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Abstract

Cervical cancer (CC) affects women worldwide, and more than 95% of cases are caused
by persistent infection with high-risk human papillomavirus (HR-HPV), such as type 16,
which promotes the progression of precancerous lesions to cancer. This study aimed to
identify differentially expressed proteins (DEPs) in biopsies from patients with HPV16+
low-grade squamous intraepithelial lesions (LSILs) and from patients with HPV16+ squa-
mous cell carcinoma (SCC) compared with those from HPV-negative normal cervical tis-
sue (NCT HPV-) controls. The samples were analyzed by high-performance liquid chro-
matography-tandem mass spectrometry (HPLC-MS/MS) using a data-independent ac-
quisition (DIA) approach. Data processing and differential protein expression analysis
were performed with the DIA-NN software (Data-Independent Acquisition Neural Net-
works), followed by bioinformatics analyses, including Venn diagrams, pathway enrich-
ment, functional interactome, The Cancer Genome Atlas (TCGA)-SCC data integration,
and Western blot detection. In total, 1607 DEPs associated with cell adhesion and extra-
cellular matrix proteins were identified in LSILs, whereas 1516 DEPs associated with cat-
alytic and transport activities were identified in SCC; the proteins overexpressed in LSILs
(332) were enriched in processes such as metabolism, immune response activation, and
stress and cell death responses. In contrast, proteins overexpressed in SCC (205) were as-
sociated with the cell cycle, DNA damage, drug metabolism, proteasome degradation,
methylation, and immune response. Interaction analyses highlighted proteins related to
early proteins 1,5,6 and 7 (E1, E5, E6, and E7). In terms of the two DEPs, 5100 calcium
binding protein A10 (S100A10/p11) and thymidine phosphorylase (TYMP) were detected
in patients with LSIL, HSIL, and SCC at the protein level, consistent with their higher
transcript levels in public datasets. Given the small, exploratory cohort, these findings are
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hypothesis-generating, and validation in a larger, balanced, independent cohort is re-
quired. In conclusion, this study identified DEPs associated with the progression of
premalignant lesions to SCC that may represent candidate biomarkers and therapeutic
targets warranting further investigation.

Keywords: LSIL; SCC; HPV16; proteomic; S100A10 and TYMP

1. Introduction

Cervical cancer (CC) is the fourth most common cancer in women, with an incidence
of 600,000 cases and 348,189 deaths worldwide [1]. Approximately 95% of cervical cancer
cases are associated with high-risk human papillomavirus (HR-HPV) infection [2]. This is
due primarily to oncogenic HPV16, which is detected in 65-72% of squamous cell carci-
noma (SCC) cases [3]. The progression of precancerous lesions to more advanced stages
of the disease is driven by host risk factors (age, multiparity, and number of sexual part-
ners, among others) and by viral characteristics (viral genotype, coinfections, viral load,
and integration) [4]. The overexpression and direct or indirect interactions of HR-HPV E5,
E6, and E7 oncoproteins with host proteins affect molecular mechanisms such as cell pro-
liferation, metabolism, apoptosis, differentiation, and genomic instability, processes that
are considered hallmarks of cervical cancer progression [5]. In omics studies, proteomics
has enabled the identification of biomarkers, the elucidation of molecular mechanisms as-
sociated with disease progression, and the discovery of new therapeutic targets [6]. Pro-
teomics studies have been performed using various biological conditions, such as biopsies
[7], cervicovaginal fluid [8], and body fluids such as serum [9], and using various clinical
characteristics, histological classifications, HPV genotypes, and disease stages. These
studies have allowed the identification of a wide variety of differentially expressed pro-
teins that could be validated; however, the significant clinical variability and different
data analysis strategies have complicated the validation process because of interindivid-
ual variability among patients. Several proteomic studies have been conducted in cell lines
[10] to examine the molecular mechanisms underlying proliferation [11], metastasis [6],
signaling pathways [12], and drug resistance [13]. However, through various omics stud-
ies on cervical cancer, molecular signatures associated with SCC progression have been
identified, such as the presence of mutations in phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit alpha (PIK3CA), which promote glycolysis and cell proliferation,
in addition to mutations in genes such as MYC proto-oncogene (MYC), erb-b2 receptor
tyrosine kinase 2 (ERBB2), GLI family zinc finger 2 (GLI2), NCK interacting kinase (TNIK),
nuclear receptor subfamily 4 group A member 2 (NR4A2), prospero homeobox 1 (PROX1),
argonaute RISC catalytic component 2 (AGO2), TOG array regulator of axonemal micro-
tubules 1 (FAM179B) and Serpin family B member 4 (SERPINB4) that increase their ex-
pression as a function of HPV integration in SCC [14]. Molecular signatures associated
with therapeutic resistance have been identified in SCC, in which overexpression of mucin
4 and 12, cell surface associated (MUC12, MUC4), microtubule actin crosslinking factor 1
(MACF1), obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF (OBSCN), Fi-
brocystin-L/Polycystic kidney and hepatic disease 1-like protein 1 (PKHDI1L1), plectin
(PLEC), and LDL receptor related protein 1B (LRP1B) was associated with radiotherapy
resistance [15].

Through integrated omics studies using tools such as genomics, transcriptomics, and
proteomics (phosphoproteomics and acetylproteomics), a new molecular stratification
method based on proteomics was proposed, correlating prognostic data, genetic altera-
tions, immune infiltration, and some post-translational modifications, revealing that post-
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translational modifications (PTMs) such as the acetylation of FOS-like antigen 2/acetyla-
tion at lysine 222 (FOSL2-K222) by E1A binding protein p300 (EP300) were associated with
proliferation in CC and that the overexpression of protein kinase C beta (PRKCB) could
be helpful as a marker of the response to chemotherapy [16]. Proteomics has also enabled
the identification of proteins with a relevant role as biomarkers in the progression of early
lesions to cancer, as is the case for minichromosome maintenance 10 replication initiation
factor (MCM10) in CC [17].

However, these studies have primarily been conducted in Asian and European pop-
ulations, whereas in Latin American countries, the number of proteomic studies is mini-
mal. A survey of CC cell lines (HeLa, CaLo, SiHa, Caski, ViBo, and C-33A) using two-
dimensional electrophoresis and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) revealed 14-3-3 protein zeta/delta (14-3-3C) as a
key player in malignant transformation [18]. In another study in which biopsies from pa-
tients with SCC were compared with those from normal cervical cells by two-dimensional
difference gel electrophoresis (2D-DIGE) and MALDI-TOF-MS, osteoglycin (OGN), actin
alpha 2, smooth muscle (ACTA2), lumican (LUM), peroxiredoxin 1 (PRDX1), stratifin
(SFN), enolase 1 (ENOL1), and keratin 5 (KRT5) were identified as differentially expressed
proteins and potential therapeutic targets [7].

In this work, by means of proteomics (HPLC-MS/MS), data-independent acquisition
and bioinformatics analysis, DEPs were identified in LSIL HPV16+ and SCC HPV16+ cer-
vical tissue compared with NCT HPV- related to processes associated with the progres-
sion of premalignant lesions to cancer, revealing their relationships with viral oncopro-
teins E5, E6, and E7 and their probable relationships with chemotherapeutic drugs used
for the treatment of CC that could be associated with chemoresistance.

2. Materials and Methods
2.1. Patients with LSILs, SCC HPV16+, and NCT HPV- and Ethical Statements

Biopsies were from the biobank of the Laboratory of Molecular Biomedicine of the
Faculty of Chemical-Biological Sciences of the Autonomous University of Guerrero
(UAGro) belonging to the National Laboratory of Biobanks (LANBIOBAN) [19]. The bi-
opsies were collected with informed consent and in accordance with the protocol ap-
proved by the Subdireccion de Ensefianza del Instituto Estatal de Cancerologia Dr. Arturo
Beltran Ortega de Acapulco, Guerrero (DGIECAN/CCHGC/CEI/PRO-039-2024: approval
date: 25 April 2024). The biopsies came from patients who were captured for the first time
(newly diagnosed) and who did not receive any chemotherapy treatment.

Patient samples were included based on the following criteria: (a) samples from pa-
tients with histopathologically confirmed diagnoses of low-grade intraepithelial lesion
(LSIL) and squamous cell cervical carcinoma (SCC), (b) with HPV16 infection determined
by the Innogenetics line probe assay (HPV genotyping) (INNO-LIPA) (HPV16+) and (c)
HPV-negative normal cervical tissue (NCT HPV-).

For the proteomic discovery phase, 20 biopsies were processed: NCT HPV- (n = 10),
LSIL HPV16+ (n = 3), and SCC HPV16+ (n = 7), one biopsy per patient. After protein ex-
traction, all 20 samples reached the required quantity (250 ug) for reduction, alkylation,
and digestion; during HPLC-MS/MS, one specimen (an SCC sample) failed to achieve ad-
equate chromatographic separation and was excluded. Consequently, 19 final specimens
(NCT HPV-n=10; LSIL HPV16+ n =3; SCC HPV16+ n = 6) met all quality control criteria
and were included in the final proteomic analysis. For Western blot, 8 of 19 of these spec-
imens had sufficient protein (=60 ug); 4 additional biopsies were incorporated (1 LSIL, 2
HSIL, 1 SCC), giving a total of 12 specimens: LSIL (3), HSIL (2), SCC (3) and NCT HPV-
(4). The clinical data of specimens used for HPLC-MS/MS and WB are provided in Sup-
plementary Table S1.
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2.2. Protein Extraction from TRIzol®

Protein extraction was performed from the organic phase obtained after cell lysis us-
ing TRIzol® (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s rec-
ommendations. For each milliliter of TRIzol® used in the lysis, 0.3 mL of absolute ethanol
was added; the mixture was incubated and centrifuged at 2000x g for 5 min at 4 °C to
precipitate deoxyribonucleic acid (DNA). To the resulting supernatant, 1.5 mL of cold iso-
propanol was added to each milliliter of TRIzol® used. The mixture was subsequently
centrifuged at 12,000 g for 10 min at 4 °C. The protein pellet obtained was subsequently
washed with 2 mL of 0.3 M guanidine chloride (Sigma-Aldrich 50-01-1; St. Louis, MO,
USA) in 95% ethanol. The samples were incubated and centrifuged at 7500 g for 5 min at
4 °C. The supernatant was removed, and the pellet was dried for 5-10 min. The proteins
were resuspended in 1% Tris-SDS buffer and stored at 80 °C until further analysis.

2.3. Protein Quantification

Total extracts were quantified using the Pierce 660 nm method (Thermo Fisher Scientific,
Rockford, IL, USA) in a microplate according to the manufacturer’s protocol. Briefly, 10
UL of each bovine serum albumin standard (125, 250, 500, 750, 1000, 1500, and 2000 pg/mL)
and 10 pL of the test samples and the blank (SDS-Tris 1% lysis buffer) were added in
triplicate, after which 150 uL of the protein reagent was added to each well, and the read-
ing was performed on a Multiskan FC plate reader (Thermo Fisher Scientific, Waltham,
MA, USA) after 5 min of shaking. The absorbance was measured at 660 nm. The protein
concentration was determined prior to reduction, alkylation, and enzymatic digestion. In
addition, the peptide concentration was measured using a NanoDrop spectrophotometer
2000c Spectrophotometer(Thermoscientific, Whaltham, MA, USA) before liquid chroma-
tography—tandem mass spectrometry (LC-MS/MS) analysis.

2.4. Digestion, Reduction, and Alkylation

Fifty micrograms of the precipitated protein extract were washed three times with
90% ethanol and resuspended in 50 pL of Tris (pH 8.8). Once dissolved, reduction was
carried out with dithiothreitol (DTT) to a final concentration of 100 mM, and the mixture
was incubated at 56 °C for 30 min, followed by alkylation with iodoacetamide to a final
concentration of 200 mM and incubation in the dark for 30 min. The modified proteins
were solubilized in 50 mM ammonium bicarbonate and 0.5% deoxycholate, after which 1
ug of modified porcine trypsin (purity grade) was added. Digestion was carried out at 37
°C for 16 h. Detergent extraction was performed with ethyl acetate and trifluoroacetic acid
at a final concentration of 0.5%. The organic phase was centrifuged and removed. Finally,
the peptides were dried in a SpeedVac and stored at 80 °C until analysis.

2.5. Analysis by LC-MS/MS
2.5.1. Identification/Quantification of Peptides/Proteins

As previously described, [20] 1 pg of the peptide mixtures was analyzed using a lig-
uid chromatography-mass spectrometry system composed of a Dionex Ultimate 3000
RSLCnano ultra-performance liquid chromatography (UPLC) coupled to a Q Exactive
HF-X mass spectrometer. The mass spectrometer was operated in positive mode, and the
data were acquired using an in-house-developed variable-window data-independent ac-
quisition method. Peptides were loaded and desalted on an Acclaim PepMap100 C18 trap
column (3 pm, 100 A, 75 pumi.d. x 2 cm, nanoViper) with aqueous 0.1% trifluoroacetic acid
(TFA) at a flow rate of 5 uL/min for 6 min. Peptide separation was performed in-line,
connecting the trap column to an EASY-spray RSLC C18 analytical column (2 pm, 100 A,
75 umi.d. x 50 cm) at a flow rate of 300 nL/min. The trap and analytical columns were set
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to 35 °C and 60 °C, respectively. Peptides were separated using a nonlinear gradient over
60 min, starting from 2 to 27% buffer B in 55 min, then from 27 to 35% and from 35 to 55%
over 2 min each, and finally reaching 90% buffer B in 1 min. The acquisition method con-
sisted of a complete acquisition cycle comprising 54 variable-width mass spectrometry
stage 1/stage 2 (MS2) scans and 3 (MS1) scans over the mass range of 385-1460 m/z. The
MS2 window widths were determined from the empirical distribution of signals from
data-dependent acquisition (DDA) runs with similar samples, with a 1 Da overlap be-
tween adjacent windows. The parameters for MS1 were as follows: resolution of 120,000
(@ 200 m/z), automatic gain control (AGC) target of 3 x 10%, and maximum injection time
of 50 ms. For MS2, the resolution was set to 30,000, with an AGC target of 1 x 10¢, automatic
maximum injection time, and normalized collision energy (NCE) of 28.

2.5.2. Bioinformatic Analysis for Peptide and Protein Identification

Raw DIA files were processed with DIA-NN v1.8.1 [21] for precursor search and frag-
ment identification using two-dimensional peak positioning (retention time and precursor
m/z), with spectral library prediction via neural networks. Key search parameters in-
cluded: protein inference = “Genes”, quantification = “Robust LC (High precision)”, cross-
run normalization = “RT-dependent”, with MBR (Match Between Runs), isotopologue
handling, and heuristic protein inference enabled. Searches were performed against the
UniProt human proteome (UP000005640, released 27 July 2024), using trypsin digestion,
fixed carbamidomethylation of cysteines, and variable methionine oxidation. Data har-
monization was performed with MS-DAP v1.1 [22], retaining only samples with >3 de-
tected peptides. Normalization combined variance stabilizing normalization (VSN) [23]
and the “modebetween_protein” method. Differential expression was assessed across
three contrasts—NCT HPV- vs. LSIL, NCT HPV- vs. SCC, and LSIL vs. SCC—using
msempire [24], with contrast-specific peptide filtering applied to maximize the number of
peptides available per comparison. The NCT HPV-vs. LSIL contrast included 26,398 pep-
tides across 4395 proteins; NCT HPV- vs. SCC included 25,911 peptides across 4041 pro-
teins; and LSIL vs. SCC included 27,461 peptides across 4420 proteins. Differentially ex-
pressed proteins (DEPs) were defined by an adjusted p-value (FDR) < 0.05 and a bootstrap-
estimated |log: fold change!| threshold specific to each contrast (20.818 for NCT HPV-vs.
LSIL, 20.863 for NCT HPV- vs. SCC, and 21.068 for LSIL vs. SCC). Principal component
analysis (PCA) was computed on peptides consistently detected within each group to as-
sess global sample variation while minimizing the influence of sporadically detected or
low-abundance features.

These tools and thresholds were selected to control data quality given the small co-
hort. DIA-NN was used for its neural network-based processing and interference correc-
tion, which provide deep, reproducible proteome coverage in label-free DIA data; the re-
tention of samples with >3 detected peptides in MS-DAP excludes poorly sampled runs;
VSN combined with the “modebetween_protein” method stabilizes the mean—variance
relationship across the intensity range and corrects systematic between-sample shifts,
which is robust when the number of replicates is small; and msempire models peptide-
level noise distributions, providing sensitive and well-calibrated detection of DEPs in
small cohorts. The significance and effect-size thresholds (adjusted p-value (FDR) < 0.05
and the bootstrap-estimated, contrast-specific |log: fold change!) were set to control the
false discovery rate while accounting for the limited sample size.

For the comparative analyses among conditions (NCT HPV-vs. LSIL, NCT HPV-vs.
SCC, and LSIL vs. SCC) used to construct the Venn diagrams and the functional enrich-
ment interactomes, a more stringent, uniform fold change filter was subsequently applied
to the DEPs, retaining only proteins with log2FC > +1 (overexpressed) or log2FC < -1 (un-
derexpressed).
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2.6. Bioinformatic Analysis

For the comparative analyses (Venn diagrams and functional enrichment interac-
tomes) and in Supplementary Figures S1 and S2, a more stringent, uniform fold change
filter was subsequently applied to the DEPs, retaining only proteins with log2FC > +1
(overexpressed) or log2FC < -1 (underexpressed): LSIL 1314 DEPs, SCC 1307 DEPs, and
LSIL vs. SCC 217 DEPs. UniProt IDs were extracted from the list of differentially expressed
proteins (www.uniprot.org). Homo sapiens protein—protein interactions were retrieved us-
ing stringApp (v2.2.0) within Cytoscape (minimum confidence score 0.4). Because viral
proteins are not part of the human STRING network, the HPV16 proteins (E1, E5, E6, E7;
NCBI taxonomy ID 333760) were obtained from viruses. STRING and linked to their hu-
man host targets, and the resulting networks were visualized in Cytoscape (v3.10.2). Func-
tional enrichment of the network nodes was computed with the STRING Enrichment
module (stringApp) against the Gene Ontology “Biological Process” annotation, using the
DEPs as input and an adjusted p-value (FDR) < 0.05 as the significance threshold. The
drug-protein interactome (cisplatin, paclitaxel) was built from STITCH (v5.0) via strin-
gApp. An analysis of overlapping common and unique proteins was performed on the
BioVenn server (https://www.biovenn.nl/). Supplementary Table S3 includes data on the
functional enrichment of DEPs and the predicted processes associated with under- and
overexpression, as well as shared proteins.

2.7. TCGA Dataset

The Cervical Cancer Genome Atlas Research Network (TCGA-CESC) was used to
visualize the clinical data. The cBioPortal resource (https://www.cbioportal.org/) pro-
vided access to data from the “Cervical Squamous Cell Carcinoma (TCGA, PanCancer
Atlas)” database (access date: 16 November 2025), including information from 297 pa-
tients and 297 samples, and we downloaded clinical data from all TCGA samples. Addi-
tionally, the University of Alabama Cancer Database (UALCAN) (https://ual-
can.path.uab.edu/, access date: 15 December 2025) was used to compare the expression of
S5100A10 and TYMP in squamous cell carcinoma versus paratumoral cervical tissue from
the CESC-TCGA dataset.

2.8. Determination of Expressed Proteins: Western Blot

From whole-cell lysates (60 pg), SI00A10 (~11 kDa) was resolved on 18% SDS-PAGE
gels, whereas TYMP (~55 kDa) and GAPDH (~37 kDa) were resolved on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes. To block nonspecific binding, the mem-
branes were incubated in 5% (w/v) nonfat dried milk in Tris-buffered saline (TBS)/T (0.05%
Tween 20 in TBS) for 2 h at room temperature (RT). After blocking, the membranes were
incubated overnight at 4 °C with a primary antibody against SI00A10 (clone 4E7E10; Cat.
No. sc-81153; Santa Cruz Biotechnology, Dallas, TX, USA; MW: ~11 kDa, dilution 1:250),
TYMP (PD-ECGF) (clone PGF-44C; Cat. No. sc-47702; Santa Cruz Biotechnology, Dallas,
TX, USA; MW: ~55kDa; dilution 1:250), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (clone H-12; Cat. No. sc-166574; Santa Cruz Biotechnology, Dallas, TX, USA;
MW: ~37kDa; dilution 1:1000). After incubation with the primary antibody, the mem-
branes were washed and incubated with a horseradish peroxidase (HRP)-conjugated goat
anti-mouse secondary antibody (IgG-HRP; Cat. No. sc-2005; Santa Cruz Biotechnology,
Dallas, TX, USA; dilution 1:2500) for 2 h at RT. The immunoreaction was revealed with a
chemiluminescent substrate (Supersignal West Femto Luminol, Thermo Scientific, Wal-
tham, MA, USA, Cat. No. 1856189) on radiographic films (HyBlot CL, Cat. No. 1141]52,
Thomas Scientific, Waltham, MA, USA, LLC) using AGFA DENTUS-1000 developer/fixer
solutions (REF 369US, REF 369VU, Kulzer, Hanau, Germany). Densitometric analysis of
the images was performed in ImageJ 1.54p and analyzed with GraphPad Prism 8.0.1.
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2.9. Statistical Analysis

Statistical analyses were performed in GraphPad Prism 8.0.1. Group differences in
the proteomic relative abundances and in the Western blot densitometry were assessed
by the Kruskal-Wallis test followed by Dunn’s multiple-comparisons test. Data are pre-
sented as medians with interquartile ranges, and a two-sided p < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Proteomic Analysis in Patients with LSIL and SCC Who Were HPV16+ Compared with
Those with NCT HPV-

For comparative proteomic analysis, biopsies classified as normal cervical tissue
(NCT HPV-), low-grade intraepithelial lesions (LSIL HPV16+), and squamous cell carci-
noma (SCC HPV16+) were included. From these samples, extraction, quantification, re-
duction, alkylation, and protein digestion were performed to obtain peptides, which were
analyzed by HPLC-MS/MS. The results were evaluated using DIA-MS. The results ob-
tained were subjected to bioinformatics analysis to identify DEPs, and functional enrich-
ment analyses were performed in addition to generating protein—protein interaction net-
works, considering host proteins, viral proteins, protein—-drug interactions, and finally,
the chemotherapeutics used for the treatment of CC, which were based on cisplatin and
paclitaxel (Figure 1).

@ Sample (2) Sample preparation

NORMAL CERVICAL TISSUE,
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Figure 1. Overview of the experimental strategy for proteomic analysis. (1) Biopsies from patients
classified as NCT HPV-, LSIL HPV16+, and SCC HPV16+ were obtained. (2) Extraction, quantifica-
tion, and digestion of proteins were performed to obtain peptides. (3) HPLC-MS/MS with DIA-MS.
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3.2. Differential Protein Expression (DEP) in LSILs and SCC HPV16+ Cells

To identify the differential expression profile between LSILs and SCC, in comparison

with NCT HPV-, principal component analysis (PCA) was performed, which revealed
that the two components (dimensions one and three) explained more than 39.9% of the
variation among the samples analyzed, which allowed the groups to be separated accord-

ing to their proteomic profiles and revealed three comparative conditions, namely, NCT
HPV-, LSILs, and SCC (Figure 2A).
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Figure 2. Differential analysis of the NCT HPV-, LSIL HPV16+, and SCC HPV16+ proteomes. (A)
Principal component analysis (PCA) of the NCT HPV-, LSIL HPV16+, and SCC HPV16+ study
groups. (B) Volcano plots showing overexpressed (orange) and underexpressed (blue) proteins in
the NCT HPV-vs. LSIL HPV16+; NCT HPV- vs. SCC HPV16+; and LSIL HPV16+ vs. SCC HPV16+
groups (adjusted p < 0.05: llog2 FCI| > 0.818 for NCT HPV- vs. LSILs, Ilog2 FC| > 0.863 for NCT
HPV- vs. SCC and, |log2 FCIz 1.068 for LSILs vs. SCC). Dashed lines indicate the significance
threshold (adjusted p-value (FDR) = 0.05) and the contrast-specific |log2 fold change| cutoffs (=0.818
for NCT HPV- vs. LSIL; 20.863 for NCT HPV- vs. SCC; >1.068 for LSIL vs. SCC). Orange, overex-
pressed; blue, underexpressed; black, non-significant (C) GO-based functional enrichment using the
Funrich tool showing the most-enriched terms per comparison; blue bars correspond to underex-
pressed proteins and orange bars to overexpressed proteins, consistent with the color code in panel
(B). (D) Schematic of the total number of DEPs in comparisons between NCT HPV-, LSIL HPV16+,
and SCC HPV16+. From the DEPs, a more stringent subset was selected for the bioinformatic anal-
yses, selecting those with an adjusted p-value (FDR) < 0.05 and a log2FC > +1 (overexpressed) or <-1

(underexpressed). * Significant processes.

DEPs revealed three groups: LSIL HPV16+ and SCC HPV16+ (both in comparison
with NCT HPV-), and a third analysis that compared SCC HPV16+ (with respect to LSIL-
HPV16+) to identify unique and shared proteins between low-grade lesions and cancer.
Under these criteria, for LSIL HPV16+, 4395 proteins were identified, of which 1607 were
considered DEPs (adjusted p < 0.05, [log2 FC| > 0.818 for NCT HPV- vs. LSILs), and of
which 693 were underexpressed, while 914 were overexpressed. In SCC, 4041 HPV16+
proteins were identified, of which 1516 were considered DEPs (adjusted p < 0.05, |log2
FCI| > 0.863 for NCT HPV- vs. SCC); of these, 776 were underexpressed, and 740 were
overexpressed. Finally, in the comparison between SCC and LSIL HPV16+, 4420 proteins,
of which 217 DEPs (adjusted p <0.05, 1log2 FC| >1.068 for LSILs vs. SCC), were identified,
and of these 159 proteins were underexpressed, while 58 were overexpressed (Figure 2B).
When the overall functional processes enriched in LSIL HPV16+ cells were analyzed, most
of the underexpressed functions were related to ribonucleic acid (RNA) binding,
transport, and catalytic activity. In contrast, the processes enriched in the overexpression
group included cell adhesion, receptors, and extracellular matrix components, among oth-
ers. On the other hand, in HPV16+ SCC cells, downregulation was associated with RNA
and DNA binding, catalytic activity, and transport activity. In contrast, overexpression
was associated with processes such as cell adhesion, transporter and catalytic activity, ex-
tracellular matrix components, and oxidoreductase activity. However, when SCC (with
respect to LSILs) was compared, the processes associated with underexpression were
DNA binding, catalytic activity, calcium ion binding, and cell adhesion molecules. In con-
trast, overexpressed proteins were related to extracellular matrix components, catalytic
and transporter activity (Figure 2C).

For the comparative analyses among conditions of LSIL, SCC, and SCC in compari-
son with LSIL, Venn diagrams and functional enrichment interactomes, a more stringent,
uniform fold change filter was subsequently applied to the DEPs, retaining only proteins
with an adjusted p-value (FDR) < 0.05 and log2FC > +1 (overexpressed) or log2FC < -1 (un-
derexpressed). This two-fold cutoff focuses the biological process interpretation on the
most strongly regulated proteins; the resulting counts are: for LSIL, 561 subexpressed and
753 overexpressed; for SCC, 681 subexpressed, and 626 overexpressed; and, finally, for
LSILs vs. SCC, 159 underexpressed and 58 overexpressed (Figure 2D).

Overall, LSIL and SCC display distinct DEP repertoires, with cell adhesion, extracel-
lular matrix remodeling, and RNA binding predominating in LSIL and catalytic,
transport, and RNA binding predominating in SCC.
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3.3. Cellular Processes Associated with Under- and Overexpression in LSILs and SCC HPV16+
Cells

Once the DEPs (adjusted p<0.05, [log2 FCI (= 0.818, LSIL and > 0.863, SCC)) in each
comparative group were obtained, significant DEPs (log2FC < -1, underexpressed, and
log2FC 2 +1, overexpressed) were selected for bioinformatic analysis. Under these criteria,
LSIL HPV16+ was associated with 561 underexpressed DEPs, whereas SCC HPV16+ was
associated with 681 underexpressed DEPs. The results showed 319 common proteins; 242
were exclusive to LSIL, whereas 362 were exclusive to SCC (Figure 3A). The pathway en-
richment analysis using a functional interactome of proteins specific to each group re-
vealed that processes downregulated only in LSILs were associated with reproductive
health: calmodulin-like protein 3 (CALML3), calpain 6 (CAPNG6), protein phosphatase 1
regulatory subunit 3D (PPP1R3D), cell membrane proteins: phosphoglucomutase-like
protein 5 (PGMS5), beta-sarcoglycan (SGCB), delta-sarcoglycan (SGCD) and integrin sub-
unit alpha 7 (ITGA?), cell junctions: fibroblast growth factor 2 (FGF2) and caveolin-2
(CAV2), and metabolic pathways phospholipase D1 (PLD1), CDP-diacylglycerol-inositol
3-phosphatidyltransferase (CDIPT) and phospholipid phosphatase 3 (PLPP3) (Figure 3B).
On the other hand, the processes in which expression exclusively decreased in SCC in-
cluded the adaptive immune system: HLA class II histocompatibility antigen, DQ beta
chain (HLA-DQB1), transmembrane protein 109 (TMEM109) and nucleoside diphosphate
kinase 3 (NME3), transport: thioredoxin-related transmembrane protein 4 (TMX4), pre-
cursor metabolite generation and energy pathways: propionyl-CoA carboxylase alpha
chain, mitochondrial (PCCA-B), acetyl-CoA acetyltransferase, mitochondrial (ACAT1)
and dysferlin (DYSF), and regulation of cell adhesion: collagen alpha-1 (XVI) chain
(COL16A1), EMILIN-1/elastin microfibril interfacer 1 (EMILIN1) and nestin (NES), among
others (Figure 3C).

Among the 319 DEPs shared between HPV16+ LSIL and HPV16+ SCC and associated
with underexpression, the enriched processes were cell adhesion: integrin subunit beta 5
(ITGB5), laminin subunit beta 2 (LAMB2), collagen alpha-2 (VI) chain (COL6A2) and
tenascin-X (TNXB), regulation of migration: caveolin-1 (CAV1) and decorin (DCN), and
metabolic pathways: annexin A6 (ANXA®), transgelin (TAGLN) and guanine nucleotide-
binding protein subunit beta-1,2 and 4 (GNB1/2/4). This shared downregulated set points
to a common loss of structural and adhesion-related functions in both lesion stages (Sup-
plementary Figure S1).

However, when the DEPs associated with overexpression were analyzed, 753 were
detected in LSIL HPV16+, and 626 were detected in SCC HPV16+. In the Venn diagrams,
332 exclusive proteins were detected in LSILs, and 205 were detected in SCC (Figure 4A).
Functional enrichment analysis revealed that the exclusive proteins in LSILs were en-
riched in processes related to protein metabolism: 40S ribosomal protein S26/small ribo-
somal subunit protein e526 (RPS26), 40S ribosomal protein S27-like (RPS27L), signal pep-
tidase complex catalytic subunit SEC11C (SEC11C) and signal recognition particle 54 kDa
protein (SRP54), the stress response: ubiquitin-conjugating enzyme E2 J1 (UBE2]1), mye-
loid-derived growth factor (MYDGE), cysteine-rich with EGF-like domain protein 2
(CRELD2) and hypoxia upregulated protein 1/oxygen-regulated protein 150 kDa
(HYOU1), immune activation: inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2),
afamin (AFM), plasma kallikrein (KLKB1), complement factor B (CFB) and carbonic an-
hydrase 3 (CA3), and the regulation of cell death: Band 3 anion transport protein/solute
carrier family 4 member 1 (SLC4A1), ankyrin-1 (ANK1) and spectrin beta chain, erythro-
cytic (SPTB) (Figure 4B). In contrast, in SCC, processes associated with nucleotide metab-
olism, DNA damage repair, and the cell cycle: DNA replication licensing factor MCM2,
3,5,6,7 (MCMs-2,3,5,6,7) and proliferating cell nuclear antigen (PCNA), methylation: ser-
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ine/arginine-rich splicing factor 11 (SRSF11), mitochondrial mRNA pseudouridine syn-
thase RPUSD3 (RPUSD3), ATP-binding proteins: peroxisomal biogenesis factor 19
(PEX19), and drug metabolism: thymidine phosphorylase (TYMP), S100 calcium binding
protein A2 (5100A2) and plakophilin-1 (PKP1), among others, were enriched (Figure 4C).
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Figure 3. Bioinformatic analysis of LSIL HPV16+ and SCC HPV16+ underexpressed proteins. (A)
Venn diagram of LSIL HPV16+ and SCC HPV16+ underexpressed proteins. (B,C) Interactome of the

242 exclusively underexpressed proteins in LSIL HPV16+ and 362 exclusively underexpressed pro-
teins in SCC-HPV16+ associated with biological processes. Blue color intensity is associated with
underexpression. Circles and triangles correspond to DEPs (log:FC < -1, underexpressed). The vis-

ual encoding of the nodes (node color with underexpression) and node size with biological process
enrichment.

Among the 421 DEPs shared between HPV16+ LSIL and HPV16+ SCC and associated
with overexpression, the enriched processes included gene expression: RNA-binding pro-
tein 42 (RBM42), fibrinogen alpha chain (FGA), RNA-binding motif protein, X chromo-
some (RBMX), antioxidant activity: hemoglobin subunit gamma-1 (HBG1), hemoglobin
subunit delta (HBD), peroxiredoxin-1,2,5 (PRDX1/2/5) and glutathione S-transferase P
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(GSTP1), regulation of apoptosis: B-cell lymphoma/leukemia 10 protein (BCL10), keratin,
type I cytoskeletal 18 (KRT18), 40S ribosomal protein S3a/Small ribosomal subunit protein
eS1 (RPS3A) and 40S ribosomal protein S6/small ribosomal subunit protein uS6 (RPS6),
and RNA binding: histone H1.2 (H1-2), high mobility group protein B2 (HMGB2), endo-
thelial differentiation-related factor 1 (EDF1) and calcium-regulated heat-stable protein 1
(CARHSP1). This shared overexpressed set reflects a coordinated activation of transcrip-

tional, post-transcriptional, antioxidant, and stress response programs common to both
stages (Supplementary Figure S2).
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Figure 4. Bioinformatic analysis of proteins overexpressed in LSIL HPV16+ and SCC HPV16+ cells.
(A) Venn diagram of proteins overexpressed in LSIL HPV16+ and SCC HPV16+ cells. (B,C) Interac-
tome of the 332 overexpressed proteins unique to LSIL HPV16+ and 205 proteins unique to SCC-
HPV16+ associated with biological processes. Orange color intensity is associated with overex-
pressed proteins. Circles and triangles correspond to DEPs (log2FC > +1, overexpressed). The visual

encoding of the nodes (node color with underexpression) and node size with biological process en-
richment.
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Together, these results suggest a stage-specific shift during progression: LSIL is char-
acterized by downregulation of reproductive tissue, membrane, and cell junction func-
tions and upregulation of stress-response, protein—-metabolism, and immune-activation
processes, whereas SCC shows downregulation of adaptive immunity and energy metab-
olism and upregulation of DNA damage response, methylation, the cell cycle, and nucle-
otide and drug metabolism.

3.4. DEPs Associated with HPV16 Oncoproteins (E5, E6, and E7) and the Replicative Protein
E1

To explore the likely interactions of the over- and underexpressed DEPs with the
HPV16 viral proteins, a protein—protein interaction network was built in Cytoscape using
human interactions retrieved from STRING (via stringApp); the HPV16 proteins (E1, E5,
E6, E7) were incorporated from the Viruses STRING and were linked to their host targets.
Functional enrichment of the network nodes was then performed against Gene Ontology
“Biological Process” terms (adjusted p-value (FDR) <0.05). A second interactome was con-
structed in the same way between the DEPs and the two first-line chemotherapeutic
agents used in cervical cancer, cisplatin and paclitaxel, using drug-protein interactions
from the STITCH database. The results revealed that proteins overexpressed in LSILs in-
teract primarily with viral E6 oncoproteins, proteasome 20S subunit beta 7 (PSMB?), al-
bumin (ALB), DEK proto-oncogene (DEK), membrane palmitoylated protein 1 (MPP1),
interferon regulatory factor 3 (IRF3), ribonuclease A family member 2 (RNASE2) and
GAPDH and are associated mainly with the proteolysis-related ubiquitination process.
The underexpressed proteins M-phase inducer phosphatase 1/Cell division cycle 25A
(CDC25A), protein phosphatase, Mg?/Mn?*dependent 1L (PPMI1L), and epidermal
growth factor receptor (EGFR) were primarily associated with E7. The bioinformatic anal-
ysis of protein—protein interactions revealed a predicted association between E5 and cad-
herin-1 (CDH1), prostaglandin-endoperoxide synthase 2 (PTGS2), prostaglandin E2 re-
ceptor EP4 subtype (PTGER4), and interferon regulatory factor 1 (IRF1), as determined by
the STRING database. When comparing this network with the set of DEPs identified in
this study, it was observed that these same four proteins and epidermal growth factor
receptor (EGFR) and B-cell receptor-associated protein 31 (BCAP31) have an additional,
theoretical association with E5, suggesting a possible functional convergence between this
oncoprotein and the differential proteomic profile observed in the patients analyzed (Fig-
ure 5A).

In the case of SCC, the overexpressed proteins ubiquitin conjugating enzyme E2 E3
(UBE2E3), ubiquitin conjugating enzyme E2 A (UBE2A), cyclin-dependent kinase 4
(CDK4), and protein phosphatase, Mg?/Mn?-dependent 1B (PPM1B) were mainly associ-
ated with E7 and E1. In contrast, the underexpressed vimentin (VIM), ERBB2, nuclear fac-
tor kappa B subunit 1 (NFKB1), and mitogen-activated protein kinase 3 (MAPK3) were
associated with E6 and processes of regulation of catalytic activity and regulation of the
cellular cycle. Interestingly, within the group of proteins shared between LSIL and SCC,
an association was observed between E7 and the overexpressed proteins ubiquitin conju-
gating enzyme E2 I (UBE2I), protein phosphatase, Mg?/Mn?* dependent 1G (PPM1G),
ubiquitin conjugating enzyme E2 J1 (UBE2]J1), ubiquitin conjugating enzyme E2 K
(UBE2K), ubiquitin conjugating enzyme E2 D3 (UBE2D3), and ubiquitin conjugating en-
zyme E2N (UBE2N), as well as the underexpressed pyruvate dehydrogenase phosphatase
catalytic subunit 1 (PDP1), prostaglandin-endoperoxide synthase 1 (PTGS1), and B-cell
receptor-associated protein 31 (BCAP31), which are associated with pathways of cancer
progression and tubulin-related complexes. Interestingly, only proteins overexpressed in
LSILs interacted with the E6 oncoprotein, whereas processes related to low-grade lesions
and cervical cancer were associated with E7.
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Figure 5. Interactome of DEPs in LSIL HPV16+ and SCC HPV16+ associated with viral proteins E1,
E5, E6, and E7 and first-line chemotherapeutics. (A) Interactome of the HPV16 viral proteins E1, E5,
E6, and E7 (pink color), reference Homo sapiens host proteins (green color) and interaction of DEPs
in LSIL HPV16+ and SCC HPV16+. (B) Cisplatin/paclitaxel and DEPs interactomes from LSIL
HPV16+ and SCC HPV16+.

Additionally, to explore the possible relationships between the differentially ex-
pressed proteins (DEPs) and the first-line chemotherapeutic agents used in cervical can-
cer, cisplatin and paclitaxel, a drug—protein interaction network was constructed in Cyto-
scape (v. 3.10.2). The DEPs were integrated using stringApp, and drug—protein associa-
tions were retrieved from STITCH. The resulting network comprised 91 nodes and 107
edges (Figure 5B). Several proteins were predicted to interact with cisplatin. These in-
cluded BCL2-associated X, apoptosis regulator (BAX), protein kinase C alpha (PRKCA),
integrin subunit alpha V (ITGAV), CD151 molecule (CD151), and galectin 3 (LGALS3),
which participate in the positive regulation of cell migration; glutathione peroxidase 3
(GPX3), superoxide dismutase 1 (SOD1), peroxiredoxin 2 (PRDX2), thioredoxin (TXN),
and hemoglobin subunit alpha 1 (HBA1), which are associated with cellular detoxifica-
tion; and signal transducer and activator of transcription 1 (STAT1), HtrA serine peptidase
1 (HTRAI), folate receptor beta (FOLR2), and S100 calcium binding protein A13
(5100A13), which are involved in the positive regulation of proliferation. For paclitaxel,
the predicted interactors included high mobility group box 1 and 2 (HMGB1 and
HMGB?2), which participate in DNA repair, together with major histocompatibility com-
plex class I A (HLA-A) and mitofusin 2 (MFN2). The analysis also identified proteins pre-
dicted to interact with both drugs. Among these, matrix metallopeptidase 2 (MMP2),
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MMP9, and mitogen-activated protein kinase 3 (MAPK3) participate in the positive regu-
lation of cell migration, whereas glutathione S-transferase pi 1 (GSTP1) is associated with
drug metabolism. SI00A10 and TYMP were likewise predicted to interact with both cis-
platin and paclitaxel: TYMP is involved in drug metabolism, whereas S100A10, which in-
teracts indirectly through annexin A4 (ANXAA4), plays an essential role in the positive reg-
ulation of molecular transport (Figure 5B).

These interactions suggest that the E6- and E7-associated DEPs converge on ubiqui-
tination/proteolysis and cell cycle control, consistent with their proposed roles in progres-
sion.

3.5. Expression of S100A10 and TYMP Proteins in Patients with LSILs, HSILs, and SCC

Once the enriched processes associated with LSIL HPV16+ and SCC HPV16+ were
established, and both shared and exclusive proteins and their interactions with viral on-
coproteins were determined, two proteins, SI00A10 and TYMP, were selected for further
analysis. They were prioritized because they combined several features of interest: both
were differentially expressed in our dataset with opposite, stage-relevant behavior—
S100A10 was subexpressed in the LSIL compartment and TYMP was exclusively overex-
pressed in SCC; both appeared in the cisplatin/paclitaxel drug interactome (Figure 5B),
linking them to treatment response; neither was a direct interactor of the viral oncopro-
teins (Figure 5A), positioning them as possible host-intrinsic candidates rather than direct
viral effectors. To examine them, SI00A10 and TYMP were analyzed at the transcript level
in the TCGA-CESC dataset (Figure 6A), in the per-patient proteomic abundance data (Fig-
ure 6C), and by Western blot in normal cervical tissue (Figure 6B) and in premalignant
and malignant lesions (Figure 6D-F). The mass spectrometry analysis was performed per
patient, yielding the relative abundance of each protein for every specimen. S100A10 was
significantly lower in LSIL HPV16+ (p = 0.0335) and SCC HPV16+ (p = 0.0045) than in NCT
HPV-, consistent with its subexpression, whereas TYMP did not differ significantly be-
tween NCT HPV- and either LSIL (p = 0.7706) or SCC (p = 0.2820) (Kruskal-Wallis with
Dunn’s test; Figure 6C). By Western blot, neither SI00A10 nor TYMP differed significantly
among the LSIL, HSIL, and SCC groups (Kruskal-Wallis p = 0.1643 and p > 0.9999, respec-
tively; Dunn’s test, all pairwise comparisons non-significant; Figure 6F) (Supplementary
Table S2).

At the proteomic level, SI00A10 thus showed a significant, stage-associated decrease
relative to normal tissue, whereas TYMP —identified as exclusive to SCC in the differential
expression analysis—was also detectable in premalignant lesions but without a statisti-
cally significant difference between groups. Notably, neither protein was a direct interac-
tor of the viral oncoproteins (Figure 5A), which positioned them as possible host-intrinsic
candidates rather than direct viral effectors. Given the small sample size and the non-
significant Western blot results, SI00A10 and TYMP are presented as preliminary, hy-
pothesis-generating candidates whose potential role in the progression of cervical lesions
requires confirmation in larger, independent cohorts.
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Figure 6. Analysis of SI00A10 and TYMP in biopsies from patients with premalignant lesions and
SCC. (A) Transcript-level expression of S100A10 and TYMP in the TCGA-CESC dataset; samples are
ordered as normal cervical tissue (left) and tumor (right), separated by a vertical divider, with the
color scale indicating log2 (TPM + 1) (range 0-15). (B) Western blot of SI00A10 in NCT HPV- biop-
sies. (C) Relative protein abundance from the proteomic (HPLC-MS/MS) analysis of SI00A10 and
TYMP in the NCT HPV- (n =10), LSIL HPV16+ (n =3) and SCC HPV16+ (n =6) groups. (D) Western
blot of SI00A10 in premalignant lesions and SCC. (E) Western blot of TYMP in premalignant lesions
and SCC. (F) Relative protein expression by Western blot densitometry, normalized to GAPDH, for
S100A10 and TYMP in the LSIL (n =3), HSIL (n =2), and SCC (n =3) groups. Each point represents
one patient specimen; data are presented as medians with interquartile ranges, and differences
among groups were assessed by the Kruskal-Wallis test followed by Dunn’s multiple-comparisons
test. In the proteomic analysis (C), SI00A10 was significantly lower in LSIL (p = 0.0335) and SCC (p
= 0.0045) than in NCT HPV-, whereas TYMP did not differ significantly (LSIL p = 0.7706; SCC p =
0.2820). By Western blot densitometry (F), no statistically significant differences were observed
(S100A10, p =0.1643; TYMP, p > 0.9999).

4. Discussion

The study of cervical cancer using a proteomic approach has enabled the identifica-
tion of proteins with clinical relevance as potential biomarkers for diagnosis, cancer strat-
ification, and treatment response, as well as for understanding the molecular mechanisms
underlying the disease [25]. This study included samples from patients diagnosed with
LSIL HPV16+ and SCC HPV16+, and both groups were compared with NCT HPV16- us-
ing HPLC-MS/MS with DIA, which enables reproducible protein identification and quan-
tification with a relatively large dynamic range and high proteome coverage [26].
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From the proteomic profiles obtained, shared and exclusive proteins were detected
in premalignant lesions and CC. However, there are numerous proteomic studies of cer-
vical cancer in various populations; proteomic studies in Latin America are limited [27],
especially in Mexico [7,18]. The results obtained in this work allowed the identification of
1607 differentially expressed proteins: 693 were underexpressed, and 914 were overex-
pressed. There is little evidence from proteomic studies of LSILs; a survey of biopsies with
cervical intraepithelial neoplasia grades 2 and 3 (CIN 2-3) lesions identified 165 proteins,
of which zinc finger protein 441 (ZNF441) and phospholipase D6/mitochondrial cardi-
olipin hydrolase (PLD6) were associated with predicting CIN2 regression to CIN3 [28].

In a quantitative proteomics study using tandem mass tags (TMTs), 351 differentially
expressed proteins (247 overexpressed and 104 underexpressed) were identified in SCC
tissue compared with normal cervical tissue; these proteins were associated with apopto-
sis, immune response, and protein binding [29]. In a semiquantitative label-free prote-
omics study and DIA comparing SCC tissues and normal tissues, 562 differentially ex-
pressed proteins (340 overexpressed and 222 underexpressed) were identified, including
proteins involved in metabolic pathways, the spliceosome, and cytoskeleton regulation
[30].

In this study, we identified 242 proteins that were underexpressed exclusively in
LSIL samples and associated with processes such as cell adhesion, membrane proteins,
and the extracellular matrix integrin subunit alpha 3 (ITGA3), ITGA7, desmin (DES), col-
lagen type XI alpha 1 chain (COL11A1), collagen type V alpha 3 chain (COL5A3), collagen
type XXI alpha 1 chain (COL21A1), collagen type XXII alpha 1 chain (COL22A1), collagen
type XXVIII alpha 1 chain (COL28A1), and collagen type IV alpha 6 chain (COL4A6). In
this context, it has been reported that cervical epithelial cells can lose their morphology
during mesenchymal-epithelial transition, which favors the progression of cervical le-
sions to SCC [31]. Proteins overexpressed in LSILs were related to processes such as im-
mune response: complement C2, C3 and C5 (C2, C3, and C5); protein metabolism: riboso-
mal protein 527-like (RPS27L); signal recognition: particle 54 (SRP54), and ribosomal pro-
tein 526 (RPS26); stress response: (PRDX4), heat shock protein 90 beta family member 1
(HSP90B1), and UBE2]1; and cell death regulation: RAB29, member RAS oncogene family
(RAB29), solute carrier family 4 member 1 (SLC4A1), and ATPase Na+/K+ transporting
subunit beta 1 (ATP1B1).

Persistent HPV infection has been reported to reduce the expression of major histo-
compatibility complex (MHC) class I molecules in infected cells, thus preventing recogni-
tion by cytotoxic T cells [32]. In HPV16+ SCC, we observed similar enrichment patterns of
subexpressed proteins, which were associated mainly with the immune response, includ-
ing the presentation of MHC class II antigens (HLA-DRB1, HLA-DRB5, HLA-DRA, HLA-
DPA1, and HLA-DQB1).

The proteins identified as overexpressed in HPV16+ SCC and associated with the cell
cycle, such as minichromosome maintenance complex component 2, 3, 5, 6, and 7 (MCM2,
MCM3, MCM5, MCM6, and MCM?), have been previously described [33]; however,
MCMS5 was also identified in this study. These proteins are essential for cell cycle prolif-
eration and regulation. Similarly, proteins involved in metabolism, including BRCA2 and
CDKNT1A interacting protein (BCCIP), DEAD-box helicase 47 (DDX47), NSA2 ribosome
biogenesis factor (NSA2), DNA fragmentation factor subunit alpha (DFFA), NME/NM23
nucleoside diphosphate kinase 1 (NME1), and G1 to S phase transition 2 (GSPT2), which
participate in metabolic reprogramming, a hallmark of cervical cancer that supports the
survival and development needs of patients with malignant tumors, were identified [34].
In cervical cancer, HPV infection also interferes with the deregulation of metabolic pro-
cesses such as glycolysis [35], since lactate metabolism promotes the immunosuppressive
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polarization of macrophages [36]; lipid metabolism, which is related to malignant pro-
gression in cervical cancer [37] and glutamine metabolism, as it provides cancer cells with
essential nutrients such as proteins, nucleic acids, and lipids for their constant prolifera-
tion [38].

On the other hand, when the interaction analysis of exclusive and shared proteins in
LSIL HPV16+ and SCC HPV16+, both underexpressed and overexpressed with HPV16
oncoproteins, was performed using the interactome “HPV16-host protein interaction net-
work” in Cytoscape, proteins with direct physical interactions between the oncoproteins
and binding to PSD-95/Disks Large/Zonula Occludens-1 domain (PDZ) domains were ob-
served. As in the case of the membrane-associated guanylate kinase, WW and PDZ do-
main-containing 1 (MAGI-1) protein, which interacts with E6 [39], recent evidence has
shown that MAGI-1 expression can differentiate cervical cells with normal morphology
from HPV16-infected cells in the integrated state [40]. In this work, the proteins overex-
pressed in both LSIL and SCC, UBE2K, PPM1G, UBE2I, UBE2D3, and UBE2N, and the
underexpressed proteins PDP1, PTGS1, and BCAP31 interacted with the E7 oncoprotein.
A previous study revealed that the E7 oncoprotein expression may serve as a predictive
biomarker for progression from LSILs to HSILs and SCC [41]. It has also been reported
that host proteins, such as UBE2I, may be overexpressed in LSILs and be associated with
disease progression [42]. In contrast, overexpression of UBE2D3 induces evasion of anti-
gen presentation via interferon-gamma (IFN-y) [43], in addition to regulating protein
ubiquitination, as UBE2D3 regulates the levels of the tumor suppressor protein p53 (p53)
by regulating its proteasomal degradation [44]. The PPM1G protein, which is overex-
pressed in LSIL HPV16+ and SCC HPV16+, is associated with tumor progression through
its direct interaction with P53, as observed in hepatocarcinoma cells, where dephosphor-
ylation of ubiquitin carboxyl-terminal hydrolase 7 (USP7) can lead to P53 degradation
[45]. UBE2N was found to be overexpressed in cervical carcinoma and is associated with
decreased survival [46], findings in agreement with those for the UBE2N protein. How-
ever, its role in SCC has not been fully elucidated, although it is involved in DNA repair
[47] and plays a fundamental role in the development of cisplatin chemoresistance and
metastasis [48].

E5 is currently considered a potential viral oncoprotein with multiple mechanisms of
action on the host cell. Through co-immunoprecipitation assays, it has been demonstrated
that the E5 variants of HPV16 and HPV31 physically associate with BCAP31 (BAP31), a
chaperone involved in the transport of MHC-I molecules in the endoplasmic reticulum;
interference targeting BCAP31 reduces the proliferative and differentiation capacity of in-
fected keratinocytes, positioning this interaction as a key mechanism in the maintenance
of the proliferative phenotype [49]. Additionally, E5 amplifies EGFR signaling, indirectly
promoting the creation of a microenvironment conducive to viral replication [50]. Recent
studies have shown that the interaction of E5 with proteins such as BCAP31 promotes its
relocalization to the endoplasmic reticulum, helping to sustain a state of active cell prolif-
eration [51]. Beyond its role in proliferation, E5 exerts a significant influence on the mod-
ulation of the innate immune response: it has been reported to suppress the production of
IFN-x and IFN-B through sustained activation of the EGFR/MAPK axis, which reduces
IRF1 transcriptional activity by limiting its access to the IFN-k promoter [52]. Taken to-
gether, these findings support the bioinformatic association observed between E5 and
IRF1 (Figure 5A), and suggest that the convergence with CDH1, PTGS2, and PTGER4 may
reflect a shared functional network involving cell proliferation, immune evasion, and mi-
croenvironment remodeling.

In the interaction analysis of DEPs with HPV16 proteins in SCC, UBE2E3 and UBE2A
were found to interact with the E1 protein. Recently, it has been suggested that the E1
protein, while essential for viral replication, also interacts with cellular components that
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affect cancer progression [53]. Recent reports indicate that E1 plays a role in regulating
epigenetic modulation in cells and controlling replication mechanisms [54]. A recent study
described the association of E1 proteins with immune responses, including TLR and in-
terferon signaling, and revealed that HPV16 infection increases immune tolerance, in-
creasing the susceptibility of the microenvironment to new infections and disease pro-
gression [55] E1 has recently been reported to regulate the epigenetic modulation of cells,
which are involved in the suppression of interferon beta 1 (IFN{31) and interferon lambda
1 (IFNA1) expression via the NF-xB and Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathways and in interfering with disease progression [55,56].

The enrichment of cell adhesion, extracellular matrix, and immune activation pro-
cesses in LSIL and their replacement by proliferative, metabolic, cell cycle, and DNA dam-
age programs in SCC is consistent with an early, reversible host response (barrier remod-
eling and immune engagement) that is progressively lost or reprogrammed as lesions ac-
quire a malignant, proliferation-driven phenotype. This pattern suggests a possible mo-
lecular transition during progression and may be relevant for the definition of stage-spe-
cific markers. Processes such as cell cycle/MCM activity, metabolic reprogramming, and
MHC:-related immune evasion are consistent with previous reports [36,38,57], whereas
other observations, such as the LSIL-exclusive adhesion/ECM and reproductive-tissue sig-
nature, and the identification of MCMS5, have not, to our knowledge, been reported in this
context.

To address how the viral proteins may act on the altered processes along progression,
we examined a functional interactome built between the DEPs and the HPV16 proteins
(E1, E5, E6, and E7; Figure 5A). This network places the host DEPs in the context of their
predicted viral interactions and is particularly informative for the shared DEPs differen-
tially expressed in both LSIL and SCC. The overexpressed ubiquitin conjugating enzymes
and phosphatase shared by both stages (UBE2I, UBE2K, UBE2N, UBE2D3, UBE2]1,
PPM1G) and the shared downregulated PDP1, PTGS1, and BCAP31 were associated
mainly with E7 (Figure 5A). Because these proteins are altered from the low-grade stage
onward and remain altered in cancer, they suggest that E7 engages the ubiquitin—pro-
teasome and cell cycle machinery continuously throughout progression, not only in es-
tablished carcinoma. In parallel, the LSIL-restricted E6 interactions (e.g., with PSMB7,
ALB, DEK, IRF3) and the SCC-restricted, El-associated UBE2E3/UBE2A point to stage-
specific contributions: an early E6-driven remodeling of proteolysis and immune signal-
ing that gives way to E7- and El-associated proliferative and replication programs in SCC.
These links are discussed considering the established roles of E6 in p53 degradation and
PDZ target disruption, E7 in Rb/E2F activation, and the reported functions of UBE2D3,
UBE2N, PPM1G, and UBE2I in HPV-associated disease [39-48].

The first-line chemotherapeutic drugs used for the treatment of cervical cancer are
cisplatin and paclitaxel [58]. It has been reported that cisplatin causes DNA damage,
whereas paclitaxel interferes with the cell cycle by blocking mitosis [59]. Dysregulated
cellular processes associated with chemoresistance to both drugs, such as DNA damage
repair [60], drug transport [61], cell death regulation [62], and epigenetic reprogramming
[63], have been described. Interaction analysis revealed that proteins such as X-ray repair
cross-complementing 1 (XRCC1), mutS homolog 6 (MSH6), FANCD2, and FANCI associ-
ated nuclease 1 (FAN1), proliferating cell nuclear antigen (PCNA), and damage-specific
DNA binding protein 2 (DDB2) are associated with DNA repair, as are GSTP1 and TYMP,
which are related to cellular detoxification. GSTP1 has been reported to be associated with
cisplatin resistance through the downregulation of reactive oxygen species (ROS) levels
[64], whereas TYMP inhibition increases cisplatin sensitivity in bladder cancer [65]. The
mechanisms of paclitaxel resistance are associated mainly with drug flux and efflux [66]
and cellular metabolism [67]. In this study, the proteins HLA-A and MFN2 were identified
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as regulators of metabolic processes. Interestingly, proteins associated with both cisplatin
and paclitaxel, such as MMP2, MMP9, and MAPKS3, which are related to the process of
cell migration, and the transport proteins ERBB2 and S100A10, which are directly associ-
ated with ANXA4 (promoting cell proliferation and regulating the cell cycle [68] and
whose overexpression increases resistance to cisplatin in ovarian cancer [69]) were iden-
tified.

The analysis was intended to identify, among our progression-associated DEPs, can-
didate host proteins that intersect the known response pathways of these first-line drugs
(DNA-damage repair, detoxification, drug metabolism, and transport). This includes both
proteins shared across LSIL and SCC and proteins exclusive to SCC, several of which,
such as GSTP1, TYMP, S100A10/ANXA4, MMP2/MMP9, and MAPKS3, had not previously
been linked to cisplatin/paclitaxel response in HPV16+ cervical disease in this combined
manner. It should be emphasized, however, that these relationships derive exclusively
from an in silico interaction network built from curated and text-mined associations
(STITCH); therefore, they represent computationally predicted associations rather than
experimentally established links. Experimental approaches, such as knockdown or over-
expression of S100A10 or TYMP followed by cytotoxicity and chemoresistance assays, will
be required before any role of these proteins in the response to cisplatin or paclitaxel can
be established. Accordingly, the significance of these findings is hypothesis-generating;:
the identified proteins are nominated as candidates that may contribute to intrinsic
chemoresistance and as potential targets for future therapeutic strategies. Because drug
resistance was not experimentally tested in the present study, these associations should
be regarded as provisional and warrant functional and clinical validation.

Among the DEPs, S100A10 and TYMP were selected for further analysis because they
combined several features of interest: they showed opposite, stage-relevant behavior;
S100A10 was subexpressed in the LSIL, whereas TYMP was exclusively overexpressed in
SCC. Both appeared in the cisplatin/paclitaxel drug interactome (Figure 5B), linking them
to treatment response. Notably, neither was a direct interactor of the viral oncoproteins
(Figure 5A), which positioned them as possible host-intrinsic markers of progression ra-
ther than direct viral effectors. Their overexpression was independently supported at the
transcript level in the TCGA-CESC dataset. However, the Western blot analysis did not
reach statistical significance; S100A10 and TYMP are presented here as preliminary can-
didates that require validation in larger, independent cohorts and functional studies.

S100A10 belongs to the S100 protein family, has a molecular weight of 11 kDa, and
can modulate, alone or in combination with annexin A2, ion channels and receptors, reg-
ulating their localization and function in cells [70]. S100A10 is a plasminogen receptor that
promotes an invasive phenotype in cancer cells [71]. Its positive expression has been eval-
uated in patients with SCC, and its overexpression has been associated with poor prog-
nosis [72]. S100A10 also plays a protumorigenic role, regulating processes such as prolif-
eration, cell adhesion, migration, invasion, metastasis, and treatment resistance in various
malignancies [73,74]. In colorectal cancer, SI00A10 overexpression has been associated
with oxaliplatin resistance [75].

The TYMP protein encodes thymidine phosphorylase (TP), an essential enzyme in
pyrimidine nucleoside metabolism [76], has a molecular weight of 55 kDa, and is involved
in tumor progression through its roles in proliferation, angiogenesis, and response to
treatment [77]. TYMP is known to be overexpressed in cancer under cellular stress condi-
tions such as hypoxia [78], acidosis [79], chemotherapy [80], and radiotherapy [81]. TYMP
can also facilitate DNA repair mechanisms, including mismatch repair (MMR) [82] and
homologous recombination repair (HR), which promote genomic stability, pluripotency,
and chemotherapeutic resistance [83]. Increased TYMP expression leads to increased in-
terleukin-10 (IL-10) secretion, which suppresses the immune response [84]. The use of
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TYMP-targeted inhibitors such as trifluridine and tipiracil (TAS-102) has been reported to
induce tumor regression in preclinical gastrointestinal tumor models [85].

TYMP has been reported to be overexpressed in various cancers, including breast
cancer [86], gastric cancer [87], renal cancer [88], and colorectal cancer [89]. In patients
with cervical cancer, TYMP expression has been reported to be upregulated in patients
undergoing chemotherapy or radiotherapy [79]. In this study, TYMP was exclusively
overexpressed in SCC in the differential expression analysis but showed no statistically
significant differences by proteomic quantification or Western blot; thus, S100A10 and
TYMP are proposed as preliminary, hypothesis-generating candidates requiring valida-
tion before being considered therapeutic targets in SCC.

Several limitations should be considered when interpreting these results. First, the
study is exploratory and based on a small, imbalanced cohort, particularly in the discov-
ery phase (NCT HPV -n=10, LSIL HPV16 +n=3, SCC HPV16 + n = 6); this limits statistical
power, reduces the stability of the differential expression estimates, makes false discov-
ery-rate control more sensitive to individual specimens, and constrains the generalizabil-
ity of the identified protein signatures. The cervical biopsies are intrinsically heterogene-
ous, comprising variable proportions of epithelial, stromal, and immune cells; because the
proteomic analysis was performed on bulk tissue, part of the between-group differences
may reflect differences in cell-population composition rather than cell-intrinsic molecular
alterations. The TCGA-CESC dataset is predominantly a cervical-cancer cohort and there-
fore provides independent transcript-level data but does not include premalignant stages
and cannot validate the LSIL/HSIL—SCC transition. The protein-level validation was re-
stricted to two candidates (5100A10 and TYMP) in a small set of specimens (LSIL n = 3,
HSIL n =2, SCC n =3), and the Western blot showed no statistically significant differences
among groups; therefore, the absence of significance cannot be taken as evidence of no
effect. Finally, the viral-host (E1/E5/E6/E7) and drug—protein (cisplatin/paclitaxel) inter-
action networks are bioinformatic predictions derived from curated databases and were
not experimentally tested; they are presented as putative, hypothesis-generating associa-
tions rather than demonstrated interactions.

5. Conclusions

This study provides one of the first DIA-MS proteomic maps of HPV16+ cervical le-
sion progression, from LSIL to invasive SCC, in an understudied southern Mexican pop-
ulation, and identifies a set of candidate host proteins (including S100A10 and TYMP) and
predicted viral-host interactions. Its main contribution is to delineate the processes that
distinguish low-grade lesions from cancer and to nominate host-intrinsic candidates of
progression that are not direct effectors of the viral oncoproteins, which may help guide
the search for progression biomarkers and therapeutic targets. These findings provide ex-
ploratory proteomic candidates associated with HPV16-positive cervical lesions and SCC
status, which warrant validation in larger, independent cohorts. Given the exploratory
nature of the cohort, these findings are hypothesis-generating and define clear future di-
rections: validation in larger, balanced, independent cohorts that include HSIL in the dis-
covery phase; functional and co-immunoprecipitation studies to confirm the predicted vi-
ral-host interactions; and drug response assays to test whether the chemotherapy-linked
candidates contribute to intrinsic resistance to cisplatin and paclitaxel.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens15080793/s1. Supplementary Figure S1. Bioinfor-
matic analysis of shared underexpressed proteins between LSIL HPV16+ and SCC HPV16+ groups.
Supplementary. Supplementary Figure S2. Overexpressed proteins common to LSIL and SCC
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Supplementary Table S3. Densitometric quantification of target proteins normalized to total protein
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Heat Shock Protein 90 Beta Family Member 1

Htra Serine Peptidase 1

Hypoxia up-regulated protein 1/Oxygen-regulated protein 150 kDa
Interferon Beta 1

Interferon Gamma

Interferon Lambda 1

Interleukin-10

Innogenetics Line Probe Assay (HPV Genotyping)

Interferon regulatory factor 1

Interferon Regulatory Factor 3

Mitochondrial mRNA pseudouridine synthase RPUSD3

Integrin Subunit Alpha 3, 7, and V

Integrin subunit beta 5

Inter-alpha-trypsin inhibitor heavy chain H2

Janus Kinase-Signal Transducer And Activator Of Transcription Path-
way

Plasma kallikrein

Keratin, type I cytoskeletal 18

Keratin 5

Laminin subunit beta 2

Liquid Chromatography-Tandem Mass Spectrometry

Galectin 3

LDL Receptor Related Protein 1B

Low-Grade Intraepithelial Lesion

Lumican

Microtubule Actin Crosslinking Factor 1

Membrane Associated Guanylate Kinase, WW And PDZ Domain Con-
taining 1

Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spec-
trometry

Mitogen-Activated Protein Kinase 3

Match Between Runs

Minichromosome Maintenance Complex Components 2,3,5,6,7, and 10
Mitofusin 2

Major Histocompatibility Complex

Matrix Metalloproteinase 2/9

Mismatch Repair

Membrane Palmitoylated Protein 1

Mass Spectrometry Stage 1/Stage 2

Mass Spectrometry Downstream Analysis Pipeline

Muts Homolog 6

Mucin 12, Cell Surface Associated

Mucin 4, Cell Surface Associated

MYC Proto-Oncogene

Myeloid-derived growth factor

Normalized Collision Energy

HPV-Negative Normal Cervical Tissue

Nestin
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NFKB1
NME1
NR4A2
NSA2
OBSCN
OGN
p53
PCA
PCNA
PDP1
PDZ
PEX19

PIK3CA

PKHDI1L1
PKP1
PLD6
PLEC
PPM1B
PPM1G
PPMI1L
PRDX1
PRDX2
PRDX4
PRDX5
PRKCA
PRKCB
PROX1
PSMB7
PTGER4
PTGS1
PTGS2
PTMs
RAB29
RBM42

RBMX

RNASE2
ROS
RPS26
RPS27L
RPS3A
RPS6

RT
S5100A10
S100A13
S5100A2
SCC
SDS
SEC11C
SERPINB4
SEN
SLC4A1
SOD1
SPTB
SRP54
SRSF11
STAT1
TAGLN

Nuclear Factor Kappa B Subunit 1

NME/NM23 Nucleoside Diphosphate Kinase 1

Nuclear Receptor Subfamily 4 Group A Member 2

NSAZ2 Ribosome Biogenesis Factor

Obscurin, Cytoskeletal Calmodulin And Titin-Interacting Rhogef
Osteoglycin

Tumor Protein P53

Principal Component Analysis

Proliferating Cell Nuclear Antigen

Pyruvate Dehydrogenase Phosphatase Catalytic Subunit 1
PSD-95/Discs Large/Zonula Occludens-1 Domain
Peroxisomal biogenesis factor 19
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Al-
pha

Fibrocystin-L/Polycystic Kidney And Hepatic Disease 1-Like Protein 1
Plakophilin-1

Phospholipase D6/Mitochondrial Cardiolipin Hydrolase
Plectin

Protein Phosphatase, Mg?/Mn?* Dependent 1B

Protein Phosphatase, Mg?/Mn?* Dependent 1G

Protein Phosphatase, Mg?/Mn?* Dependent 1L

Peroxiredoxin 1

Peroxiredoxin 2

Peroxiredoxin 4

Peroxiredoxin-5, mitochondrial

Protein Kinase C Alpha

Protein Kinase C Beta

Prospero Homeobox 1

Proteasome 20S Subunit Beta 7

Prostaglandin E2 receptor EP4 subtype
Prostaglandin-Endoperoxide Synthase 1
Prostaglandin-endoperoxide synthase 2

Post-Translational Modifications

RAB29, Member RAS Oncogene Family

RNA-binding protein 42

RNA-binding motif protein, X chromosome/Heterogeneous nuclear ri-
bonucleoprotein G

Ribonuclease A Family Member 2

Reactive Oxygen Species

Ribosomal Protein S26

40S ribosomal protein S27-like

40S ribosomal protein S3a/Small ribosomal subunit protein eS1
40S ribosomal protein S6/Small ribosomal subunit protein uS6
Room Temperature

5100 Calcium Binding Protein A10 (P11)

5100 Calcium Binding Protein A13

5100 Calcium Binding Protein A2

Squamous Cell Carcinoma

Sodium Dodecyl Sulfate

Signal peptidase complex catalytic subunit SEC11C

Serpin Family B Member 4

Stratifin

Solute Carrier Family 4 Member 1

Superoxide Dismutase 1

Spectrin beta chain, erythrocytic

Signal Recognition Particle 54

Serine/arginine-rich splicing factor 11

Signal Transducer And Activator Of Transcription 1
Transgelin
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TAS-102 Trifluridine/Tipiracil Combination Drug
TBS/TBS-T Tris-Buffered Saline/TBS With Tween-20
TCGA The Cancer Genome Atlas
TCGA-CESC TCGA Cervical Squamous Cell Carcinoma Dataset
TFA Trifluoroacetic Acid
TMT Tandem Mass Tags
TNIK NCK Interacting Kinase
TNXB Tenascin-X
TXN Thioredoxin
TYMP Thymidine Phosphorylase
UALCAN University Of Alabama Cancer Database
UBE2A Ubiquitin Conjugating Enzyme E2 A
UBE2D3 Ubiquitin Conjugating Enzyme E2 D3
UBE2E3 Ubiquitin Conjugating Enzyme E2 E3
UBE2I Ubiquitin Conjugating Enzyme E2 I
UBE2]1 Ubiquitin Conjugating Enzyme E2 J1
UBE2K Ubiquitin Conjugating Enzyme E2 K
UBE2N Ubiquitin Conjugating Enzyme E2 N
UniProt Universal Protein Resource
UPLC Ultra-Performance Liquid Chromatography
USP7 Ubiquitin Carboxyl-Terminal Hydrolase 7
VIM Vimentin
VSN Variance Stabilizing Normalization
XRCC1 X-Ray Repair Cross Complementing 1
ZNF441 Zinc Finger Protein 441

References

1.  Bray, F.,; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer . Clin. 2024, 74, 229-263.
https://doi.org/10.3322/caac.21834.

Murioz, N.; Bosch, F.X.; Sanjosé, S.d.; Herrero, R.; Castellsagué, X.; Shah, K.V.; Snijders, P.J.F.; Meijer, C.J.L.M. Epidemiologic
Classification of Human Papillomavirus Types Associated with Cervical Cancer. N. Engl. ]. Med. 2003, 348, 518-527.
https://doi.org/10.1056/NEJMoa021641.

Sivars, L.; Holzhauser, S.; Ramqvist, T.; Tham, E.; Hellman, K.; Dalianis, T. Prevalence of human papillomavirus (HPV) types
16 and 18 in cervical cancer in Stockholm, Sweden during 2019-2023 compared to 2003—2008. Acta Oncol. 2023, 62, 1649-1652.
https://doi.org/10.1080/0284186X.2023.2264485.

Pal, A.; Kundu, R. Human Papillomavirus E6 and E7: The Cervical Cancer Hallmarks and Targets for Therapy. Front. Microbiol.
2020, 10, 3116. https://doi.org/10.3389/fmicb.2019.03116.

Neveu, G.; Cassonnet, P.; Vidalain, P.-O.; Rolloy, C.; Mendoza, |.; Jones, L.; Tangy, F.; Muller, M.; Demeret, C.; Tafforeau, L.; et
al. Comparative analysis of virus-host interactomes with a mammalian high-throughput protein complementation assay based
on Gaussia princeps luciferase. Methods 2012, 58, 349-359. https://doi.org/10.1016/j.ymeth.2012.07.029.

Xiao, Q.; Zhang, F.; Xu, L.; Yue, L.; Kon, O.L.; Zhu, Y.; Guo, T. High-throughput proteomics and Al for cancer biomarker
discovery. Adv. Drug Deliv. Rev. 2021, 176, 113844. https://doi.org/10.1016/j.addr.2021.113844.

Serafin-Higuera, I.; Garibay-Cerdenares, O.L.; lllades-Aguiar, B.; Flores-Alfaro, E.; Jiménez-Lépez, M.A.; Sierra-Martinez, P.;
Alarcon-Romero, L.D.C. Differential proteins among normal cervix cells and cervical cancer cells with HPV-16 infection,
through mass spectrometry-based Proteomics (2D-DIGE) in women from Southern México. Proteome Sci. 2016, 14, 10.
https://doi.org/10.1186/512953-016-0099-4.

Kontostathi, G.; Zoidakis, J.; Makridakis, M.; Lygirou, V.; Mermelekas, G.; Papadopoulos, T.; Vougas, K.; Vlamis-Gardikas, A.;
Drakakis, P.; Loutradis, D.; et al. Cervical Cancer Cell Line Secretome Highlights the Roles of Transforming Growth Factor-
Beta-Induced Protein ig-h3, Peroxiredoxin-2, and NRF2 on Cervical Carcinogenesis. Biomed. Res. Int. 2017, 2017, 4180703.
https://doi.org/10.1155/2017/4180703.

Keeratichamroen, S.; Subhasitanont, P.; Chokchaichamnankit, D.; Weeraphan, C.; Saharat, K.; Sritana, N.; Kantathavorn, N.;
Wiriyaukaradecha, K.; Sricharunrat, T.; Paricharttanakul, N.M.; et al. Identification of potential cervical cancer serum
biomarkers in Thai patients. Oncol. Lett. 2020, 19, 3815-3826. https://doi.org/10.3892/01.2020.11519.

https://doi.org/10.3390/pathogens15080793



Pathogens 2026, 15, 793 27 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Pappa, K.I; Lygirou, V.; Kontostathi, G.; Zoidakis, J.; Makridakis, M.; Vougas, K.; Daskalakis, G.; Polyzos, A.; Anagnou, N.P.
Proteomic Analysis of Normal and Cancer Cervical Cell Lines Reveals Deregulation of Cytoskeleton-associated Proteins. Cancer
Genom. Proteom. 2017, 14, 253-266. https://doi.org/10.21873/cgp.20036.

Ding, Y.; Yang, M.; She, S.; Min, H.; Xv, X.; Ran, X,; Wu, Y.; Wang, W.; Wang, L.; Yi, L; et al. iTRAQ-based quantitative proteomic
analysis of cervical cancer. Int. ]. Oncol. 2015, 46, 1748-1758. https://doi.org/10.3892/ijo.2015.2859.

Song, ].Y.; Bae, H.S.; Koo, D.H.; Lee, ].K,; Jung, H.H.; Lee, KW_; Lee, N.W. Candidates for Tumor Markers of Cervical Cancer
Discovered by Proteomic Analysis. ]. Korean Med. Sci. 2012, 27, 1479-1485. https://doi.org/10.3346/jkms.2012.27.12.1479.
Chavez, ].D.; Hoopmann, M.R.; Weisbrod, C.R.; Takara, K.; Bruce, J.E. Quantitative Proteomic and Interaction Network
Analysis of Cisplatin Resistance in HeLa Cells. PLoS ONE 2011, 6, €19892. https://doi.org/10.1371/journal.pone.0019892.
Ojesina, A.L; Lichtenstein, L.; Freeman, S.S.; Pedamallu, C.S.; Imaz-Rosshandler, I.; Pugh, T.J.; Cherniack, A.D.; Ambrogio, L.;
Cibulskis, K.; Bertelsen, B.; et al. Landscape of Genomic Alterations in Cervical Carcinomas. Nature 2014, 506, 371-375.
https://doi.org/10.1038/nature12881.

Kumar, P.; Chauhan, R.; Trivedi, V.; Dhawale, E.R.; Sambath, ]J.; George, I.A.; Manda, S.S.; Ariyannur, P.; Kommu, R.S.; Singh,
M.; et al. Landscape of genomic alterations in patients with chemoradiation resistant cervical cancer using whole-genome
sequencing. |. Clin. Oncol. 2024, 42, e17531-e17531. https://doi.org/10.1200/JCO.2024.42.16_suppl.e17531.

Yu, J.; Gui, X,; Zou, Y.; Liu, Q.; Yang, Z.; An, ].; Guo, X.; Wang, K.; Guo, J.; Huang, M.; et al. A proteogenomic analysis of cervical
cancer reveals therapeutic and biological insights. Nat. Commun. 2024, 15, 10114. https://doi.org/10.1038/s41467-024-53830-0.
Ahmed, SM.Q.; Laha, S.; Das, R.; Ifthikar, M.A.; Das, S.P. MCM10 expression is linked to cervical cancer aggressiveness. Front.
Mol. Med. 2023, 3, 1009903. https://doi.org/10.3389/fmmed.2023.1009903.

Ramirez-Torres, A.; Gil, J.; Contreras, S.; Ramirez, G.; Valencia-Gonzalez, H.A.; Salazar-Bustamante, E.; Gémezcaudillo, L.;
Garcia-Carranca, A.; Encarnacion-Guevara, S. Quantitative Proteomic Analysis of Cervical Cancer Tissues Identifies Proteins
Associated with Cancer Progression. Cancer Genom. Proteom. 2022, 19, 241-258. https://doi.org/10.21873/cgp.20317.
Barrera-Saldafia, H.A.; Ulloa-Aguirre, A.; Reyes, ].P; llliades, B.; Bernal, S.; Alpuche, C.; Luna, C.M.; Moreno, K.; Estrada, K,;
Lajous, M.; et al. BIOBANCOS Mx: Un pilar estratégico para que la ciencia nacional impacte en la salud de los mexicanos. Gac.
Meéd. Méx. 2025, 161, 487-495. https://doi.org/10.24875/GMM.25000056.

Gil, J.; Rezeli, M,; Lutz, E.G,; Kim, Y.; Sugihara, Y.; Malm, J.; Semenov, Y.R.; Yu, KH.; Nguyen, N.; Wan, G.; et al. An
Observational Study on the Molecular Profiling of Primary Melanomas Reveals a Progression Dependence on Mitochondrial
Activation. Cancers (Basel) 2021, 13, 6066. https://doi.org/10.3390/cancers13236066.

Demichev, V.; Messner, C.B.; Vernardis, S.I; Lilley, K.S.; Ralser, M. DIA-NN: Neural networks and interference correction
enable deep proteome coverage in high throughput. Nat. Methods 2020, 17, 41-44. https://doi.org/10.1038/s41592-019-0638-x.
Koopmans, F.; Li, KW.; Klaassen, R.V.; Smit, A.B. MS-DAP Platform for Downstream Data Analysis of Label-Free Proteomics
Uncovers Optimal Workflows in Benchmark Data Sets and Increased Sensitivity in Analysis of Alzheimer’s Biomarker Data. J.
Proteome Res. 2023, 22, 374-386. https://doi.org/10.1021/acs.jproteome.2c00513.

Huber, W.; von Heydebreck, A.; Sultmann, H.; Poustka, A.; Vingron, M. Variance stabilization applied to microarray data
calibration and to the quantification of differential expression.  Bioinformatics 2002, 18, S96-5104.
https://doi.org/10.1093/bioinformatics/18.suppl_1.s96.

Ammar, C.; Gruber, M.; Csaba, G.; Zimmer, R. MS-EmpiRe Utilizes Peptide-Level Noise Distributions for Ultra-Sensitive
Detection of Differentially Expressed Proteins. Mol. Cell Proteom. 2019, 18, 1880-1892.
https://doi.org/10.1074/mcp.RA119.001509.

Therachiyil, L.; Surendranath, A.; Anand, A.; Sahin, R.D.; Akil, A.S.A.-S.; Bhat, A.A; Uddin, S. Proteomics-Driven Cancer
Biomarkers for Early Detection and Targeted Therapy: Insights from the Middle East. ]. Proteome Res. 2025, 25, 21-40.
https://doi.org/10.1021/acs.jproteome.5c00949.

Xu, D.; Zhu, X,; Ren, J.; Huang, S.; Xiao, Z.; Jiang, H.; Tan, Y. Quantitative proteomic analysis of cervical cancer based on TMT-
labeled quantitative proteomics. J. Proteom. 2022, 252, 104453. https://doi.org/10.1016/j.jprot.2021.104453.

Torres-Narvaez, E.S.; Mendivelso-Gonzalez, D.F.; Artunduaga-Alvarado, J.A.; Ortega-Recalde, O. Cancer genomics and
bioinformatics in Latin American countries: Applications, challenges, and perspectives. Front. Oncol. 2025, 15, 1584178.
https://doi.org/10.3389/fonc.2025.1584178.

Uleberg, K.-E.; @vestad, I.T.; Munk, A.C.; Brede, C.; van Diermen, B.; Gudlaugsson, E.; Janssen, E.A.M.; Hjelle, A.; Baak, ].P.A.
Prediction of Spontaneous Regression of Cervical Intraepithelial Neoplasia Lesions Grades 2 and 3 by Proteomic Analysis. Int.
J. Proteom. 2014, 2014, 129064. https://doi.org/10.1155/2014/129064.

https://doi.org/10.3390/pathogens15080793



Pathogens 2026, 15, 793 28 of 31

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Xu, D.; Zhou, X.; Min, S.; Zhang, Y.; Zhu, X,; Qiao, K.; Xie, L.; Ren, J.; Liu, Y.; Xiao, Z.; et al. Leukocyte-specific protein 1 is
associated with the stage and tumor immune infiltration of cervical cancer. Sci. Rep. 2025, 15, 7566.
https://doi.org/10.1038/s41598-025-91066-0.

Bai, H.; Zheng, H. Labeled-free quantitative proteomic analysis of cervical squamous cell carcinoma identifies potential protein
biomarkers. Peer] 2024, 12, e17444. https://doi.org/10.7717/peerj.17444.

Jiang, J.; Li, X.; Yin, X.; Zhang, J.; Shi, B. Association of low expression of E-cadherin and 3-catenin with the progression of early
stage human squamous cervical cancer. Oncol. Lett. 2019, 17, 5729-5739. https://doi.org/10.3892/01.2019.10266.

De Martino, S.; Capasso, B.; Cis, L.; D’Orsi, L.; Canali, G.; Capasso, P.; De Gaetano, A.; Mercantini, P.; Mascagni, D.; Gaetano,
C.; et al. Role of innate immunity in tumor microenvironment of HPV-associated anal cancer: The hypothetical beneficial role
of Y0 T cells. Crit. Rev. Oncol. Hematol. 2025, 212, 104771. https://doi.org/10.1016/j.critrevonc.2025.104771.

Giizel, C.; Govorukhina, N.I; Wisman, G.B.A.; Stingl, C.; Dekker, L.].M.; Klip, H.G.; Hollema, H.; Guryev, V.; Horvatovich, P.L.;
van der Zee, A.GJ.; et al. Proteomic alterations in early stage cervical cancer. Oncotarget 2018, 9, 18128-18147.
https://doi.org/10.18632/oncotarget.24773.

Li, B.; Sui, L. Metabolic reprogramming in cervical cancer and metabolomics perspectives. Nutr. Metab. 2021, 18, 93.
https://doi.org/10.1186/s12986-021-00615-7.

Barron, C.C,; Bilan, P.J.; Tsakiridis, T.; Tsiani, E. Facilitative glucose transporters: Implications for cancer detection, prognosis
and treatment. Metabolism 2016, 65, 124-139. https://doi.org/10.1016/j.metabol.2015.10.007.

Stone, S.C.; Rossetti, R.A.M.; Alvarez, K.L.F.; Carvalho, ].P.; Margarido, P.F.R.; Baracat, E.C.; Tacla, M.; Boccardo, E.; Yokochi,
K.; Lorenzi, N.P.; et al. Lactate secreted by cervical cancer cells modulates macrophage phenotype. J. Leukoc. Biol. 2019, 105,
1041-1054. https://doi.org/10.1002/JLB.3A0718-274RR.

Ping, P.; Li, J.; Lei, H.; Xu, X. Fatty acid metabolism: A new therapeutic target for cervical cancer. Front. Oncol. 2023, 13, 1111778.
https://doi.org/10.3389/fonc.2023.1111778.

Zou, W.; Han, Z.; Wang, Z.; Liu, Q. Targeting glutamine metabolism as a potential target for cancer treatment. . Exp. Clin.
Cancer Res. 2025, 44, 180. https://doi.org/10.1186/s13046-025-03430-7.

Araujo-Arcos, L.E.; Montafio, S.; Bello-Rios, C.; Garibay-Cerdenares, O.L.; Leyva-Vazquez, M.A ; [llades-Aguiar, B. Molecular
insights into the interaction of HPV-16 E6 variants against MAGI-1 PDZ1 domain. Sci. Rep. 2022, 12, 1898.
https://doi.org/10.1038/s41598-022-05995-1.

Catalan-Castorena, O.; Garibay-Cerdenares, O.L.; Illades-Aguiar, B.; Castillo-Sanchez, R.; Zubillaga-Guerrero, M.1,; Leyva-
Vazquez, M.A.; Encarnacion-Guevara, S.; Flores-Alfaro, E.; Ramirez-Ruano, M.; del Carmen Alarcéon-Romero, L. Bioinformatics
Analysis of Human Papillomavirus 16 Integration in Cervical Cancer: Changes in MAGI-1 Expression in Premalignant Lesions
and Invasive Carcinoma. Cancers 2024, 16, 2225. https://doi.org/10.3390/cancers16122225.

Wang, X.; Shuai, G.; Xu, J.; Liu, M.; Zhao, J.; Zhang, N.; Zhang, W.; Qu, P. HPV16 E7 oncoprotein test as a triage strategy for
HPV16-positive women in cervical cancer screening: Long-term follow-up outcome. Front. Oncol. 2023, 13, 1221962.
https://doi.org/10.3389/fonc.2023.1221962.

Mattoscio, D.; Casadio, C.; Fumagalli, M.; Sideri, M.; Chiocca, S. The SUMO conjugating enzyme UBC9 as a biomarker for
cervical HPV infections. Ecancermedicalscience 2015, 9, 534. https://doi.org/10.3332/ecancer.2015.534.

Wang, S.; Yang, W.; Peng, T.; Zhu, C.; Dong, J.; Wang, Y.; Yuan, H.; Sun, Q.; Luan, X.; Guan, X,; et al. IFN-y-driven UBE2D3
upregulation impairs antigen presentation pathways and anti-tumor immunity in pancreatic cancer. Nat. Commun. 2025, 16,
10733. https://doi.org/10.1038/s41467-025-65762-4.

Yalcin, Z.; Koot, D.; Bezstarosti, K.; Salas-Lloret, D.; Bleijerveld, O.B.; Boersma, V.; Falcone, M.; Gonzélez-Prieto, R.; Altelaar,
M.; Demmers, ].A.A.; et al. Ubiquitinome Profiling Reveals In Vivo UBE2D3 Targets and Implicates UBE2D3 in Protein Quality
Control. Mol. Cell Proteom. 2023, 22, 100548. https://doi.org/10.1016/j.mcpro.2023.100548.

Hu, W.; Ma, S-L.; Qiong, L.; Du, Y.; Gong, L.-P.; Pan, Y.-H.; Sun, L.-P.; Wen, J.-Y.; Chen, J.-N.; Guan, X.-Y.; et al. PPM1G
promotes cell proliferation via modulating mutant GOF p53 protein expression in hepatocellular carcinoma. iScience 2024, 27,
109116. https://doi.org/10.1016/j.isci.2024.109116.

Song, T.T.; Xu, F.; Wang, W. Inhibiting ubiquitin conjugating enzyme E2 N by microRNA-590-3p reduced cell growth of cervical
carcinoma. Kaohsiung J. Med. Sci. 2020, 36, 501-507. https://doi.org/10.1002/kjm2.12204.

Schwalen, F.; Ghadi, C.; Ibazizene, L.; Khan, S.U.; Sopkova-de Oliveira Santos, J.; Weiswald, L.-B.; Voisin-Chiret, A.S.; Meryet-
Figuiere, M.; Kieffer, C. UBE2N: Hope on the Cancer Front, How to Inhibit This Promising Target Prospect? ]. Med. Chem. 2025,
68, 915-928. https://doi.org/10.1021/acs.jmedchem.4c01517.

https://doi.org/10.3390/pathogens15080793



Pathogens 2026, 15, 793 29 of 31

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Peng, Z.-M.,; Xiong, ].-Y.; Deng, F.-Y.; Wang, X.; Wang, T.; Yang, C.-X,; Chen, Y.-R,; Han, X.-J.; Zhang, Z. UBE2N inhibition
abrogates cancer chemoresistance and metastasis in lung adenocarcinoma. Cancer Gene Ther. 2025, 32, 831-842.
https://doi.org/10.1038/s41417-025-00929-1.

Regan, J.A.; Laimins, L.A. Bap31 is a novel target of the human papillomavirus E5 protein. J. Virol. 2008, 82, 10042-10051.
https://doi.org/10.1128/JV1.01240-08.

Ilahi, N.E.; Bhatti, A. Impact of HPV E5 on viral life cycle via EGFR signaling. Microb. Pathog. 2020, 139, 103923.
https://doi.org/10.1016/j.micpath.2019.103923.

Hidayatullah, A.; Putra, W.E.; Rifa’i, M.; Sustiprijatno, S.; Heikal, M.F.; Widiastuti, D.; Permatasari, G.W.; Susanto, H.; Shuib,
A.S. Molecular docking and molecular dynamic study of multiple medicinal plants’ bioactive compounds as human
papillomavirus type 16 E5 protein inhibitor. Kuwait J. Sci. 2022, 50, 16169. https://doi.org/10.48129/kjs.16169.

Scott, M.L.; Woodby, B.L.; Ulicny, J.; Raikhy, G.; Orr, A.W.; Songock, W.K.; Bodily, ]. M. Human Papillomavirus 16 E5 Inhibits
Interferon Signaling and Supports Episomal Viral Maintenance. J. Virol. 2020, 94, 10-1128. https://doi.org/10.1128/JV1.01582-19.
Bhattacharjee, R.; Das, S.S.; Biswal, S.S.; Nath, A.; Das, D.; Basu, A.; Malik, S.; Kumar, L.; Kar, S.; Singh, S.K.; et al. Mechanistic
role of HPV-associated early proteins in cervical cancer: Molecular pathways and targeted therapeutic strategies. Crit. Rev.
Oncol. Hematol. 2022, 174, 103675. https://doi.org/10.1016/j.critrevonc.2022.103675.

Burley, M.; Roberts, S.; Parish, J.L. Epigenetic regulation of human papillomavirus transcription in the productive virus life
cycle. Semin. Immunopathol. 2020, 42, 159-171. https://doi.org/10.1007/s00281-019-00773-0.

Castro-Munoz, L.J.; Manzo-Merino, J.; Mufioz-Bello, ].O.; Olmedo-Nieva, L.; Cedro-Tanda, A.; Alfaro-Ruiz, L.A.; Hidalgo-
Miranda, A.; Madrid-Marina, V.; Lizano, M. The Human Papillomavirus (HPV) E1 protein regulates the expression of cellular
genes involved in immune response. Sci. Rep. 2019, 9, 13620. https://doi.org/10.1038/s41598-019-49886-4.

Li, J.-X.; Zhang, J.; Li, C.-H,; Li, Y.-F.; Chen, H.-M,; Li, T.; Zhang, Q.; Kong, B.-H.; Wang, P.-H. Human papillomavirus E1
proteins inhibit RIG-I/MDA5-MAYVS, TLR3-TRIF, cGAS-STING, and JAK-STAT signaling pathways to evade innate antiviral
immunity. Front. Immunol. 2025, 16, 1549766. https://doi.org/10.3389/fimmu.2025.1549766.

Ma, F.; Liu, X,; Zhou, S; Li, W.; Liu, C,; Chadwick, M.; Qian, C. Long non-coding RNA FGF13-AS1 inhibits glycolysis and
stemness properties of breast cancer cells through FGF13-AS1/IGF2BPs/Myc feedback loop. Oncol. Lett. 2019, 450, 63-75.
https://doi.org/10.1016/j.canlet.2019.02.008.

Uggioni, M.L.R.; Feuser, P.E.; Possato, J.C.; de Melo, M.E.; De Pieri, E.; Cercena, R.; B6, A.G.D.; da Rosa, M.I; Machado-de-
Avila, RA. Synergic effect of paclitaxel and cisplatin associated with gold nanoparticles on HeLa cervical cells. Gold Bull. 2022,
55, 65-75. https://doi.org/10.1007/s13404-021-00305-5.

Leung, J.C.; Cassimeris, L. Reorganization of paclitaxel-stabilized microtubule arrays at mitotic entry: Roles of depolymerizing
kinesins and severing proteins. Cancer Biol. Ther. 2019, 20, 1337-1347. https://doi.org/10.1080/15384047.2019.1638678.

Yimit, A.; Adebali, O.; Sancar, A.; Jiang, Y. Differential damage and repair of DNA-adducts induced by anti-cancer drug
cisplatin across mouse organs. Nat. Commun. 2019, 10, 309. https://doi.org/10.1038/s41467-019-08290-2.

Ruano, L.; Cardenas, G.; Nogueira, ].J. The Permeation Mechanism of Cisplatin Through a Dioleoylphosphocholine Bilayer*.
Chemphyschem 2021, 22, 1251-1261. https://doi.org/10.1002/cphc.202100059.

Belmonte-Fernandez, A.; Herrero-Ruiz, J.; Galindo-Moreno, M.; Limon-Mortes, M.C.; Mora-Santos, M.; Saez, C.; Japon, M.A.;
Tortolero, M.; Romero, F. Cisplatin-induced cell death increases the degradation of the MRE11-RAD50-NBS1 complex through
the autophagy/lysosomal pathway. Cell Death Differ. 2023, 30, 488—499. https://doi.org/10.1038/s41418-022-01100-1.

Bremmer, F.; Pongratanakul, P.; Skowron, M.; Che, Y.; Richter, A.; Kuffer, S.; Reuter-Jessen, K.; Bohnenberger, H.; Pauls, S.;
Kresbach, C.; et al. Characterizing the mutational burden, DNA methylation landscape, and proteome of germ cell tumor-
related somatic-type malignancies to identify the tissue-of-origin, mechanisms of therapy resistance, and druggable targets. Br.
J. Cancer 2023, 129, 1580-1589. https://doi.org/10.1038/s41416-023-02425-5.

Wang, W.; Wei, ].; Tu, X.; Ye, X. Potential Role of GST-pi in Lung Cancer Stem Cell Cisplatin Resistance. Int. ]. Biomed. Res. 2021,
2021, 9142364. https://doi.org/10.1155/2021/9142364.

Tian, S.; Wang, C.; Zhao, X.; Xuan, Y.; Wei, W.; Dong, Y.; Tao, W.; Zhang, C; Cai, T.; Liu, C; et al. A CEBPB/TYMP/GDF15
signaling axis mediates tumor growth and cisplatin resistance in bladder cancer. Transl. Oncol. 2025, 61, 102537.
https://doi.org/10.1016/j.tranon.2025.102537.

Hou, Y.; Zhu, Q.; Li, Z.; Peng, Y.; Yu, X;; Yuan, B; Liu, Y.; Liu, Y.; Yin, L.; Peng, Y.; et al. The FOXM1-ABCCS5 axis contributes
to paclitaxel resistance in nasopharyngeal carcinoma cells. Cell Death Dis. 2017, 8, €2659. https://doi.org/10.1038/cddis.2017.53.

https://doi.org/10.3390/pathogens15080793



Pathogens 2026, 15, 793 30 of 31

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

van Eijk, M.; Boosman, R.J.; Schinkel, A.H.; Huitema, A.D.R.; Beijnen, ].H. Cytochrome P450 3A4, 3A5, and 2C8 expression in
breast, prostate, lung, endometrial, and ovarian tumors: Relevance for resistance to taxanes. Cancer Chemother. Pharmacol. 2019,
84, 487-499. https://doi.org/10.1007/s00280-019-03905-3.

Ciotti, M.; Marzano, V; Giuliani, L.; Nuccetelli, M.; D’Aguanno, S.; Azzimonti, B.; Bernardini, S.; Perno, C.F.; Urbani, A.; Favalli,
C.; et al. Proteomic investigation in A549 lung cell line stably infected by HPV16E6/E7 oncogenes. Respiration 2009, 77, 427-439.
https://doi.org/10.1159/000176209.

Wang, Y.; Xie, Q. Targeting ANXA4 to Overcome Cisplatin Resistance in Ovarian Cancer: A Bioinformatics and In Vitro Study.
OncoTargets Ther. 2025, 18, 1243-1256. https://doi.org/10.2147/OTT.S5552516.

Seo, J.-S.; Svenningsson, P. Modulation of Ion Channels and Receptors by p11 (S100A10). Trends Pharmacol. Sci. 2020, 41, 487—
497. https://doi.org/10.1016/j.tips.2020.04.004.

Madureira, P.A.; Bharadwaj, A.G.; Bydoun, M.; Garant, K.; O’Connell, P.; Lee, P.; Waisman, D.M. Cell surface protease
activation during RAS transformation: Critical role of the plasminogen receptor, SI00A10. Oncotarget 2016, 7, 47720-47737.
https://doi.org/10.18632/oncotarget.10279.

Zhao, Y.-C; Wang, T.-].; She, L.-Z.; Cui, J.; Zhang, C.-H. S100A10 Overexpression Correlates with Adverse Prognosis, Tumor
Microenvironment, and Aggressive Behavior In Vitro and In Vivo of Cervical Cancer. . Cancer 2023, 14, 2931-2945.
https://doi.org/10.7150/jca.87689.

Noye, T.M.; Lokman, N.A.; Oehler, M.K,; Ricciardelli, C. 5100A10 and Cancer Hallmarks: Structure, Functions, and Its Emerging
Role in Ovarian Cancer. Int. |. Mol. Sci. 2018, 19, 4122. https://doi.org/10.3390/ijms19124122.

Hua, X.; Zhang, H.; Jia, J.; Chen, S.; Sun, Y.; Zhu, X. Roles of S100 family members in drug resistance in tumors: Status and
prospects. Biomed. Pharmacother. 2020, 127, 110156. https://doi.org/10.1016/j.biopha.2020.110156.

Suzuki, S.; Tanigawara, Y. Forced expression of SI00A10 reduces sensitivity to oxaliplatin in colorectal cancer cells. Proteome
Sci. 2014, 12, 26. https://doi.org/10.1186/1477-5956-12-26.

Shintani, M.; Urano, M.; Takakuwa, Y.; Kuroda, M.; Kamoshida, S. Immunohistochemical characterization of pyrimidine
synthetic enzymes, thymidine kinase-1 and thymidylate synthase, in various types of cancer. Oncol. Rep. 2010, 23, 1345-1350.
https://doi.org/10.3892/0r_00000770.

Zhang, Q.; Zhang, Y.; Hu, X,; Qin, Y.; Zhong, W.; Meng, |.; Xiao, T.; Zhang, C.; Li, M.; Chen, S.; et al. Thymidine phosphorylase
promotes metastasis and serves as a marker of poor prognosis in hepatocellular carcinoma. Lab. Investig. 2017, 97, 903-912.
https://doi.org/10.1038/labinvest.2017.51.

Gajecki, D.; Kiczak, L.; Majda, J.; Banasiak, W.; Doroszko, A. Unravelling Thymidine phosphorylase: Mechanisms and
multifunctional impact on cardiovascular system—From bench to bedside. Biomed. Pharmacother. 2025, 192, 118577.
https://doi.org/10.1016/j.biopha.2025.118577.

Hasegawa, K.; Okamoto, H.; Kawamura, K.; Kato, R.; Kobayashi, Y.; Sekiya, T.; Udagawa, Y. The effect of chemotherapy or
radiotherapy on thymidine phosphorylase and dihydropyrimidine dehydrogenase expression in cancer of the uterine cervix.
Eur. ]. Obstet. Gynecol. Reprod. Biol. 2012, 163, 67-70. https://doi.org/10.1016/j.ejogrb.2012.03.014.

Gao, Y.; Zens, P.; Su, M.; Gemperli, C.A; Yang, H.; Deng, H.; Yang, Z.; Xu, D.; Hall, S.R.R.; Berezowska, S.; et al. Chemotherapy-
induced CDA expression renders resistant non-small cell lung cancer cells sensitive to 5'-deoxy-5-fluorocytidine (5'-DFCR). J.
Exp. Clin. Cancer Res. 2021, 40, 138. https://doi.org/10.1186/513046-021-01938-2.

Elamin, Y.Y.; Rafee, S.; Osman, N.; OByrne, K.J.; Gately, K. Thymidine Phosphorylase in Cancer; Enemy or Friend? Cancer
Microenviron. 2016, 9, 33—43. https://doi.org/10.1007/s12307-015-0173-y.

Venetis, K.; Frascarelli, C.; Bielo, L.B.; Cursano, G.; Adorisio, R.; Ivanova, M.; Mane, E.; Peruzzo, V.; Concardi, A.; Negrelli, M.;
et al. Mismatch repair (MMR) and microsatellite instability (MSI) phenotypes across solid tumors: A comprehensive cBioPortal
study on prevalence and prognostic impact. Eur. J. Cancer 2025, 217, 115233. https://doi.org/10.1016/j.ejca.2025.115233.

Liao, P.; Han, Z.; Yan, B.; Chen, F.; Lei, P. Thymidine phosphorylase associates with DNA damage repair to facilitate stemness
maintenance, chemoresistance, and immunosuppression in pan-cancer. Inf. ]. Biol. Macromol. 2025, 319, 145707.
https://doi.org/10.1016/j.ijpiomac.2025.145707.

Bijnsdorp, I.V.; de Bruin, M.; Laan, A.C.; Fukushima, M.; Peters, G.J. The role of platelet-derived endothelial cell growth
factor/thymidine phosphorylase in tumor behavior. Nucleosides Nucleotides Nucleic Acids 2008, 27, 681-691.
https://doi.org/10.1080/15257770802143988.

Peters, G.J.; Bijnsdorp, IV. TAS-102: More than an antimetabolite. Lancet Oncol. 2012, 13, e518-e519.
https://doi.org/10.1016/51470-2045(12)70426-6.

https://doi.org/10.3390/pathogens15080793



Pathogens 2026, 15, 793 31 of 31

86.

87.

88.

89.

90.

91.

Yang, Y.; Jiang, L.; Wang, S.; Chen, H,; Yi, M,; Wu, Y.; Li, Z; Fang, X. A comprehensive pan-cancer analysis on the
immunological role and prognostic value of TYMP in human cancers. Transl. Cancer Res. 2022, 11, 3187-3208.
https://doi.org/10.21037/tcr-22-502.

Wang, L.; Huang, X.; Chen, Y.; Jin, X; Li, Q.; Yi, T.N. Prognostic value of TP/PD-ECGF and thrombocytosis in gastric carcinoma.
Eur. ]. Surg. Oncol. 2012, 38, 568-573. https://doi.org/10.1016/j.€js0.2012.04.008.

Chen, S.-A.; Zhang, ]J.-P.; Wang, N.; Chen, J. Identifying TYMP as an Immune Prognostic Marker in Clear Cell Renal Cell
Carcinoma. Technol. Cancer Res. Treat. 2023, 22, 15330338231194555. https://doi.org/10.1177/15330338231194555.

Jia, X,; Zhang, T.; Sun, J; Lin, H,; Bai, T.; Qiao, Y.; Li, Y.; Li, G; Li, G.; Peng, X.; et al. Rs11479 in Thymidine Phosphorylase
Associated with Prognosis of Patients with Colorectal Cancer Who Received Capecitabine-Based Adjuvant Chemotherapy.
Pharmacogenomics Pers. Med. 2023, 16, 277-289. https://doi.org/10.2147/PGPM.S397382.

Chen, T.; Ma, J.; Liu, Y.; Chen, Z.; Xiao, N.; Lu, Y,; Fu, Y.; Yang, C.; Li, M.; Wu, S.; et al. iProX in 2021: Connecting proteomics
data sharing with big data. Nucleic Acids Res. 2022, 50, D1522-D1527. https://doi.org/10.1093/nar/gkab1081.

Ma, J.; Chen, T.; Wu, S,; Yang, C.; Bai, M.; Shu, K,; Li, K.; Zhang, G.; Jin, Z.; He, F.; et al. iProX: An integrated proteome resource.
Nucleic Acids Res. 2019, 47, D1211-D1217. https://doi.org/10.1093/nar/gky869.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pathogens15080793



