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R E S E A R C H A R T I C L E

Molecular biomarkers involved in the progression of
gallbladder inflammatory lesions to invasive cancer:
A proteomic approach
Neetu Rawal 1, Gururao Hariprasad 2, Sabyasachi Bandyopadhyay 3, Nihar Ranjan Dash 4, Sunil Kumar5, Prasenjit Das 6,
Sharmistha Dey 2, Maroof Ahmad Khan 7, Amar Ranjan 1, Anita Chopra 1, Sundeep Saluja 8, Showket Hussain 9,
G.K. Rath10, Tanvir Kaur 11, and Pranay Tanwar 1∗

The progression of gallbladder inflammatory lesions to invasive cancer remains poorly understood, necessitating research on
biomarkers involved in this transition. This study aims to identify and validate proteins associated with this progression, offering
insights into potential diagnostic biomarkers for gallbladder cancer (GBC). Label-free liquid chromatography-assisted tandem mass
spectrometry (LC-MS/MS) proteomics was performed on samples from ten cases each of GBC and inflammatory lesions, with technical
duplicates. Validation was conducted through the enzyme-linked immunosorbent assay (ELISA) using 80 samples (40 GBC and 40
inflammatory lesions). Bioinformatics tools analyzed protein–protein interaction (PPI) networks and pathways. Statistical correlations
with clinicopathological variables were assessed. Prognostic evaluation utilized Kaplan–Meier survival analysis and Cox regression
analyses. mRNA expressions were studied using real-time-polymerase chain reaction (RT-PCR). Out of 5714 proteins analyzed, 621 were
differentially expressed. Three upregulated (the S100 calcium-binding protein P [S100P], polymeric immunoglobulin receptor [PIGR],
and complement C1q-binding protein [C1QBP]) and two downregulated (transgelin [TAGLN] and calponin 1 [CNN1]) proteins showed
significant expression. Pathway analysis implicated involvement of proteoglycans in cancer and glycosaminoglycan metabolism.
Significant correlations were observed between protein concentrations and clinicopathological variables. Prognostic factors, such as
tumor size, lymph node metastasis, and preoperative bilirubin levels were associated with overall survival (OS). Protein-based assays
demonstrated higher resolution compared to mRNA analysis, suggesting their utility in GBC risk stratification. S100P, PIGR, C1QBP,
TAGLN, and CNN1 emerge as potential protein-based biomarkers involved in the progression from gallbladder inflammatory lesions to
invasive cancer. These findings hold promise for improved diagnostic and prognostic strategies in GBC management.
Keywords: Liquid chromatography-assisted tandem mass spectrometry, biomarker, differentially expressed proteins, gallbladder
cancer, ELISA, real time-polymerase chain reaction, inflammatory lesion.

Introduction
Gallbladder cancer (GBC) is a relatively rare but aggressive
malignancy that accounts for approximately 165,000 (1.7%)
cancer deaths annually worldwide [1, 2]. The greatest incidence
rates of GBC are found in Chile (27 per 100,000 people), fol-
lowed by northern India at 21.5 per 100,000 people. In India,
GBC occurrence is significantly higher in the northern regions
compared to the southern states, with rates of 8.9 per 100,000
in Delhi compared to 0.8 per 100,000 in Chennai [3, 4]. The gall-
bladder is a small cystic organ located under the inferior surface
of the liver. Its primary function is to store and concentrate bile

produced by the liver and transport it to the small intestine via
the cystic duct [1]. The gallbladder consists of several layers:
(a) the mucosa (innermost layer of epithelial cells), (b) the mus-
cular layer (smooth muscle cells), (c) the perimuscular layer
(connective tissue), and (d) the serosa (outer layer). Under the
influence of gallstones and other carcinogenic insults, the nor-
mal gallbladder epithelial layer undergoes metaplastic changes,
which can lead to dysplasia, carcinoma in situ (CIS), and
eventually invasive carcinoma. The multistage pathogenesis of
gallbladder carcinoma arises due to prolonged exposure to gall-
stones (cholelithiasis), creating an inflammatory environment
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known as chronic cholecystitis, which increases the risk of
GBC [5, 6]. The most common subtype of GBC is adenocarci-
noma, accounting for 80% to 97% of cases, originating from
secretory cells. Other subtypes include papillary, mucinous,
squamous, and adenosquamous carcinoma. Of these, the papil-
lary subtype is the rarest, but it has a better prognosis compared
to other subtypes [7].

Several risk factors for GBC include ethnicity, age, sex,
chronic inflammation, gallstones, infections, exposure to heavy
metals and environmental toxins, obesity, gallbladder polyps,
genetic predispositions, and abnormalities in the pancreatico-
biliary ductal junction [8]. To date, no diagnostic marker is
available for the early detection of GBC. While combinations
of markers, such as CEA, CA125, CA242, and CA19-9, are used
for diagnosing liver, gastric, colorectal, and pancreatic can-
cers, these markers have shown less specificity and sensitivity
when tested in GBC, yielding inconsistent results. Therefore,
they cannot be used as standalone diagnostic markers for
GBC [9, 10]. Identifying GBC in its early stages is challenging,
despite advancements in ultrasound and computed tomography
(CT) scanning. Only half of gallbladder cancers are diagnosed
prior to surgical intervention. Diagnosis still relies on clinical
assessment, followed by imaging-guided fine needle aspiration
cytology (FNAC) [11]. Radical surgical extirpation remains the
only effective treatment, as most cases present at an advanced
stage due to missed early detection. This is partly because the
gallbladder lacks a submucosal layer to limit the spread of
cancer [12]. The progression from inflammatory lesions to inva-
sive cancer occurs through metaplasia–dysplasia–carcinoma
due to recurrent epithelial damage.

Thus, there is an urgent need for research on biomarkers
involved in the progression of gallbladder inflammatory lesions
to invasive cancer. This study used comparative protein profil-
ing between two clinical phenotypes of the gallbladder (cancer
and inflammatory lesion) to identify differentially expressed
proteins (DEPs) that may be associated with the development
of GBC in the context of pre-existing inflammation.

Materials and methods
Sample collection
A questionnaire was used to gather clinical information
from the patients. Tissues were collected from the resected
gallbladder of patients during surgery, placed in a 1X PBS
vial, and immediately stored at −80 °C. The collected tissue
was histopathologically examined for phenotype confirmation
before further analysis. The percentage of tumor cells in each
tissue sample was carefully assessed and recorded. Samples
containing more than 70% tumor cells in GBC cases were
selected for further analysis.

Inclusion and exclusion criteria of patients
The staging of GBC was determined according to the Ameri-
can Joint Committee on Cancer (AJCC) cancer staging criteria.
Patients were included in the study based on the following
inclusion criteria: (a) Patients diagnosed with any type of GBC
and (b) Patients diagnosed with inflammatory lesions of the

gallbladder. The exclusion criteria were: (a) Patients who had
received chemotherapy or radiation therapy.

Protein isolation and quantification
Homogeneous samples from two clinical phenotypes of the
gallbladder, including stage 2 adenocarcinoma (n = 10) and
chronic cholecystitis lesions, were used for the discovery phase
of proteomic experiments via Liquid Chromatography–Tandem
Mass Spectrometry (LC-MS/MS) (Label-free). The study design
is illustrated in (Figure 1). Protein was isolated using EasyPrep
lysis buffer (Thermo Scientific, Catalog no. A45735). Approxi-
mately 5 mg of gallbladder tissue was homogenized with 100 μL
of prewarmed lysis buffer, followed by the addition of 1 μL
of universal nuclease enzyme (Thermo Scientific, Catalog no.
88700). The homogenized tissue was centrifuged at 16,000 g for
10 min, and the supernatant was collected in a vial. Protein con-
centration was determined using a UV–Vis spectrophotometer
(Thermo Scientific, Nanodrop™) at an A280 nm wavelength
with baseline correction at 340 nm.

Protein digestion and peptide cleanup
A total of 25 μg of isolated protein was used for the pro-
tein digestion protocol (Thermo, Mini MS Sample kit, Catalog
no. A40006). 50 μL of reduction solution and 50 μL of alky-
lation solution were added to the protein sample, followed by
incubation at 95 °C for 10 min. For protein digestion, 50 μL of
Trypsin/Lys-C protease mix was added to the reduced and alky-
lated sample and incubated overnight at 37 °C. The digestion
reaction was stopped with a stop solution. The peptide cleanup
protocol was then followed as per the kit manual. Briefly, the
digested protein sample was transferred into a peptide desalt-
ing column and centrifuged. The flow-through was discarded,
and the column was washed twice with a wash solution. Pep-
tides were eluted and dried by lyophilization. The sample was
resuspended in 0.1% formic acid for LC-MS/MS analysis.

Liquid chromatography-assisted tandem mass spectrometry
(LC-MS/MS)
In the discovery phase, a total of 20 homogeneous gallbladder
tissue samples were used in each phenotype group. Ten sam-
ples of GBC (stage 2, adenocarcinoma) and ten samples from
inflammatory lesions (chronic cholecystitis) were subjected
to a label-free LC-MS/MS experiment in technical duplicates.
LC-MS/MS analysis was performed using an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Scientific, USA) connected
to an ultra-pressure nano-flow liquid chromatography system.
1 μg of peptide mixture was injected onto a reverse-phase (RP)
trap column, Acclaim PepMap 100 C18 (75 μm × 2 cm, 3 μm,
100 Å; Thermo Fisher Scientific), at a flow rate of 300 nl/min.
LC-MS grade water containing 0.1% FA was used as the load-
ing buffer, and 0.1% FA and 80% ACN in LC-MS grade water
were used as the elution buffer. Peptides were washed with
the loading buffer for 45 min to eliminate excess salt. Subse-
quently, the retained peptides were separated on an RP analyt-
ical column, Acclaim PepMap 100 C18 (75 μm × 15 cm, 2 μm,
100 Å; Thermo Fisher Scientific), prior to connection to the
mass spectrometer. The elution gradient started at 5% elution
buffer, gradually increasing at a linear rate to 8% over 5 min,
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Figure 1. Study workflow. LC-MS/MS: Label-free liquid chromatography-assisted tandem mass spectrometry.

then to 60% over 110 min, and finally to 95% over 2 min. The
gradient was maintained at 95% elution buffer for 5 min before
re-equilibration with 5% elution buffer for 20 min. Throughout
the LC-MS/MS analysis, the loading buffer was used as a blank,
while a tryptic-digested HeLa standard (200 ng) served as the
QC standard. A total of 1-μg pooled peptide sample acted as the
control for the LC-MS/MS run. The mass spectrometer operated
in data-dependent acquisition (DDA) mode. Full MS spectra
were collected in positive ionization mode, with an ion-spray
voltage of 2100 V and an m/z range of 350–2000 Da, using
a 50-ms injection time. At the MS1 level, precursor/peptide
isolation used a quadrupole ion filter and an Orbitrap mass
analyzer, set at a resolution of 60,000 (at 200 m/z) and an
AGC target of 1e6. The top 20 precursors were selected for
fragmentation (MS2 or MS/MS) via a linear ion trap, with a
resolution setting of approximately 30,000 (at 200 m/z) and
an AGC target of 1e5. DDA incorporated advanced “rolling colli-
sion energy” for subsequent MS/MS scans, with the normalized
high-energy collision-induced dissociation (HCD) fragmenta-
tion energy fixed at 30%.

Database search and analysis
The precision and accuracy of the raw data generated through
the LC-MS/MS instrument were verified using X Caliber soft-
ware. All 40 files obtained were normalized and analyzed using
Proteome Discoverer 2.4 SP1 (Thermo Scientific) [13]. This soft-
ware enabled the collective analysis of all raw files, facilitat-
ing the identification of DEPs with more than 30% coverage
across all 40 samples. To ensure accuracy and identify effi-
cient biomarkers, DEPs consistently present across all samples
were filtered and selected. The data are available through the
ProteomeXchange Consortium via the MassIVE data reposi-
tory with the identifier PXD040704. Both the MS and MS/MS
spectra were searched against the human UniProt database,

appended with a list of common contaminants provided by
Thermo Scientific, using the Sequest HT algorithm.

For each spectrum file, the spectrum RC node calculated
a constant mass shift (ppm), and the spectrum selector node
selected a subset of spectra for searching in Sequest HT. The
Sequest HT parameters were specified as: trypsin enzyme,
two allowed missed cleavages, minimum peptide length of 6,
maximum peptide length of 144, precursor mass tolerance of
10 ppm, and fragment mass tolerance of 0.6 Da. The static
modification was set to carbamidomethylation (+ 57.021 Da)
of cysteine. The dynamic modification applied was methion-
ine oxidation (+ 15.995 Da) on the peptide terminus. Addi-
tionally, N-terminal modifications were implemented: Acetyl
(+ 42.011 Da), Met-loss (− 131.040 Da), and Met-loss + Acetyl
(−89.030 Da).

In the Percolator node, the false discovery rate (FDR) was
determined using q-values from the Decoy database search.
Peptide spectral match filtering was conducted with a strin-
gent FDR threshold of 0.01 and a lenient threshold of 0.05,
as determined by the Percolator. Peaks and features were fil-
tered using a Minora feature detector node, with parameters
set at a minimum trace length of 5 and a maximum �RT
of isotope pattern multiplets of 0.2. Contaminant and decoy
proteins were excluded from all datasets before downstream
analysis, and MSF files were processed through the consensus
workflow.

In the consensus workflow, peptide spectrum matches were
grouped with a site probability threshold of 75, and the pep-
tide validator node was strictly set at a target FDR of 0.01
and relaxed at 0.05 for PSMs and peptide identification. The
peptide and protein filter node was set to a minimum pep-
tide length of 6, high peptide confidence, and a minimum of 1
peptide sequence. Only rank 1 peptides were counted as false,
and only top-scored proteins were considered for the protein
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filter according to score thresholds. Proteins were scored and
grouped, and peptides in the protein were annotated based
on the position of identified peptides in the proteins found in
the sample. Falsely identified proteins were filtered out, deter-
mined by the protein FDR validator node, set strictly at a target
FDR of 0.01 and relaxed at 0.05.

The remaining proteins were annotated with respect to their
biological processes, cellular components, and molecular func-
tions. The final proteins were marked as master proteins along
with their modification sites and peptide isoform groups. The
feature mapper node, which performed retention-time align-
ment and feature linking across datasets, was set with the
following parameters: (a) mass tolerance: 10 ppm, (b) maxi-
mum RT shift: 10 min, and (c) minimum S/N threshold: 5. The
precursor ion quantifier node controlled peptide quantification
based on the following parameters: (a) consider protein groups
for peptide uniqueness (true), (b) precursor abundance based
on intensity, (c) normalization mode of total peptide amount,
(d) pairwise ratio-based protein ratio calculation, and (e) max-
imum fold change of 100. The log2 fold change of ≥1 and ≤ 1
at P < 0.05 was set for identifying DEPs. A volcano plot with a
P value <0.05 was graphically generated to represent upregu-
lated and downregulated proteins.

Enzyme-linked immunosorbent assay (ELISA)
Protein lysates from an independent set of gallbladder tissues
(n = 80; 40 cancerous and 40 inflammatory lesions) were pre-
pared using EasyPrep lysis buffer (Thermo Scientific). All five
DEPs (S100P, C1QBP, PIGR, TAGLN, and CNN1) with a log2 fold
change of ≥2 were assayed according to the manufacturer’s
protocol using commercially available ELISA kits (ELK, Cat-
alog nos. 1290, 1865, 1752, 3895, 3478). In summary, 96-well
plates were incubated at 37 °C for 80 min with standards, sam-
ples, and blank duplicates. Following incubation, the liquid was
removed from the microwells, which were then washed three
times with 200 μL of wash buffer. Next, 100 μL of diluted
Biotin-Conjugate antibodies were added to all wells and incu-
bated at 37 °C for 50 min. After another wash step, 100 μL of
diluted Streptavidin-HRP was added and incubated for 50 min
at 37 °C. Color development was initiated by adding 100 μL of
TMB substrate solution to all wells and incubating at 37 °C for
20 min. Finally, 50 μL of stop reagent was added to all wells,
and absorbance readings of both standards and samples were
measured at 450 nm, with readings tabulated according to their
dilutions.

Pathway and protein–protein interaction (PPI) network analysis
The PPI network of the identified DEPs was generated using the
STRING database (https://string-db.org/) [14], with the param-
eters set to a 5% FDR stringency and species specified as Homo
sapiens. The significance of hub proteins in the interactome
was calculated based on 12 topological methods (Closeness,
Degree, Maximum neighborhood component (MNC), Maxi-
mum clique centrality (MCC), Edge percolated component
(EPC), Bottleneck, EcCentricity, Density of maximum neigh-
borhood component (DMNC), Betweeness, Radiality, Stress,

and clustering coefficient) using cytoHubba, a Cytoscape plu-
gin (https://cytoscape.org/) [15]. Pathway and Gene Ontology
(GO) enrichment analyses of DEPs were conducted using DAVID
(https://david.ncifcrf.gov/tools.jsp) [16], which includes three
databases: KEGG, Reactome, and WikiPathways.

RNA isolation and cDNA synthesis
Total RNA was isolated from 80 gallbladder tissues, consisting
of 40 cancer cases and 40 inflammatory controls, using the
RNAlater method with the Qiagen RNeasy Mini Kit, following
the manufacturer’s instructions. To ensure the RNA’s suit-
ability for downstream applications, purity and concentration
were assessed using a Nanodrop spectrophotometer and a
Qubit fluorometer, respectively. Additionally, the integrity
of the RNA samples was confirmed using a 1.5% agarose
gel and the Bioanalyzer 2100 (Agilent Technologies Inc.,
USA). Only samples with an RNA Integrity Number (RIN)
greater than 7.0 were used for cDNA synthesis, followed
by real time-polymerase chain reaction (RT-PCR). Reverse
transcription was performed using the Improm II RT system
from Promega to generate cDNA. Quantitative PCR was
conducted using SYBR Green dye and Oligo(dT) primer on
the Agilent Mx3000P qPCR Platform (Agilent, Santa Clara,
CA, USA). The specific primer sequences used were as fol-
lows: S100P are Fwd: AGGTGCTGATGGAGAAGGAG, Rev:
ACTCACTGAAGTCCACCTGG, C1QBP-Fwd: GGAGCTGGAACT-
GAATGGGA, Rev: GTTGGTGGGATGCTGTTGTT, PIGR-Fwd:
Fwd: GAAAGGGCTCGGGACGATGG, Rev: TCTTCGTGGAGATG-
GCTGGGA, TAGLN- Fwd: GAGAGATGAGGATGGAGGCC, Rev:
AGGATTGCTGCCAGAGAAGT, CNN1-Fwd: AGGTTAAGAA-
CAAGCTGGCCC, Rev: CCGTCCATGAAGTTGTTGCC and GAPDH
was utilized as the housekeeping gene, possessing the following
sequence. of Fwd: TCGTGGAAGGACTCATGACC, Rev: ATGAT-
GTTCTGGAGAGCCCC. Relative mRNA expression for all five
genes was calculated using the 2–ΔΔCt method.

Ethical statement
The institute ethics committee at All India Institute of Med-
ical Sciences (AIIMS), New Delhi, granted approval for this
study (IECPG-608/25.11.2020, RT-25/23.12.2020). All protocols
adhered to the ethical standards outlined in the Declaration of
Helsinki. Patients were thoroughly informed about the clinical
study before screening at the GI Surgery Department, AIIMS,
New Delhi. Voluntary written informed consent was obtained
from each patient before recruitment.

Statistical analysis
Continuous variables were described using x±s and the median
(range). Student’s t-test was applied to determine the concen-
trations of S100P, PIGR, C1QBP, TAGLN, and CNN1 in both can-
cer cases and inflammatory lesions. ROC curve analysis was
used to determine the optimal cut-off value for the concentra-
tions of these proteins, using the Youden index method [17]. The
chi-square test was used to assess the association between pro-
tein expression and clinicopathological characteristics at the
optimal cut-off. Student’s t-test was also used to assess S100P,
PIGR, C1QBP, TAGLN, and CNN1 mRNA expression in can-
cer cases and inflammatory lesions. The Kaplan–Meier method
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with a log-rank test was employed to predict the overall sur-
vival (OS) of GBC cases. Prognostic factors associated with sur-
vival were evaluated through univariate and multivariate Cox
proportional hazard regression analysis. All statistical anal-
yses were performed using GraphPad Prism 8.0 and STATA
version 11. P < 0.05 was considered statistically significant.

Results
Clinical profile of discovery phase
In the discovery phase, a total of 20 homogeneous gallbladder
tissue samples were used for each phenotype group. Ten sam-
ples of GBC (stage 2, adenocarcinoma) and ten samples from
inflammatory lesions (chronic cholecystitis) were taken for the
label-free LC-MS/MS experiment. Out of the ten cancer cases,
eight were female and two were male, with a median age of
56 years. None of the cancer cases had a history of gallstones. In
the inflammatory lesion group, six were female and four were
male, with a median age of 51 years. Three patients had a history
of gallstones.

DEP identified through LC-MS/MS
The LC-MS/MS raw files (n = 40) obtained from the samples
were validated using X Caliber software. The quality of the data
is shown by the normalization curve and the PLsDA-2D score
plot (Figure S1). The raw output data revealed 5714 proteins,
31,675 peptides, 479,279 PSMs, and 1,569,659 MS/MS spectra, as
analyzed through Proteome Discoverer software. A total of 3204
proteins were filtered based on the following initial param-
eters: (a) Master proteins and contaminants marked as false
and (b) Unique peptides greater than or equal to 2. The final
set of DEPs was filtered with the additional criterion of pro-
teins found to have sufficient confidence and peak detection in
every sample. Out of 621 proteins, 18 were found to be signif-
icantly differentially expressed, with a log2 fold change of 1 at
P < 0.05, where 3 were upregulated and 15 were downregulated
(Table S1). Of the three significant upregulated proteins (S100P,
PIGR, C1QBP), two downregulated proteins (TAGLN and CNN1)
were expressed at log2 fold change ≥2, and the remaining 13
downregulated proteins were expressed at log2 fold change ≤2,
as represented in the volcano plot (Figure 2).

PPI and pathway analysis
The PPI network of the 18 DEPs is shown in Figure 3. TAGLN
and CNN1 were identified as the two most significant nodes in
the PPI network with the highest scores through cytoHubba in
the majority of the topological analysis methods (Table S2). A
total of 15 pathways were associated with DEPs, as shown in
Figure 4A. Out of these, 13 pathways were from the Reactome
database, 2 from the WikiPathways database, and 1 from the
KEGG database. The KEGG database highlighted the role of DEPs
in cancer-related proteoglycan pathways. The top pathways
in the Reactome database were associated with glycosamino-
glycan metabolism, glycosylation, and related metabolic pro-
cesses. The WikiPathways database indicated that DEPs play a
major role in the burn wound healing pathway. Gene Ontol-
ogy for Cellular Component (GO_CC) enrichment showed that
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Figure 2. Volcano plot of filtered proteins at Log2 Fold change 2.
Green colored dots represent significantly down-regulated proteins at Log2
fold change 2 and P = 0.05. Red-colored dots represent significantly
upregulated proteins at Log2 fold change 2 and P = 0.05. Blue colored
dots represent significantly down regulated proteins at Log2 fold change
<2 and P = 0.05. Gray colored dots represent non-significant proteins.
S100P: S100 calcium-binding protein P; PIGR: Polymeric immunoglobulin
receptor; C1QBP: Complement C1q-binding protein; TAGLN: Transgelin;
CNN1: Calponin 1.

most proteins were located in the cytoplasm and extracellu-
lar exosome (Figure 4B). The extracellular space was the next
most enriched cellular component. Gene Ontology for Biologi-
cal Process (GO_BP) and Molecular Function (GO_MF) analysis
revealed that enriched proteins were involved in actomyosin
structure organization and extracellular matrix structural con-
stituents that confer compression resistance, respectively.

Validation by ELISA
The DEPs with a log2 fold change ≥2 were further validated,
including three upregulated proteins (S100P, PIGR, C1QBP) and
two downregulated proteins (TAGLN, CNN1). A total of 80 inde-
pendent technical duplicate samples (40 cancer cases and 40
inflammatory lesions) were used for validation. The staging
of all 40 GBC cases used in the validation study is provided
in Table S3. Protein concentration levels were measured by
ELISA in tissue lysates. The mean values of S100P, PIGR, C1QBP,
TAGLN, and CNN1 in GBC cases were 5.097 ± 0.3496 ng/mL,
1334 ± 67.55 pg/mL, 10.89 ± 0.9557 ng/mL, 9.377 ± 0.8957
ng/mL, and 20.63 ± 2.082 ng/mL, respectively. In the inflam-
matory lesions, te levels were 3.546 ± 0.2538 ng/mL, 1089
± 43.91 pg/mL, 7.010 ± 0.5599 ng/mL, 19.70 ± 1.294 ng/mL,
and 27.24 ± 1.353 ng/mL, respectively. Significant differences
were observed in protein concentration levels between can-
cer and inflammatory lesions for S100P, PIGR, C1QBP, TAGLN,
and CNN1 (P = 0.0006, P = 0.0032, P = 0.0008, P < 0.0001,
P = 0.0094, respectively) as shown in (Figure 5).

The receiver operating characteristic (ROC) curves were
established for the signature proteins, and the area under
the curve (AUC) [95% confidence interval (CI)] was statisti-
cally significant (Figure 6). The optimal cut-off values (sensi-
tivity and specificity) for each signature protein, as determined
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Figure 3. PPI network of all 18 DEPs. Red-colored nodes represent up-regulated proteins (S100P, PIGR, C1QBP), green-colored nodes represent
downregulated proteins (TAGLN, CNN1, PTRF, DES, EHD2, PGM5, AOC3, NAGA, LUM, FLNC, DCN, MYH11, OGN, FAM213A, LGALS1) and blue-colored nodes
represent other common interacting proteins (CAV1, TGFB1, EGFR, IGJ). Thick edges in between the nodes indicate high confidence in data support. S100P:
S100 calcium-binding protein P; PIGR: Polymeric immunoglobulin receptor; C1QBP: Complement C1q-binding protein; TAGLN: Transgelin; CNN1: Calponin 1;
PPI: Protein–protein interaction; DEPs: Differentially expressed proteins.

by the Youden index, were: S100P: 5.35 ng/μg (52.5% and
87.5%), PIGR: 1068 pg/μg (80%, 57.5%), C1QBP: 10.32 (52.5%
and 92.5%), TAGLN: 12.66 ng/μg (70% and 92.5%) and CNN1:
19.79 ng/μg (70% and 90%). These values were further used for
clinicopathological correlation (Table 1).

Association of DEPs with OS in GBC cases
Survival curves were examined using the Kaplan–Meier
method among 40 GBC cases, comparing the concentrations
of S100P, PIGR, C1QBP, TAGLN, and CNN1 through log-rank
testing. OS was defined as the time from treatment initiation
to death, with follow-up concluding on February 28, 2023, and
a median follow-up duration of 16 months for OS. An optimal
concentration threshold for the five DEPs was used to predict
OS based on high/low expression levels. It was observed that
high expression of DEPs in cancer cases was associated with
relatively poor OS compared to low expression levels (Figure 7).
However, the protein concentrations of S100P, PIGR, C1QBP,
TAGLN, and CNN1 showed no statistical significance for OS
(P = 0.377, P = 0.9206, P = 0.7967, P = 0.1393, P = 0.5354,
respectively).

Analysis of prognostic factors in GBC cases using univariate and
multivariate approaches
Prognostic factors were analyzed using univariate and multi-
variate methods to predict OS, as detailed in Table 2. Univari-
ate analysis showed that factors, such as tumor size (T1/T2
vs T3/T4), lymph node metastasis (N0 vs N1/N2), presence of
distant metastasis, total bilirubin levels (mg/dL), and uncon-
jugated bilirubin levels (mg/dL) were significantly associated
with poor OS (P = 0.005, P = 0.0001, P = 0.001, P = 0.006,

P = 0.04, respectively). Other prognostic factors did not show
significant correlations with OS. In multivariate Cox regression
analysis, lymph node metastasis was significantly associated
with poor OS (P = 0.004). In our multivariate analysis, one
downregulated protein, TAGLN, was significant (P = 0.049)
when all five biomarkers were evaluated together. However,
when upregulated (S100P, PIGR, C1QBP) and downregulated
(TAGLN, CNN1) proteins were analyzed separately, neither
group significantly impacted OS, as shown in Table S5.

Relative mRNA expression level of DEPs in GBC and
inflammatory lesions
The relative mRNA expression levels of S100P, PIGR, C1QBP,
TAGLN, and CNN1 were analyzed in the matched 80 cases (40
GBC and 40 inflammatory lesions). A significant correlation was
observed for S100P mRNA expression levels between cancer
and inflammatory lesions (P = 0.0458). mRNA fold change lev-
els were higher in cancer cases than in inflammatory lesions for
all five genes studied. However, no significant correlation was
found for PIGR, C1QBP, TAGLN, and CNN1 mRNA expression
levels between cancer and inflammatory lesions (P = 0.575,
P = 0.594, P = 0.401, P = 0.320, respectively), as shown in
Figure 8.

Discussion
The aggressiveness of GBC and the relative paucity of bio-
logical markers were the driving factors for this study.
The focus was on protein-based markers, with the overall
goal of community-based prevention and early detection of
pre-existing inflammatory lesions. Our study appears to be the
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first comprehensive analysis of signature proteins, followed
by their validation using independent sets of protein lysates

alongside corresponding RNA-based expression. To date,
there are only two previously published studies that establish
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diagnostic markers for GBC by comparing protein expression
in both inflammatory conditions and cancer. The first study
from China [18] found that Annexin A4 was upregulated,
while Hsp90B and Dync1h1 were downregulated in GBC
(n = 10) compared to inflammatory lesions (n = 10), using the
2DE-MALDI-TOF technique. The second, an Indian study [19],
used the LC-MS/MS (iTRAQ) technique and identified that
prosaposin was upregulated and transgelin (TAGLN) was
downregulated in GBC (n = 10) compared to normal gallbladder
tissue (n = 10). However, both studies had the following
limitations: (a) the study by Huang et al. [18] was limited to
the discovery phase only, with no further clinical validation;
(b) clinical phenotypes of the samples used in the studies were
not homogeneous; (c) findings were not clinically correlated in
the studies; and (d) protein–protein interaction analysis and
the functional role of identified proteins in cancer were not
established.

Regarding the presence of gallbladder inflammation and
its link to cancer development, it is crucial to recognize that
while gallstones commonly cause inflammation, they are not
the sole contributor; other factors also play a role. Our focus
is on chronic inflammation in various forms, including acalcu-
lous cholecystitis (inflammation without stones), inflammation
due to chronic typhoid infection, and xanthogranulomatous
cholecystitis. Incidental gallbladder cancer (IGBC) cases, iden-
tified without suspicion of malignancy, further emphasize this
point, with an incidence ranging from 0.19% to 3.3% [20]. These
diverse inflammatory conditions, regardless of the presence of
stones, are essential in understanding GBC pathogenesis.

In our study, we used a label-free LC-MS/MS technique
on 20 homogeneous tissue samples (ten cancer cases and ten
inflammatory lesions) for the discovery phase. At a cutoff of log2
fold change ≥2, we identified three significantly upregulated

proteins (S100P, PIGR, C1QBP) and two downregulated proteins
(TAGLN and CNN1). The remaining 13 proteins were identi-
fied as downregulated at log2 fold change ≤2. The five DEPs
(S100P, PIGR, C1QBP, TAGLN, and CNN1) were validated by
ELISA in an independent set of 80 gallbladder tissue samples
(40 cancer cases and 40 inflammatory lesions). Significant dif-
ferences were observed in the protein concentration levels of
S100P, PIGR, C1QBP, TAGLN, and CNN1 between cancer and
inflammatory lesions (P = 0.0006, P = 0.0032, P = 0.0008,
P < 0.0001, P = 0.0094, respectively). Exposure to carcinogens
can potentially transform normal gallbladder epithelium into
a state of metaplasia, leading to dysplasia and eventually CIS,
which can progress to invasive carcinoma. Notably, over 90%
of individuals diagnosed with gallbladder carcinoma exhibit
signs of dysplasia and CIS [21]. In our study, the low expression
of upregulated proteins in inflammatory lesions suggests an
ongoing neoplastic process beyond the morphological detection
limits of available modalities.

To investigate the transcriptional profile of the signature
proteins (S100P, PIGR, C1QBP, TAGLN, and CNN1) in carcino-
genesis, we examined their corresponding mRNA expression
in both clinical phenotypes (GBC and inflammatory lesions).
The primary objective was to identify the corresponding
fold changes between mRNA and protein expression levels.
Although a comparable difference was noted between the clin-
ical phenotypes at the mRNA expression level for all the
genes, the majority of the samples showed negligible fold
changes, which may or may not be detectable by conven-
tional real-time PCR. Therefore, our results confirmed that
a protein-based assay has relatively higher resolution for
detecting changes in protein expression compared to mRNA
expression and may assist in risk stratification with greater
precision.
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Figure 7. Kaplan–Meier survival curves. (A) S100P concentration (cut-off value 5.353 ng/mL, P = 0.377); (B) PIGR concentration (cut-off value 1068 pg/mL,
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The clinicopathological characteristics of patients in the
validation phase (n = 80) were correlated with S100P, PIGR,
C1QBP, TAGLN, and CNN1 concentrations at their respective
optimal cut-off values (5.353 ng/μg, 1068 pg/μg, 10.32 ng/μg,
12.66 ng/μg, and 19.79 ng/μg, respectively), as shown in Table 1
and Table S4. The signal transduction mechanisms of these
signature proteins were established based on our clinical out-
comes and in reference to previously published studies on the
identified proteins.

S100P: This signaling molecule mediates multiple trans-
duction pathways through Ca2+ ion activation, as depicted in
Figure S2. In our study, S100P expression was significantly

correlated with the clinical phenotype of gallbladder conditions
(cancer vs inflammatory lesions; P = 0.0001), differentiation
(well/moderate vs poor; P = 0.0491), calcium levels (P = 0.039),
preoperative bilirubin levels (conjugated; P = 0.0189), and
CEA marker (P = 0.04). These clinical findings align with our
study outcomes and are consistent with established pathways
in GBC. Several studies have elucidated the role of S100P as a
diagnostic marker in cancers. For example, Aishima et al. [21]
reported that S100P expression is associated with the pro-
gression from low-grade to high-grade biliary intraepithelial
neoplasia and serves as a strong early detection marker for
cholangiocarcinoma. Similarly, Mathai et al. [22] found that
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Table 2. Univariate and multivariate analysis of prognostic factors in GBC cases (n = 40)

Characteristics n Univariate cox regression Multivariate cox regression

Hazard ratio [95% CI] P value Hazard ratio [95% CI] P value

S100P <5.35 ng/μg (ref) 19 1.58 [0.56–4.46] 0.39 0.12 [0.01–2.66] 0.18

≥5.35 ng/μg 21

PIGR <1068 pg/μg (ref) 8 0.94 [0.26–3.33] 0.92 0.22 [0.01–4.87] 0.34

≥1068 pg/μg 32

C1QBP <10.32 ng/μg (ref) 19 1.14 [0.41–3.15] 0.8 4.87 [0.12–7.39] 0.94

≥10.32 ng/μg 21

TAGLN <12.66 ng/μg (ref) 28 0.34 [0.08–1.51] 0.16 0.73 [0.03–16.89] 0.85

≥12.66 ng/μg 12

CNN1 <19.79 ng/μg (ref) 28 1.38 [0.43–4.44] 0.59 3.07 [0.44–21.15] 0.26

≥19.79 ng/μg 12

Age <60 (ref) 32 1.71 [0.58–5.0] 0.33 1.24 [0.08–19.08] 0.88

≥60 8

Gender Male (ref) 13 0.40 [0.14–1.16] 0.09 3.52 [0.21–59.41] 0.38

Female 27

Tumor size T1/T2 (ref) 23 4.89 [1.62–14.77] 0.005* 34.22 [0.60–1959.46] 0.09

T3/T4 17

Lymph node metastasis N0 (ref) 29 0.05 [0.01–0.24] 0.0001* 0.01 [0.001–0.22] 0.004*

N1/N2 11

Differentiation Poor (ref) 8 1.31 [0.42–4.2] 0.64

Well/moderate 11

Distant Metastasis No (ref) 21 13.04 [2.77–61.37] 0.001* 2.76 [0.07–107.49] 0.59

Yes 19

Gall stones No (ref) 37 NE

Yes 3

Dietary habit Veg (ref) 24 0.78 [0.25–2.47] 0.67

Non veg 16

Smoking No (ref) 37 0.85 [0.11–6.45] 0.87

Yes 3

Alcohol No (ref) 37 1.19 [0.27–5.3] 0.82

Yes 3

Urea (mg/dL) <40.0 (ref) 36 1.33 [0.30–5.91] 0.79

≥40.0 4

Creatine (mg/dL) <1.0 (ref) 37 1.82 [0.41–8.08] 0.43

≥1.0 3

Calcium (mg/dL) <10.5 (ref) 37 1.02 [0.13–7.87] 0.98

≥10.5 3

Bilirubin (Total); mg/dL <1.20 (ref) 35 4.89 [1.58–15.11] 0.006* 9.88 [0.21–462.90] 0.24

≥1.20 5

Bilirubin (conjugated); mg/dL <0.30 (ref) 29 2.32 [0.73–7.35] 0.15

≥0.30 11

Bilirubin (unconjugated); mg/dL <0.90 (ref) 35 3.39 [1.04–11.09] 0.04* 0.49 [0.06–4.24] 0.52

≥0.90 5
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Table 2. Continued

Characteristics n Univariate cox regression Multivariate cox regression

Hazard ratio [95% CI] P value Hazard ratio [95% CI] P value

SGOT (AST); U/L <40.00 (ref) 31 1.94 [0.60–6.28] 0.27

≥40.00 9

SGPT (ALT); U/L <45.00 (ref) 28 1.07 [0.34–3.40] 0.91

≥45.00 12

Total protein, g/dL <8.00 (ref) 36 0.53 [0.07–4.03] 0.54

≥8.00 4

Albumin (g/dL) <5.00 (ref) 39 NE -

≥5.00 1

Globulin (g/dL) <3.5 (ref) 36 0.57 [0.07–4.36] 0.59

≥3.5 4

*P < 0.05; NE: Not estimable; CI: Confidence interval; ref: Reference value; S100P: S100 calcium-binding protein P; PIGR: Polymeric immunoglobulin
receptor; C1QBP: Complement C1q-binding protein; TAGLN: Transgelin; CNN1: Calponin 1; SGOT: Serum glutamic oxaloacetic transaminase; SGPT: Serum
glutamic pyruvic transaminase.

S100P overexpression strongly correlates with GBC advance-
ment and poor survival. Moreover, one study suggested that
LASP-1 and S100P are two therapeutic targets that inhibit GBC
aggressiveness and metastasis [23].

Parkila et al. [24] evaluated S100P protein and corre-
sponding mRNA expression levels in normal and tumor tis-
sues of various organs using immunohistochemistry (IHC) and
real-time PCR, respectively. They found that S100P protein
expression was highly elevated in all tumor tissues, with the
most prominent expression observed in gastric tumors. The
authors [24] suggested that the high expression level of S100P
in tumor tissues could serve as a potential target marker for
diagnostic applications. Consistent with the above-published
studies, our results also demonstrated a significant correla-
tion between S100P mRNA expression levels in cancerous and
inflammatory lesions of the gallbladder (P = 0.0458). Thus,
our study indicates that high expression of S100P protein and
mRNA is found in GBC compared to inflammatory lesions of the
gallbladder.

PIGR: The polymeric immunoglobulin receptor (PIGR) is
a transmembrane protein involved in cancer signaling path-
ways, as illustrated in Figure S3. In the current study, PIGR
expression was significantly correlated with the clinical phe-
notype (cancer vs inflammatory lesions; P = 0.0006) and AFP
(P = 0.045). Similar results are available in the Human Protein
Atlas (HPA) database (https://www.proteinatlas.org/), which
indicates high PIGR expression in cancerous tissues of the gas-
trointestinal mucosa, kidney, gallbladder, and urinary bladder
compared to non-cancerous tissues. Increased PIGR expres-
sion has also been observed in the gastrointestinal tract and
hepatocellular carcinoma [25]. Our study showed higher PIGR
expression in GBC tissues compared to inflammatory lesions of
the gallbladder, suggesting its potential as an early detection
marker in pre-existing inflammatory lesions.

A previously published study by Okhuma et al. [26] com-
pared PIGR mRNA (data downloaded from the TCGA database)
and protein (IHC) expression in pancreatic cancer. It was
observed that expression was higher in the treated group com-
pared to the untreated group, further supporting that higher
levels of PIGR mRNA and protein are independent prognostic
factors. To the best of our knowledge, our study is the first to
assess PIGR mRNA and protein levels in clinical samples. The
results of our study are consistent with previously published
findings.

C1QBP: Complement C1q binding protein is involved in can-
cer signaling pathways, as depicted in Figure S4. Our study
revealed significantly higher expression of C1QBP in GBC
compared to inflammatory lesions (P < 0.0001). Previous
studies [27–30] have suggested that C1QBP acts as a diagnostic
marker in cancer patients and is related to metastasis, progres-
sion, and poor OS. Our study on GBC aligns with these estab-
lished findings, reporting a significant correlation between
C1QBP and lymph node metastasis (P = 0.0010), tumor differ-
entiation (well/moderate vs poor; P = 0.0491), cholelithiasis
(P = 0.0139), and preoperative bilirubin levels (conjugated:
P = 0.0408; unconjugated: P = 0.0406).

In a study by Shen et al. [31], C1QBP mRNA and protein
expression were compared in cholangiocarcinoma cell lines
(four cell lines) and normal cell lines (one cell line) using
RT-PCR and western blot, respectively. They found signif-
icantly higher C1QBP mRNA and protein expression in the
cholangiocarcinoma cell lines compared to the normal cell lines.
Our study is unique, as there is no published data available to
date that reports C1QBP protein and mRNA expression in tissue
lysates from GBC cases.

TAGLN: Transgelin is an actin-binding protein that serves
as a marker for smooth muscle differentiation [32]. The grad-
ual loss of TAGLN function contributes to tumor progression
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Figure 8. Box violin plots showing relative mRNA expression levels in inflammatory and cancer cases. (A) S100P (P = 0.0458); (B) PIGR (P = 0.575);
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and serves as a diagnostic marker in breast and colon can-
cer development [33, 34]. Our study also observed a similar
trend, reporting lower expression of TAGLN in GBC compared
to inflammatory lesions (P < 0.0001). Additionally, we found
that TAGLN depletion inversely correlates with preoperative
bilirubin levels (unconjugated; P = 0.003), which serves as an
indicative marker of tumorigenicity in cancer cells. The signal
transduction pathway involved in cancer cells is illustrated in
Figure S5.

A study by Tsui et al. [35] compared the expression levels
of TAGLN in bladder carcinoma cells to normal bladder tissues
using RT-PCR and western blot analysis. They observed higher
mRNA and protein expression levels of TAGLN in normal tis-
sues compared to carcinoma cells. In our study, we found that
the fold change level of mRNA in inflammatory lesions was
relatively higher compared to the fold change level of mRNA
expression in cancer cases. However, no significant correlation
was found.

CNN1: The calponin protein plays a crucial role as a cytoskele-
tal protein and mediator of signal transduction, as illustrated
in Figure S6. Several studies have identified CNN1 as a tumor
suppressor, noting its decreased expression in various can-
cers, such as ovarian cancer, hepatocellular carcinoma, breast
cancer, and colorectal cancer (CRC) [36–39]. Consistent with
these findings, we also observed low expression of CNN1 in GBC
compared to inflammatory lesions. Furthermore, our findings
showed significant correlations between CNN1 expression lev-
els and clinical phenotypes (cancer vs inflammatory lesions;
P < 0.0001), urea (P = 0.0077), preoperative bilirubin lev-
els (unconjugated; P = 0.0106), globulin (P = 0.0001), CEA
(P = 0.003), and AFP (P = 0.05), suggesting its involvement
in cell invasion and progression through pre-existing inflam-
matory conditions. A previously published study by Mamoor
et al. [38] elucidated the role of CNN1 mRNA and protein expres-
sion in breast cancer tissues and adjacent normal tissues using a
dataset from GEO2R. They reported decreased CNN1 expression
in tumor tissues compared to adjacent normal tissues, correlat-
ing with poor OS in patients.

Our study is likely the first to report TAGLN and CNN1 pro-
tein expression and their corresponding mRNA expression in
tissue lysates of GBC cases and inflammatory lesions.

As per Kaplan–Meier curve analysis, high S100P, PIGR,
C1QBP, TAGLN, and CNN1 protein concentrations in GBC cases
resulted in poor OS (P = 0.377, P = 0.9206, P = 0.7967,
P = 0.1393, P = 0.5354, respectively). Further univariate and
multivariate analyses in GBC cases were conducted to inves-
tigate the prognostic factors involved in OS. In the univari-
ate analysis, tumor size (T1/T2 vs T3/T4), lymph node metas-
tasis (N0 vs N1/N2), and distant metastasis (with vs with-
out metastasis) showed significant correlations with poor OS
(P = 0.005, P = 0.0001, P = 0.001, respectively). Several
studies [40–42] have also elucidated that tumor size is related
to poor OS in GBC patients. Further studies [43–47] reported
that lymph node metastasis and distant metastasis are critical
prognostic factors. Our study results showed a significant corre-
lation between preoperative total bilirubin levels (mg/dL) and

unconjugatedbilirubin levels (mg/dL) with poor OS (P = 0.006,
P = 0.04, respectively). It was also observed that the hazard
ratio for tumor size increases (from 4.8 to 7.7) with elevated
bilirubin (total) levels in the adjusted univariate analysis. Sim-
ilar to our results, three previously published studies [48–50]
reported that high preoperative bilirubin levels are indepen-
dent prognostic markers for poor OS in GBC.

In the multivariate analysis, lymph node metastasis (N0 vs
N1/N2) revealed a significantly worse prognosis in cancer cases
(P = 0.004). Our multivariate analysis also observed a signif-
icant correlation between the five DEPs and both tumor size
(P = 0.09) and lymph node metastasis (P = 0.04). These findings
suggest that the five DEPs, along with other parameters, impact
patient survival by increasing the hazard ratio for tumor size
from 4.89 to 34.22. When all five biomarkers were evaluated
together for their impact on OS, TAGLN emerged as significant
(P = 0.049), indicating its potential as a prognostic marker.
However, when the upregulated proteins (S100P, PIGR, C1QBP)
and downregulated proteins (TAGLN, CNN1) were evaluated
separately, neither group showed a significant impact on OS.
Furthermore, our adjusted univariate analysis revealed that the
hazard ratio for tumor size increases with bilirubin levels, ris-
ing from 4.89 to 5.7. Based on all the above results, this suggests
a potential unexplored relationship between the expression lev-
els of the DEPs and bilirubin levels, which may contribute to
the progression of gallbladder inflammatory lesions to invasive
cancer.

The identified signature proteins need further validation in
serum/plasma for clinical diagnostic use in future large cohorts.
This may establish robust diagnostic parameters that may be
missed due to the tissue heterogeneity of samples and the small
sample size used in the validation phase.

Conclusion
This study identified a panel of five protein-based diagnostic
biomarkers (S100P, PIGR, C1QBP, TAGLN, and CNN1) poten-
tially involved in the progression of gallbladder inflammatory
lesions to invasive cancer. The signal transduction mechanisms
highlighted the roles of these signature proteins in cancer
metastasis and invasiveness. However, due to the small sample
size, further analysis with a larger cohort is necessary to vali-
date these biomarkers for diagnostic purposes. The study also
suggests that protein-based assays may provide better resolu-
tion for GBC risk stratification compared to mRNA-based assays
for future clinical use.
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Supplemental data

Table S1. Differentially expressed proteins by LC-MS/MS at Log2 fold change of 1 and P < 0.05

Accession Gene symbol Chromosome Coverage [%] MW [kDa] calc. pI PSMs
Unique
peptides

Log2FC at
P < 0.05

Abundance
ratio: (Cancer) /
(Inflammatory
lesion (control))

P25815 S100P 4 72 10.4 4.88 134 4 2.7 6.654

P01833 PIGR 1 61 83.2 5.74 347 32 2.1 4.569

A8K651 C1QBP 17 50 31.4 4.84 143 7 2 4.22

Q01995 TAGLN 11 67 22.6 8.84 785 14 2.1 0.219

P51911 CNN1 19 62 33.2 9.07 312 11 2 0.247

B4DPZ5 PTRF 17 26 40.5 5.25 148 8 1.8 0.269

Q53SB5 DES 2 68 53.5 5.27 990 24 1.7 0.292

Q9NZN4 EHD2 19 55 61.1 6.46 426 21 1.6 0.317

Q15124 PGM5 9 65 62.2 7.21 308 24 1.6 0.324

Q16853 AOC3 17 27 84.6 6.52 253 13 1.6 0.322

P17050 NAGA 22 21 46.5 5.19 67 6 1.6 0.313

P51884 LUM 12 41 38.4 6.61 863 8 1.3 0.392

Q14315 FLNC 7 59 290.8 5.97 1133 92 1.2 0.421

P07585 DCN 12 47 39.7 8.54 202 12 1.2 0.428

P35749 MYH11 16 56 227.2 5.5 2512 75 1.2 0.426

Q7Z532 OGN 9 44 33.9 5.48 247 11 1 0.497

Q9BRX8 FAM213A 10 21 25.7 8.84 59 4 1 0.498

A0A384MR27 LGALS1 22 90 14.7 5.5 677 9 1 0.469

LC-MS/MS: Label-free liquid chromatography assisted tandem mass spectrometry.
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Table S3. Clinical staging characteristics of patients included in the validation phase of the study (n = 40)

S. No. Clinical sample Phenotype Staging

1 Sample 1 Cancer pT2N0

2 Sample 2 Cancer pT2N2

3 Sample 3 Cancer pT2aN0

4 Sample 4 Cancer pT3pNo

5 Sample 5 Cancer pT1bpN0

6 Sample 6 Cancer pT2apN0

7 Sample 7 Cancer pT2b pN0 cM0

8 Sample 8 Cancer pT4N1M1

9 Sample 9 Cancer pT2apN1cM0

10 Sample 10 Cancer pT3pN1cM0

11 Sample 11 Cancer pT3N0Mx

12 Sample 12 Cancer pT2bN0

13 Sample 13 Cancer pT2a

14 Sample 14 Cancer pT3 No

15 Sample 15 Cancer pT3pN0

16 Sample 16 Cancer pT3pN0cM0

17 Sample 17 Cancer pT3 pN0

18 Sample 18 Cancer pT1b pNo

19 Sample 19 Cancer pT3pN0

20 Sample 20 Cancer pT3pN1

21 Sample 21 Cancer pT2pN0Mx

22 Sample 22 Cancer ypT3N0Mx

23 Sample 23 Cancer pT2 pN0 cM0

24 Sample 24 Cancer pT2apN1

25 Sample 25 Cancer pT1bpN0

26 Sample 26 Cancer pT3pN0

27 Sample 27 Cancer pT1b pNo

28 Sample 28 Cancer pT2b pNo

29 Sample 29 Cancer pT3N1Mx

30 Sample 30 Cancer pT3N1

31 Sample 31 Cancer pTis pN0 cM0

32 Sample 32 Cancer pT3No

33 Sample 33 Cancer pT1bpN0Mx

34 Sample 34 Cancer T1a No

35 Sample 35 Cancer pT3pM1

36 Sample 36 Cancer PT1b No

37 Sample 37 Cancer pT1b pNo

38 Sample 38 Cancer pT2 pN1 cM0

39 Sample 39 Cancer pT4N1M0

40 Sample 40 Cancer pT2aN0
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Table S5. Multivariate analysis of prognostic factors in GBC cases (n = 40)

Characteristics n Multivariate cox regression (S100P,
PIGR, C1QBP, TAGLN, CNN1)

Multivariate cox regression (Upregulating
proteins-S100P, PIGR, C1QBP)

Multivariate cox regression
(Downregulating proteins-TAGLN, CNN1)

Hazard ratio [95% CI] P value Hazard ratio [95% CI] P value Hazard ratio [95% CI] P value
S100P <5.35 ng/μg (ref) 19 1.45[0.394–5.35] 0.57 1.7[0.535-5.42] 0.36 0.321[0.07-1.45] 0.14

≥5.35 ng/μg 21
PIGR <1068 pg/μg (ref) 8 1.45 [0.29–7.17] 0.644 0.768 [0.198-2.97] 0.703 1.54 [0.47-5.09] 0.47

≥1068 pg/μg 32
C1QBP <10.32 ng/μg (ref) 19 2.07 [0.525–8.21] 0.297 0.97 [0.33-2.84] 0.967 – –

≥10.32 ng/μg 21
TAGLN <12.66 ng/μg (ref) 28 0.17 [0.03–0.99] 0.049* – – – –

≥12.66 ng/μg 12
CNN1 <19.79 ng/μg (ref) 28 1.18 [0.32–4.23] 0.79 – – – –

≥19.79 ng/μg 12

*P < 0.05. S100P: S100 calcium-binding protein P; PIGR: Polymeric immunoglobulin receptor; C1QBP: Complement C1q-binding protein; TAGLN: Transgelin;
CNN1: Calponin 1.
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Figure S1. Continued on next page
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Figure S1. (Continued) (A) Normalization of differentially expressed proteins. The left panel represents the pre-normalization curve, and the right panel
represents the post-normalization curve. (B) 2D Score plot differentiating gallbladder inflammatory lesions from cancer. Principal component analysis (PCA):
principal component 1 (PC1) and principal component 2 (PC2) are plotted on the x and y axes, respectively, accounting for 36.3% of the variation. Pink and
green ovals represent the clustering regions of cancer and inflammatory lesion groups, respectively, with a 95% confidence interval.
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Figure S2. Various signaling molecules, such as glucocorticoids, androgens, progesterone, BMP4 (which activates SMAD), and IL-6 (which activates
the downstream signaling molecule STAT3), regulate the transcriptional activity of S100P in cancer cells. The S100P protein is expressed in an inactive
state and is activated by calcium ions to form active homodimers. These homodimers then interact with target proteins such as ezrin, a multidomain
protein involved in adhesion, cell differentiation, and migration. Additionally, the S100P dimer activates cytokeratins through phosphorylation while reducing
actin levels, ultimately affecting cell motility in cancer cells. The receptor for advanced glycation end products (RAGE), a member of the immunoglobulin
superfamily, is present on the cell surface. S100P acts as a ligand that binds to RAGE, activating several signaling pathways, including mitogen-activated
protein kinase (MAPK), nuclear factor-kappa B (NF-κB), extracellular signal-regulated kinase (ERK), and serine/threonine protein kinase pathways. Activation
of these pathways leads to cell proliferation and survival. Another signal transduction pathway involves the interaction between CacyBP/SIP and S100P,
which promotes the degradation of beta-catenin and regulates tumorigenesis in tumor cells. Moreover, the S100P homodimer upregulates the expression of
cathepsin D, leading to the degradation of the extracellular matrix and promoting tumor invasiveness. A feedback loop exists in which high levels of S100P
suppress endogenous S100P mRNA. The glucocorticoid-mediated S100P pathway plays a critical role in cancer therapies. During tumor progression, certain
nonsteroidal anti-inflammatory drugs (NSAIDs) also impact S100P expression. In pancreatic cells, 5-methyl cromolyn, an S100P inhibitor, binds to the RAGE
receptor and inhibits tumor metastasis and growth. Another therapeutic approach involves using a RAGE-antagonistic peptide that blocks the interaction
between RAGE and S100P. Additionally, the invasion of S100P-positive cells is suppressed by protease inhibitors such as aprotinin or α-2-antiplasmin.
S100P: S100 calcium-binding protein P.
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Figure S3. PIGR signaling pathway in cancer. Mechanistically, PIGR binds to dimerized IgA and IgM on the basolateral surface of gut epithelial cells,
followed by the endocytosis of IgA into vesicles. PIGR then transports IgA, becoming part of the secreted IgA molecule, which is further transported from
the lamina propria across the epithelial barrier to the mucosal lumen. This process enables PIGR to serve as a link between the innate and adaptive immune
responses. The expression of PIGR is regulated by immune system mediators such as interferon-gamma (IFNγ) and tumor necrosis factor-alpha (TNFα).
Various immune signaling cascades, including Toll-like receptor (TLR) activation and inflammatory cytokine signaling, also directly influence the upregulation
of the PIGR gene. NF-κB activation subsequently enhances the transcytosis of PIGR: PIg. PIGR-IgA transcytosis induces transcriptional changes that promote
inflammatory pathways in cancer cells, including the upregulation of interferon-gamma receptors, the downregulation of tumor-promoting ephrins, and
antagonism of the RAS pathway. This sensitizes tumor cells to cytolytic killing by T cells. Consequently, tumor-dependent antibodies facilitate the destruction
of cancer cells through antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) mechanisms. PIGR: Polymeric
immunoglobulin receptor.
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Figure S4. C1QBP function as a ligand in cancer cell signaling pathway. C1QBP binds to αvβ3 integrin and recruits IκB kinase, which phosphorylates
IκB, leading to the translocation of NF-κB into the nucleus. This promotes the expression of metalloproteinases, resulting in extracellular matrix (ECM)
degradation and cancer cell invasion. C1QBP also phosphorylates receptor tyrosine kinases, activating the mTOR and MEK/ERK pathways. ERK facilitates
the translocation of C1QBP to the nucleus, where it binds to PKC, activating PKC-dependent signaling, which is crucial for metastasis and the inhibition of
apoptosis. In mitochondria, C1QBP enhances mitochondrial fusion, metabolism, and quality control, promoting tumor progression, therapeutic resistance,
and serving as a diagnostic marker. In immune cells, C1QBP increases oxidative phosphorylation, fatty acid metabolism, and endoplasmic reticulum
expansion. These processes contribute to T cell differentiation, adaptation to the tumor microenvironment (TME), dendritic cell maturation, T cell infiltration,
and antitumor mechanisms. Targeting C1QBP through CAR T cell therapy is a promising approach for cancer treatment. Additionally, nanoparticle drugs such
as CGKRK and C1QBP-binding peptide inhibitors are potential therapeutic targets. C1QBP: Complement C1q-binding protein.
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Figure S5. TAGLN signaling pathway involved in cancer. TAGLN functions as a tumor suppressor gene and is found to be downregulated in tumor cells.
The downregulation of TAGLN leads to actin disruption, resulting in increased cell invasiveness. In the signal transduction pathway, decreased TAGLN
expression activates the oncogenic RAS pathway, which in turn activates RHO GTPases, promoting cytoskeleton remodeling and increasing reactive oxygen
species (ROS) levels. Subsequently, IκB kinase is recruited, phosphorylating IκB and translocating NF-κB to the nucleus. This triggers the overexpression of
metallomatrix protease-9 (MMP9), which drives metastasis. Additionally, the reduced expression of TAGLN activates androgen receptor signaling, further
contributing to metastasis. Moreover, low TAGLN expression inhibits its binding to p53, leading to unchecked cell proliferation. TAGLN: Transgelin.
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Figure S6. CNN1 signaling pathway involved in cancer. CNN1 recruits PKC/ERK through its structural domain, further activating the mTOR pathway,
which leads to cell proliferation. Malignant tumor cells secrete various growth factors, such as PDGF-BB, which suppress CNN1 expression. CNN1 plays a
crucial role in cytoskeletal remodeling and signal transduction due to its structural domain. Decreased CNN1 expression destabilizes F-actin, enhancing cell
motility. In signal transduction, low CNN1 expression reduces levels of dickkopf-1 (DKK1) and tissue inhibitor of metalloproteinases-2 (TIMP-2). This leads to
the overexpression of metalloproteinases (MMP2/MMP9), activating the β-catenin/Wnt/c-myc signaling pathways, which promote cell invasion, migration,
epithelial–mesenchymal transition (EMT), and angiogenesis in tumor cells. A potential therapeutic approach involves the use of PDGF antagonists, such as
neomycin, to target these pathways in cancer treatment. CNN1: Calponin 1.
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