 7.08E-02 15.5 RPL7 A dysregulation in the ribosome pathway is significantly linked to the
development of uc*

Estrogen signaling 7.08E-02 15.1 KRT20 | Estrogen receptor beta (ERp) plays a protective role by maintaining intestinal
epithelial cell homeostasis and inhibiting UC within the colon**

Abbreviations: FGA, Fibrinogen alpha chain; FGB, Fibrinogen beta chain; NAPRT, Nicotinate phosphoribosyltransferase; CLCAI, Calcium-activated chloride channel
regulator |; KRT20, Type | cytoskeletal 20 keratin; RPL7, Large ribosomal subunit protein uL30.

Table 2 Altered Glycoproteins in Tissues From Patients With Ulcerative
Colitis (UC) and Colon Cancer (CA)

Accession | Gene UC/PCA CA/PCA

FC SD FC SD
P00450 cP 0.899 0.031 0.782 0.145
PLITI7 ACP2 2.026 0.088 1.735 0.084
P26006 ITGA3 0914 0.171 0.477 0.111
P10619 CTSA 1.087 0.534 0.488 0.372
Q92542 NCSTN 0.406 0.116 0.702 0.044
QI9Y5Y6 STI4 1.482 0.097 1.614 0.16
P56199 ITGAI 0.66 0.205 0.642 0.748
P11047 LAMCI 0.888 0.198 0.399 0.248
P10253 GAA 0.81 0.115 1.244 0316
095302 FKBP9 0.896 0.08 1.456 0.396
PO7711 CTSL 1.228 0.283 1.09 0.415
P13688 CEACAMI 10.516 0.846 2.581 0.17
P51884 LUM 0.095 0.404 0.103 9.449
Q8T(CJ2 STT3B 2.481 0.564 1.298 0.835
PODOX6 / 1.67 0.285 2.186 0.14
014672 ADAMI0 0.594 0.264 1.525 0.938

(Continued)
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Table 2 (Continued).

Accession | Gene UC/PCA CA/PCA

FC SD FC SD
P50897 PPTI 2.638 0.089 5.67 0.197
Q9YA4LI HYoU! 2.525 1.158 2.378 1.199
Q9HDC9 APMAP 1.754 0.428 2.121 0.603
P01024 c3 0.587 0.997 0.587 1.829
P46977 STT3A 2.239 1.555 1.053 1.285
P02675 FGB 0.462 0.941 0.779 3.141
Q08380 LGALS3BP 0.688 0.092 3.189 0.117
P07686 HEXB 0.198 0.092 1.734 0.593
014773 TPPI 0.779 0.336 0.968 1.331
P23229 ITGA6 0.636 0.117 2.264 0.339
P02787 TF 0.479 0.531 0.453 4.146
P53634 CTSC 18.72 1.061 8.94 0.176
P08236 GUSB 0.613 0.039 3.208 0.277
PO1009 SERPINAI 0.809 1.848 1.275 0.658
QI3510 ASAH| 1.506 0.503 2.88 0.43
P07585 DCN 0.376 1.407 0.247 6.953
QI9Y6R7 FCGBP 0.448 0.816 1.886 1.417
ABK714 CLCAI 0.99 3.225 1.213 5.526
P02790 HPX 0.116 0.56 0.216 11.772
P43308 SSR2 6.906 7416 2.387 3.0l
PO1591 JCHAIN 1.626 2.838 1.194 2.686
Q02817 mucz 2.983 6.05 3415 2.785
P02679 FGG 1.09 1.121 3.88 0.382
P14625 HSP90BI 44| 3.878 3.023 3.336
P10153 RNASE2 1.559 6.686 0.782 4.841
P00738 HP 0.516 1.415 1.449 3.601
Q9IHAT2 SIAE 4.942 0.071 10.252 0.006

Notes: Fold change values are calculated relative to paracancerous tissue (PCA). Protein
accession numbers are obtained from the UniProt human protein database. Differential
proteins (FC > |, SD < 0.05) are shown in bold.

Abbreviations: FC, Fold change; SD, Standard deviation.

epithelial adhesion molecule whose deletion has been found to enhance intestinal permeability in a mouse model,*’

may
be further compromised by SIAE-mediated hydrolysis of sialic acid acetylation, potentially increasing epithelial perme-
ability. Similarly, the sialylation of MUC2, the major component of the mucosal layer,”® contributes to its negative
charge, facilitating the formation of the mucosal layer to combat bacterial invasion. Loss of acetylation and sialylation
can weaken epithelial cell defense against bacterial or chemical invasion. While HLA-A (an immune antigen) exhibits
highly branched N-glycans with acetylated sialic acids in UC patients, SIAE itself (an N-glycoprotein) lacks this
modification across all groups, despite slight variations in their glycan profiles. These findings suggest that SIAE-
mediated sialic acid de-acetylation plays a significant role in UC pathogenesis and may serve as a potential biomarker or

therapeutic target.’!

SIAE-Induced Reduction of Sialic Acid and Acetylation in UC

To induce inflammation, we treated the HT-29 cell line with varying concentrations of TNF-a.>? It is reported in the
literature that dose concentrations in the range of 10-100 ng/mL are typically employed in inflammatory modeling.>
Real-time qPCR (RT-qPCR) analysis revealed that SIAE expression increased with an elevated TNF-a concentration up
to 100 ng/mL, suggesting that TNF-a triggered inflammation in HT-29 cells and led to decreased sialic acid acetylation
(Figure 5A). We selected a TNF-a concentration of 100 ng/mL for subsequent experiments, as it exhibited the highest
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Figure 4 Site-specific identification of acetylated sialoglycoproteins by LC-MS/MS. (A) Venn diagram illustrating the overlap of identified glycoproteins carrying sialic acid
acetylation among ulcerative colitis (UC), Colon cancer (CA), and paracancerous (PCA) samples. (B) Structural representations of three sialoglycoproteins (SIAE, CDHI7,
and HLA-A) identified in UC, CA, and PCA. While SIAE possesses four potential N-glycosylation sites, mass spectrometry analysis indicated that the sialic acids attached to
these sites are not acetylated. In contrast, CDHI17 and HLA-A proteins exhibit numerous acetylated sialic acids. Green dot line = Glycans from PSC, Blue dot line = Glycans
from UC, Yellow dot line = Glycans from CA.

expression at this concentration. Next, we collected TNF-a-treated cells and performed RT-PCR to determine whether
cell-cell adhesion was affected by inflammation. RT-PCR showed that E-cadherin (CDHI) was decreased after TNF-a
treatment, concurrently reducing the expression of catenin delta 1 (CTNNDI) (Figure 5B). Both of these proteins are
closely correlated with carcinoma invasiveness.”* Other cell-cell adhesion genes were also downregulated, such as
integrins (/TGA8) and collagens (COL6A2, COL11AI). These results suggest that cell-cell adhesion is attenuated by
inflammatory responses, leading to increased mucosal barrier permeability.>”

We then studied whether cell-cell adhesion relates to altered sialylation. HT-29 cells were treated with 100 ng/mL of
TNF-o for 24 hours. A negative control and a positive control were prepared by adding DMSO and 02-3,6,8
neuraminidase (NEU), respectively. To detect 02-6 linked sialic acid (a major form in HT-29 cells), we used
Sambucus Nigra Lectin (SNA) labeled with AF488 fluorescein. Western blot (WB) showed that SIAE expression was
upregulated in TNF-a-treated HT-29 cells (Figure 5C). NEU-treated cells should have less sialylation as NEU hydrolyzes
02-3,6,8 linked sialic acids, while control (DMSO) cells have the highest sialylation. However, TNF-a-treated cells
should have sialylation between DMSO and NEU-treated cell lines. Figure SC showed that TNF-o-treated cells indeed
have lower sialylation compared to DMSO-treated cells but higher than NEU-treated cells. Confocal microscopy
revealed that sialic acids are located on the cellular surface, as SNA lectin specifically binds 02,6 linked sialic acids.
The higher expression of SIAE in TNF-o-treated cells, quantified by WB, suggests that STAE upregulation ultimately
leads to the degradation of sialic acids. Notably, NEU-treated cells show the presence of a2,6-linked sialic acids. This
may be due to sialylation on RNA that cannot be completely digested by neuraminidase, as RNA sialylation has been
found on the cell surface.’®>” A reduction in sialic acid levels is observed in UC, particularly on the surface of intestinal

mucosal cells. This decrease in sialic acid is considered a key factor contributing to the inflammation and damage seen in
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Figure 5 Upregulated SIAE in TNF-a-induced ulcerative colitis and reduced cellular surface sialylation. (A) RT-qPCR quantification of SIAE and NEU| expression in HT-29
cells treated with increasing concentrations of TNF-a. (B) Gene expression analysis of cellular proteins in HT-29 cells treated with 100 ng/mL TNF-a. Cellular surface
proteins CDH-I, CTNND/, and ITGA8 are downregulated under inflammatory conditions. Western blot (WB) analysis confirms the upregulation of SIAE in HT-29 cells
treated with 100 ng/mL TNF-a. (C) Fluorescein-labeled SNA lectin staining reveals reduced sialic acid expression on the cell surface of TNF-o-treated HT-29 cells (100 ng/
mL). 02-3,6,8 Neuraminidase (NEU)-treated cells serve as a positive control. Data analyzed by unpaired two-tailed t-test (*p < 0.05, **p < 0.01, **p < 0.001, ¥**p < 0.001).

UC through neutrophil transepithelial migration and CD11b/CD18 activation.® The reduced sialic acid levels can
potentially lead to increased bacterial adhesion and immune response activation within the gut lumen.'® These results
revealed that UC pathogenesis may involve the SIAE-participated signaling pathway. Unlike previous studies, the
specificity of this mechanism positions SIAE as a potential drug target, offering a more focused approach than broad
glycosylation pathway interventions.

Limitations of the Study

The small sample size (three biological replicates per group, each with three technical replicates) may affect statistical
significance. To further validate our findings, future work should include larger sample sizes and more in-depth
functional studies, such as investigating the effects of prolonged TNF-a stimulation. Also, we did not perform
a stratified analysis of patient data based on gender, age, or other relevant factors.

Conclusion

Ulcerative colitis (UC) is a chronic disease with no effective treatment. Understanding its pathogenesis is crucial for early
diagnosis and drug target identification. In this study, we investigated the changes in proteins and glycoproteins in UC
compared to healthy controls. We found that sialic acids and their acetylation are reduced in tissues of patients with UC,
while sialylation and O-acetylation are more abundant in healthy controls. Mass spectrometry analysis revealed that
SIAE, an enzyme that hydrolyzes sialic acid acetylation, is upregulated in UC. Sialic acid, particularly when acetylated,
plays a protective role in the colon by preventing inflammation through mechanisms such as modulating immune cell
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interactions and shielding the intestinal lining from harmful bacteria, acting as a barrier against excessive immune
response in the gut.* The colonic inflammation induced by TNF-a drives the upregulation of SIAE and NEU1, leading
to deacetylation and desialylation. Further experiments using HT-29 cells exposed to TNF-a confirmed these findings.
We observed a 5-fold increase in SIAE and NEU1 expression, a reduction in sialic acid acetylation and overall sialic acid
levels, and a decrease in cell-cell adhesion markers. These results suggest that SIAE contributes to UC progression by
compromising mucosal protection through the hydrolysis of sialic acid acetylation and reduction of sialic acids.

In summary, this study demonstrates that sialic acid acetylesterase (SIAE) plays a crucial role in UC pathogenesis by
modulating sialic acid acetylation and subsequently disrupting mucosal integrity. This finding advances our under-
standing beyond previous studies focused solely on general glycosylation alterations in UC, by specifically identifying
SIAE as a key regulatory enzyme. Unlike broad glycosylation pathway interventions, the specificity of SIAE suggests
that it represents a potentially druggable node, offering a more targeted therapeutic approach. Our results indicate that
small molecule inhibitors targeting SIAE could emerge as a novel therapeutic strategy for UC, potentially leading to
improved disease management. However, we acknowledge limitations, including the small sample size and the focus on
acute TNF-o stimulation, which may limit the generalizability of our findings. Future studies with larger patient cohorts
and investigations of long-term inflammatory effects are warranted to validate these results and further explore the
therapeutic potential of SIAE inhibition in UC.
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