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ARTICLE INFO ABSTRACT

Article history:

Received 8 March 2023 Proliferative verrucous leukoplakia (PVL) is an oral potentially malignant disorder associated with
Revised 13 July 2023 high risk of malignant transformation. Currently, there is no treatment available, and restrictive
Accepted 19 July 2023 follow-up of patients is crucial for a better prognosis. Oral leukoplakia (OL) shares some clinical
Available online 26 July 2023 and microscopic features with PVL but exhibits different clinical manifestations and a lower rate of

malignant transformation. This study aimed to investigate the proteomic profile of PVL in tissue

Keywords: and saliva samples to identify potential diagnostic biomarkers with therapeutic implications.
calreticulin Tissue and saliva samples obtained from patients with PVL were compared with those from pa-
leukoplakia tients with oral OL and controls. Label-free liquid chromatography with tandem mass spectrom-
proliferative verrucous leukoplakia etry was employed, followed by qualitative and quantitative analyses, to identify differentially
proteomic expressed proteins. Potential biomarkers were identified and further validated using immuno-

histochemistry. Staining intensity scan analyses were performed on tissue samples from patients
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with PVL, patients with OL, and controls from Brazil, Spain, and Finland. The study revealed dif-
ferences in the immune system, cell cycle, DNA regulation, apoptosis pathways, and the whole
proteome of PVL samples. In addition, liquid chromatography with tandem mass spectrometry
analyses showed that calreticulin (CALR), receptor of activated protein C kinase 1 (RACK1), and 14-
3-3 Tau-protein (YWHAQ) were highly expressed in PVL samples. Immunohistochemistry vali-
dation confirmed increased CARL expression in PVL compared with OL. Conversely, RACK1 and
YWHA were highly expressed in oral potentially malignant disorder compared to the control
group. Furthermore, significant differences in CALR and RACK1 expression were observed in the OL
group when comparing samples with and without oral epithelial dysplasia, unlike the PVL. This
research provides insights into the molecular mechanisms underlying these conditions and
highlights potential targets for future diagnostic and therapeutic approaches.

© 2023 United States & Canadian Academy of Pathology. Published by Elsevier Inc. All rights reserved.

Introduction

Oral potentially malignant disorders (OPMDs) are defined as
any abnormality of the oral mucosa associated with a statistically
increased risk of developing oral cancer.! The global prevalence
rate of OPMD is approximately 5%, and predicting which lesions
will progress to malignant tumors is a significant challenge.’
Among OPMDs, oral leukoplakia (OL) and proliferative verrucous
leukoplakia (PVL) share some clinical (irreversible white plaque)
and microscopic (varying degrees of epithelial dysplasia) features
but exhibit significantly different clinical manifestation and
evolution.

OL has an incidence rate ranging from 1% to 4%, and a cumulative
malignant transformation rate of 9.8%.> It primarily affects the
vermilion of the lip, buccal mucosa, and gingiva and is more prev-
alent in men older than 40 years.> OL shares risk factors with oral
squamous cell carcinoma (OSCC), such as tobacco use, excessive
alcohol consumption, advanced age, chewing of areca nuts, and
exposure to UV radiation when it affects the vermilion of the lip.*

In contrast, PVL presents clinically as a white plaque that be-
comes multifocal with aggressive, progressive, and irreversible
manifestation."” The malignant transformation rate of PVL ranges
from 14.3% to 75%, with an average rate of 49.5%.° Unlike OL, PVL
does not appear to be associated with well-known risk factors for
0SCC.> Moreover, the diagnosis and risk assessments of OPMD
based on clinical and histopathological criteria suffer from poor
reproducibility and high interobserver variability.”® Recent evi-
dence further highlights the lack of consensus in diagnosing PVL
using this method.'® Therefore, the early detection, prevention,
and recognition of OSCC progression from PVL and OL lesions lack
a standardized objective method. Additionally, PVL often exhibits
an inadequate response to the existing treatment modalities,
which fail to reduce relapses or the propensity for malignant
transformation.!" Consequently, a deeper understanding of the
molecular nature of PVL is essential for developing new diagnostic
and therapeutic tools.

The resolution of proteomics based on mass spectrometry (MS)
has significantly improved because of recent developments and
innovations, enabling more sensitive detection of proteins in tis-
sues and saliva.”>"'* Different software packages allow differential
quantitative analysis of the proteome, facilitating the exploration
of clusters and nodes of different networks as well as their bio-
logical, functional, and metabolic pathways.">"'® Consequently,
identifying markers in tissues and saliva becomes essential for
opening new possibilities in diagnosis and therapies. In this
context, this study aimed to evaluate the significantly expressed
proteins in tissues and saliva from PVL samples compared with
those from OL and control/healthy individuals. We confirmed the

overlapping proteins between oral tissues and saliva samples us-
ing proteomics based on MS. Additionally, we validated the
selected biomarkers with therapeutic potential from this protein
panel using immunohistochemical analysis. These biomarkers can
serve as valuable resources for future studies related to PVL.

Materials and Methods
Patient Selection and Classification Criteria

The subjects of this study were divided into PVL, OL, and
control groups. The classification of PVL and OL was based on a
combination of previously defined clinical and histologic features
of each disorder.! For the diagnosis of OL, the clinical aspects
considered were the presence of a single plaque predominantly
white in color, measuring <3 cm, that could not be rubbed off after
excluding other clinically recognizable white or white/red lesions.
The clinicopathological diagnosis of PVL was established for cases
that clinically showed multiple white plaques ranging from flat to
verrucous, spreading over time, with a total size of at least 3 cm
when all affected areas were considered. In addition, all patients
with OL and PVL included in this study had a minimum follow-up
of 5 years after confirmation of the diagnosis. Histopathologically,
tissue specimens from the OL and PVL exhibited features of hy-
perkeratosis with or without varying degrees of dysplasia (mild,
moderate, or severe), following the new World Health Organiza-
tion 2017 classification.” Additionally, samples were classified as
“low-risk and “high-risk lesions” based on their potential sus-
ceptibility to malignant transformation, according to a previously
proposed binary system.” Samples with verrucous hyperplasia,
atypical verrucous hyperplasia, squamous cell carcinoma, or ver-
rucous carcinoma were excluded. All tissue specimens were
stained with hematoxylin and eosin and evaluated by 2 inde-
pendent pathologists (E.V.S. and H.A.S.). In cases of disagreement
between the examiners, a third tie-breaking examiner (J.E.L.) was
consulted. Doubtful cases were immediately discarded and
replaced. Inflammatory fibrous hyperplasia (IFH) was selected as
the control because it is a reactive lesion that microscopically
exhibits areas of chronic inflammation and has no risk of malig-
nant transformation.

Sample Collection and Study Design

This study was conducted in 3 main steps, as illustrated in
Figure 1. In step I, MS-based label-free quantitative analysis was
conducted on the epithelial layer from laser-captured
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Study design. This study comprised 3 main steps. Step I is the mass spectrometry—based label-free quantitative analysis conducted in the epithelial layer from laser capture
microdissected frozen tissue samples obtained from patients with proliferative verrucous leukoplakia (PVL), oral leukoplakia (OL), and control group. Step Il encompasses the
label-free quantitative proteomic analysis using unstimulated saliva collected from the same groups. Finally, in step III, the differentially expressed proteins identified in the
quantitative proteomic were validated using immunohistochemistry in paraffin-embedded specimens sourced from 3 countries. LC-MS/MS, liquid chromatography with tandem
mass spectrometry; SWATH, Sequential Window Acquisition of all Theoretical Mass Spectra.

microdissected frozen tissue samples obtained from patients with
PVL (n = 5), OL (n = 5), and IFH (n = 4). Differentially expressed
proteins in the PVL were identified by comparing the proteomic
profiles of the different groups. Step II involved label-free quan-
titative proteomic analysis using unstimulated saliva collected
from patients diagnosed with PVL (n = 7), those diagnosed with
OL (n = 8), and healthy individuals (n = 5). The clinical and
pathological characteristics of the samples used in steps I and II
are summarized in Supplementary Table S1. In step III, the
differentially expressed proteins identified in the quantitative
proteomic analysis were validated by immunohistochemistry
(IHC) in other formalin-fixed paraffin-embedded samples. In total,
211 oral tissue samples were included in this study: 113 PVL
samples, 49 OL samples, and 32 IFH samples as controls. Consid-
ering that PVL is a multifocal condition, the 113 PVL samples were
obtained from 57 patients with PVL who underwent 2 biopsies,
with samples collected from different oral sites during the period

of follow-up. The clinical and pathological characteristics of the
PVL and OL samples used in step Il are summarized in
Supplementary Table S2.

Laser Capture Microdissection, Protein Isolation, and Proteomics
(Step I)

The frozen tissue samples were subjected to laser microdis-
section of the epithelial layer, aided by toluidine blue staining,
using an Arcturus XT IR-Laser (Life Technologies). The micro-
dissected samples were then coupled to caps, with 3 caps ob-
tained for each sample. The caps were further coupled with tubes
for protein extraction and digestion. The resulting peptides were
transferred to an analytical column Poros R2 (Thermo Fisher)
analog washed with trifluoroacetic acid 0.4%. After the protein
digestion, normalization was performed considering the smallest
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area of epithelium adhered to the cap, which corresponded to an
area of 9,046,307 um?, resulting in a final volume of 20 pL.

Liquid chromatography coupled with tandem mass spec-
trometry (LC-MS/MS) was performed in triplicate using an Easy-
nLC-1000 liquid chromatography system (Thermo Fisher)
coupled to a Q Exactive Plus Orbitrap mass spectrometer (Thermo
Fisher). The instrument operated in label-free data-dependent
acquisition (DDA) mode with a dynamic exclusion of 45 milli-
seconds. Full-scan MS spectra were acquired at a resolution of
70,000, followed by fragmentation of the 15 most intense ions
with collision cell CID and normalized collision energy of 30%, and
a resolution of 17,500 in tandem mass spectrometry (MS/MS)
scans. Unassigned species with a charge of +1 were excluded from
MS/MS analysis.'” Raw data were processed using Proteome
Discoverer 2.1 Software (Thermo Fisher). Peptide identification
was performed using the Sequest HT algorithm against the Homo
sapiens database provided by UniProt. False discovery rates (FDR)
were obtained using percolator node selection identification with
a q value of <.01.

Protein levels were calculated on the basis of the area/spec-
trum intensity ratio obtained from Proteome Discoverer and
loaded onto Perseus software version 1.6.10.43 (Max-Planck
Institute of Biochemistry, Alemanha).?® The data set underwent
categorical annotation for each sample and group and subsequent
filtration to retain rows based on a minimum of 70% valid values in
at least 1 group of “samples.” Venn diagram analysis as well as the
analysis of biological interaction pathways and processes were
performed using Reactome (http://www.reactome.org) and Fun-
Rich (http://www.funrich.org) open-access software, respectively.

Subsequently, the data were log2(x) transformed, and z-score
normalized by column using the median. The median values of the
technical replicates were calculated, followed by filtration of rows
based on a minimum of 100% valid values in at least 1 group of
“group.”'>!” Missing values for the label-free quantitation in-
tensity were imputed with random numbers from a normal dis-
tribution, and their mean and SD were selected to simulate low-
level values close to the noise level (imputation width, 0.3; shift,
1.8).

Multivariate statistical analysis using principal component
analysis (PCA) was performed to compare data across samples
(Benjamini—Hochberg FDR, 0.05). Volcano plots were constructed
to explore the fold change values for protein expression in the PVL
group compared with the OL and control groups (t test FDR, 0.05;
S0, 0.1).">!9 Proteins with a fold change greater than the threshold
of 1.2 were categorized as exhibiting differential level.

Statistical analysis using 1-way analysis of variance (ANOVA),
followed by Bonferroni post hoc test, was employed to determine
significant differences in protein expression among the 3 groups
(Permutation-based FDR, 0.05, with 250 randomizations).
Enrichment theoretical analysis was performed to explore gene
ontology of the biological process, cellular components, molecular
function, and pathways using the Kyoto Encyclopedia of Genes and
Genomes data from H sapiens annotations in the UniProt database.

To visualize the clustering and expression patterns of proteins
in the samples, we constructed heat maps. Only proteins that
exhibited differential expression values in the PVL group
compared with the OL and control groups, as well as between the
PVL and OL groups, and between the PVL and control groups, were
selected for the heat maps. z-Score values of log2 label-free
quantitation intensities were used for generating the heat maps.
Contextual network analysis was conducted using Cytoscape
through CHAT, considering the protein matrix of PVL vs OL fold
change values (proteins with a fold change of >1.2)."” Proteins
with significant differential expression were further analyzed

using the STRING open-access software (H sapiens database,
confidence network edges, with the highest confidence value of
0.900, and hiding disconnected nodes) to create a network to
highlight the clusters and nodes of interest.

Saliva, Protein Isolation, and Proteomics (Step II)

For Step II of this study, unstimulated saliva collection involved
each subject swallowing and continuously expectorating into a
sterile polypropylene conical tube for 5 to 10 minutes, resulting in
a 5-mL saliva sample. To minimize the influence of food intake and
circadian variation, all samples were collected at 8 to 9 am after an
overnight fasting state.”> Two aliquots of 30 pL of saliva were
precipitated using the method adapted from Dr Wessel's group.
The resulting pellet was resuspended in Milli-Q water and sub-
jected to in-gel concentration and digestion. To conduct global
protein identification, an equal amount of protein (90 pg) from
each sample was loaded onto a 10% SDS-PAGE gel. The protein
bands were detected using Sypro-Ruby fluorescent staining
(Lonza), excised, and subjected to in-gel manual tryptic digestion,
as described previously.

For LC-MS/MS analyses, 4 uL (4 ug) of digested peptides were
separated using an Ekspert nanoLC 400 liquid chromatography
system coupled to a high-speed Triple TOF 6600 mass spectrom-
eter (SCIEX) with a microflow source. The analytical column used
was a silica-based reversed-phase column Chrom XP C18 150 x
0.30 mm with a 3 mm particle size and 120 A pore size (SCIEX).
The trap column was a YMC-TRIART C18 (YMC Technologies) with
a 5 pm particle size and 120 A pore size, which was switched
online with the analytical column.

Data were acquired using the data-dependent workflow (DDA)
approach. The equipment was operated using the Analyst TF 1.7.1
software (SCIEX). The ions selected for MS/MS analysis had a
mass-to-charge ratio (m/z) greater than 350 and smaller than
1400 m/z, with a charge state of 2 to 5. The mass tolerance was set
at 250 ppm, and the level threshold to more than 200 counts (cps).
The instrument was automatically calibrated every 4 hours using
external standard tryptic peptides obtained from PepCalMix so-
lution. After MS/MS analysis, data files were processed using the
ProteinPilotTM 5.0.1 software (SCIEX). A search was performed
against the Human-Specific UniProt database, and a nonlinear
fitting method was used for FDR calculation. Only results report-
ing 1% global FDR or better were considered. To ensure the rep-
resentation of peptides and proteins in all the samples, pooled
vials of samples from each group were prepared using equal
mixtures of the original samples.

The MS/MS spectra of the identified peptides were then used to
generate a spectral library for Sequential Window Acquisition of all
Theoretical Mass Spectra (SWATH), performed using PeakView
(version 2.2) with the SWATH Acquisition MicroApp (version 2.0).
PeakView computed the FDR and the score for each assigned
peptide based on the chromatographic and spectral components,
with only peptides with an FDR of 1% used for protein quantitation.

The integrated peak areas were exported to MarkerView soft-
ware (SCIEX) for relative quantitative analysis. Unsupervised
multivariate statistical analysis using PCA was performed to
compare the data across the samples. The PCA plots were gener-
ated using the square root and range-scale parameters. The
average MS peak area of each protein was calculated from the
replicates, and the Student t test was used to compare the samples
on the basis of the averaged area sums of all transitions derived for
each protein. The t test indicates how well each variable distin-
guishes the 2 groups, reported as a P value.
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A general overview of exclusive and common proteins among
the groups was obtained using the library of the Protein Pilot
database selecting proteins with an FDR of <1% and using a Venn
diagram (Bioinformatics & Evolutionary Genomics software).
Biological interaction pathways and processes were analyzed us-
ing Reactome '® and FunRich?"?? open-access software (Functional
Enrichment Analysis Tool), respectively. For this library, proteins
were considered differentially expressed with a g value of <.05
and a fold change of >1.2 or <0.83.

Furthermore, all proteins identified in the PVL saliva samples,
as well as proteins showing differential expression, were sepa-
rately loaded into the STRING open-access software (using H sa-
piens database, confidence network edges, with the highest
confidence value = 0.900, and hiding disconnected nodes) to
create 2 different networks highlighting the clusters and nodes
formed by these proteins.

Immunohistochemistry (Step III)

Paraffin sections were dewaxed in xylene and rehydrated in a
series of graded alcohol solutions (95%, 80%, and 70%). IHC for cell
typing was conducted using primary antibodies against calreti-
culin (CALR, FMC 75; Abcam; 1:2.000), 14-3-3 Tau-protein
(YWHAQ, A2563; ABclonal; 1:200), and receptor of activated
protein C kinase 1 (RACK1, A0151; ABclonal; 1:200). The sections
were then incubated with a solution containing 0.6 mg/mL
3,3’diaminobenzidine tetrahydrochloride (Sigma) and counter-
stained with Harris hematoxylin. Negative controls were included
in all reactions by suppression of primary antibodies.

For quantification, high-resolution images of the glass slides
were scanned and analyzed using the Pixel Count V9 algorithm
software (Aperio ImageScope 12.4.3, Leica Biosystems). The
epithelial area was delineated, and specific input parameters were
used for each antibody (hue value, hue width, and color saturation
threshold) to calculate the percentage of cytoplasmic positivity.
The staining intensity was categorized into 3 ranges: weak,
moderate, and strong. Intensity scores were assigned as follows:
1 = weak, 2 = moderate, and 3 = strong. The final marking in-
tensity scores were calculated as the sum of the percentages of
each category weighted by its intensity score using the following
equation: [(%weak x 1) + (%moderate x 2) + (%strong x 3)].

Statistical analysis was conducted by an independent statisti-
cian who remained blinded to the group comparisons. Normal
distribution was assessed using asymmetry and kurtosis analyses,
and outliers were evaluated. Homoscedasticity was assessed using
Box’s Test of Equality of Covariance Matrices and Levene’s test for
the equality of variances. Therefore, a multivariate 1-way ANOVA
was conducted. Additionally, a 2-way ANOVA was applied to
evaluate the association of CALR, YWHAQ, and RACK1 with the
presence and absence of tissue dysplasia in OL and PVL. Differ-
ences between groups were analyzed using the Games—Howell
post hoc test. Statistical analysis was performed using IBM SPSS
Statistics 20.0 (oo = 0.05), and graphics images were generated
using GraphPad Prism version 6.0.

Results
Biomarker Discovery and Candidate Selection on the PVL Tissue

A total of 663 proteins were identified from Proteome
Discoverer (FDR, <0.01) in the tissue samples across the 3 groups.
After applying the filtering criteria as described in the previous

section, 309 proteins were retained. Venn diagram analysis
revealed that 120 proteins were identified simultaneously in the 3
groups, whereas 110 were exclusively expressed in the PVL group
(Fig. 2A and Supplementary Table S3). The number of proteins
detected exclusively in the PVL group was significantly higher
than that of the OL and control groups. Using the UniProt code for
each protein in the PVL group, 266 out of 305 identifiers were
found in the Reactome, resulting in the identification of 851
pathways affected by at least 1 of these proteins. The most
significantly represented pathways were related to the immune
system, cell cycle, DNA replication, apoptosis, and protein meta-
bolism (Supplementary Table S4). In the OL group, 137 of 157
identifiers in the sample were found in the Reactome, revealing
652 pathways affected by at least one of these proteins. The most
significantly represented pathways in this group were related to
DNA repair, apoptosis, cellular responses to stress, the immune
system, and the cell cycle (Supplementary Table S5).

Furthermore, the FunRich analysis tool showed that compared
with the OL group, most proteins identified in the PVL were
associated with biological processes related to inflammatory
pathways (tumor necrosis factor—mediated signaling pathway
and antigen processing and presentation via MHC class I), the
MAPK cascade, and Wnt signaling pathways (Supplementary
Fig. S1A).

The data set of the 309 proteins matrix was further processed
and filtered, resulting in a new matrix containing 89 proteins. PCA
with these 89 proteins demonstrates that PVL tissue samples are
well separated from OL and control samples by protein expression
profiles (Fig. 2B).

Differential protein concentration analysis using a +1.2-fold
change cutoff and FDR < 0.05 revealed 32 significantly upregu-
lated proteins in PVL compared with OL tissue samples, as well as
35 significantly upregulated and 2 significantly downregulated
proteins in PVL compared with IFH samples (Fig. 2C, D). A Bon-
ferroni post hoc test identified 51 proteins with significant dif-
ferences in levels among the 3 groups. After theoretical analysis of
the enrichment of these proteins, only 48 proteins showed sta-
tistically significant differences in expression among the 3 groups
(Table 1). Among these, 18 proteins were differentially expressed
in the PVL group compared with the OL and control groups, 11
proteins were differentially expressed between the PVL and OL
groups, and 14 proteins were differentially expressed between the
PVL and control groups. Moreover, 5 proteins (KRT4, KRT78, KRT1,
KRT10, and UBA1) exhibited statistical differences in the main
test; however, the post hoc test could not identify the groups in
which these differences occurred. This discrepancy between the
main test and post hoc results is likely related to the similarities
between the OL and control groups, which were nearly identical in
most cases. Heat map analysis revealed significant differences in
protein expression between the PVL tissue samples and the OL
and control samples, with the PVL samples forming a distinct
cluster (Fig. 2E).

The Cytoscape analysis revealed that the YWHA family pro-
teins exhibited the highest level of interaction with other proteins
(Fig. 2F). Additionally, the STRING network analysis, based on the
same sample matrix, revealed 6 distinct clusters (Fig. 2G). Among
these clusters, YWHA family proteins were connected to 2 other
clusters composed of heat shock proteins, including CALR, ALDOA,
GAPDH, GDI2, and RAB11A. Two other clusters were associated
with the ribosomal protein RACK1 and keratin-associated
proteins.

To select potential biomarkers, 4 criteria were considered: (1)
significant differential expression proteins (1.2-fold change cutoff
and an FDR of 0.05) between PVL against OL and control groups;
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Figure 2.

Analysis of protein quantity in tissue samples from the proliferative verrucous leukoplakia (PVL), oral leukoplakia (OL), and control (inflammatory fibrous hyperplasia [IFH])
groups. (A) Venn diagram analysis illustrating the proteins in tissue samples from PVL, OL, and control groups. (B) PC1 separated PVL samples (right side of the graph) from the
rest of the OL and IFH groups (closer to each other on the left side). (C, D) Volcano plots analysis comparing protein expressions in the PVL and OL and control groups. A threshold
of +1.2 for up/down expression was applied. (D) Results of heat map analysis of differentially expressed proteins of PVL, OL, and control (upregulation depicted in red and
downregulation in blue). (E) Contextual network analysis using CHAT on Cytoscape, presenting the 43 differentially expressed proteins with fold change values > 1.2, highlighted
in green. (F) A functional network of 43 differentially expressed proteins visualized using STRING, with each colored ball representing a protein and the thickness of the
connecting line indicating the functional relationship between the proteins.
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Table 1

Statistically significant differential expression of proteins identified in proteomic analysis of proliferative verrucous leukoplakia compared with oral leukoplakia and control

tissues (inflammatory fibrous hyperplasia)

Protein name Gene symbol FC FC DE q value
PVL vs OL PVL vs Ctrl

40S Ribosomal protein SA RPSA? 21 1.6 <.001
Histone H4 HIST1H4AP 1.9 1.6 .02
14-3-3 protein epsilon YWHAE® 1.7 2.1 <.001
Alpha-enolase ENO1° 1.6 1.4 03
14-3-3 protein beta/alpha YWHAB? 1.5 1.0 .01
Serpin B5 SERPINB5? 1.4 1.4 <.001
Heat shock 70 kDa protein 1B HSPA1B® 14 13 .02
14-3-3 protein theta YWHAQ? 1.3 1.4 .02
Fructose-bisphosphate aldolase A ALDOA 1.3 0.9 .01
Heat shock cognate 71 kDa protein HSPAS® 13 13 .03
Desmoglein-1 DSG1°¢ 1.1 1.6 .04
Keratin, type II cytoskeletal 1 KRT1¢ 1.1 1.5 .04
Rab GDP dissociation inhibitor beta GDI2* 1.0 1.2 <.001
Glyceraldehyde-3-phosphate dehydrogenase GAPDH" 1.0 04 .01
ATP synthase subunit beta, mitochondrial ATP5B¢ 0.9 1.1 .02
Keratin, type I cytoskeletal 10 KRT10° 0.8 14 .04
14-3-3 protein zeta/delta YWHAZ* 0.5 0.9 .03
Keratin, type I cytoskeletal 16 KRT16° 0.3 22 .01
Keratin, type I cytoskeletal 14 KRT14¢ 0.1 1.2 .02
Keratin, type II cytoskeletal 4 KRT4¢ -1.1 -1.9 .04
Keratin, type I cytoskeletal 19 KRT19" 2.8 -0.2 .01
Suprabasin SBSN® 1.8 1.4 .03
Receptor of activated protein C kinase 1 GNB2L1* 1.7 1.6 <.001
Calreticulin CALR? 1.7 1.7 <.001
Actin, alpha cardiac muscle 1 ACTC1? 1.7 1.9 .01
60S ribosomal protein L22 RPL22% 1.5 0.9 <.001
Protein disulfide-isomerase A3 PDIA3® 14 0.9 .01
Desmocollin-3 DSC3° 14 1.6 .01
Transitional endoplasmic reticulum ATPase vcp? 13 1.0 .01
Tubulin beta chain TUBB" 12 1.5 <.001
Keratin, type II cytoskeletal 78 KRT78" 1.2 0.1 .04
X-ray repair cross-complementing protein 5 XRCC5? 1.1 1.5 <.001
60S ribosomal protein L4 RPL4* 1.0 0.8 <.001
Neuroblast differentiation-associated protein AHNAK AHNAK® 0.9 1.1 .01
Filamin-B FLNB? 0.9 0.9 .02
Filamin-A FLNA® 0.9 14 .01
Periplakin PPL® 0.9 0.2 .02
Catenin alpha-1 CINNAT® 0.8 0.9 <.001
Keratin, type I cytoskeletal 17 KRT17¢ 0.7 24 .03
Heat shock protein HSP 90-alpha HSP90AA1¢ 0.7 1.9 <.001
Myosin-9 MYH9“ 0.6 1.7 .02
60S ribosomal protein L35a RPL35A¢ 0.6 1.5 <.001
Plectin PLEC? 0.6 0.7 .02
Desmoplakin DSP¢ 0.6 0.9 .01
Ubiquitin-like modifier-activating enzyme 1 UBA1® 0.5 0.4 .04
Dermokine DMKN* 0.5 23 <.001
Protein S100-A16 S100A16° -0.1 -1.6 <.001
Ras-related protein Rab-11A RAB11A° -0.2 0.5 .01

Fold change threshold was +1.2. Differential expression considered a false discovery rate of 0.05. Inflammatory fibrous hyperplasia was considered as control.
Ctrl, control; DE, differential expression; FC, fold change; OL, oral leukoplakia; PVL, proliferative verrucous leukoplakia.

¢ Proteins that show the difference between proliferative verrucous leukoplakia against oral leukoplakia and control groups at the same time.

b Proteins that only show the difference between proliferative verrucous leukoplakia and oral leukoplakia groups.

¢ Proteins that only show the difference between proliferative verrucous leukoplakia and control groups.

(2) proteins with gene ontology annotations related to the cell
cycle, immune system, DNA repair, and programmed cell death;
(3) theoretical analysis—based identified proteins involved in
malignant transformation and with therapeutic potential; and (4)
proteins with the highest level of interaction with one another, as
this could provide insights into synergistic effects of altered
expression. Based on these criteria, 3 candidate biomarkers were
selected for further validation, namely CALR, YWHAQ, and RACK1.

Proteome Overview of Saliva and Proteins Simultaneously
Identified in the PVL Tissue and Saliva Samples

A total of 374 proteins (FDR, < 0.01) were identified using
ProteinPilot across the 3 groups. Specifically, 282 corre-
sponded to the PVL, 287 to the OL, and 247 to the control
group. The Venn diagram revealed that 190 proteins were
common to the 3 groups, with 53 and 49 proteins unique to
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PVL and OL,
Table S6).

Using the uniport code of each protein in the PVL group, 285 of
the 369 identifiers in the sample were found in the Reactome
database, of which 1034 pathways were hit by at least one. The
most significantly represented pathways were related to the im-
mune system and apoptosis (Supplementary Table S7). In the OL
group, 231 of the 287 identifiers in the sample were found in the
Reactome, with 908 pathways being hit by at least one of these
proteins. The most significantly represented pathways were
related to the immune system, DNA repair, and cell cycle
(Supplementary Table S8). In addition, the saliva analysis indi-
cated that the PVL group had a higher number of proteins linked to
biological processes involving the immune system, cell cycle
control, programmed cell death, cell activity, and phenotypic
characteristics compared with the OL group (Supplementary
Fig. S1B). PCA results obtained from the saliva samples demon-
strated only a subtle differentiation of the samples into 3 groups
based on the protein expression profiles (Fig. 3B).

Differentially expressed proteins based on an FDR of <0.05 and
fold change threshold of +1.2 revealed 51 proteins with statisti-
cally significant differences in level among the 3 groups (Table 2).
Among these proteins, 21 were differentially expressed in the PVL
group compared with the OL and control groups, 7 were differ-
entially expressed between the PVL and OL groups, and 23 were
differentially expressed between the PVL and control groups. The
majority of the identified proteins were downregulated in PVL
saliva samples compared with OL and control saliva samples.

Furthermore, we examined the number of proteins identified
simultaneously in PVL tissue and saliva samples. We identified 67
proteins simultaneously in the PVL tissue and saliva samples,
whereas 238 and 215 proteins were identified exclusively in the
PVL tissue and saliva, respectively (Fig. 3C). Of the 48 differentially
expressed proteins in the tissues among the 3 groups, 20 over-
lapping proteins were observed in both tissue and saliva samples
(Table 3). Among these, only 4 proteins (Serpin B5, GAPDH, keratin
14, and desmoglein-1) exhibited differential expression in the
saliva based on the FDR and fold change threshold. Candidate
biomarkers CALR and RACK1, which were selected in the tissue for
validation, were not identified in the saliva proteome. However,
YWHAQ was identified in the saliva proteome but did not show
differential expression in the saliva of the PVL group compared
with the other 2 groups.

respectively (Fig. 3A and Supplementary

Validation of Potential Biomarkers by Immunohistochemical
Staining

To validate the results for the t3 selected potential biomarkers,
immunohistochemical staining was performed for CALR, YWHAQ,
and RACK1 in archived tissue samples from PVL, OL, and IFH.
Immunohistochemical staining for all biomarkers revealed a
cytoplasmic staining pattern in epithelial cells in all groups but
showed differences in staining intensity between PVL, OL, and IFH.
Nuclear positivity was observed in some samples for YWHAQ and
RACK1. In addition, discrete immunohistochemical staining was
observed for all markers in stromal cells, including inflammatory
cells, spindle-shaped mesenchymal cells, and endothelial cells.

To assess statistical differences in staining intensity, clini-
copathological diagnoses of PVL, OL, and IFH were considered
as independent variables, whereas the intensity of immuno-
histochemical staining for CALR, YWHAQ, and RACK1 served as
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Figure 3.

Analysis of protein quantity in saliva samples from the proliferative verrucous
leukoplakia (PVL), oral leukoplakia (OL), and control groups. (A) Venn diagram
illustrating the overlap of 67 proteins identified in tissue and saliva samples from
the PVL. (B) PC1 separated most PVL saliva samples (left side of the graph) from
the OL (center of the graph) and control (right side of the graph) groups. (C) Venn
diagram analysis of the proteins simultaneously identified in the PVL tissue and
saliva samples.
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Table 2
Statistically significant differential expression of proteins identified in proteomic analysis of saliva from proliferative verrucous leukoplakia compared with oral leukoplakia
and healthy individuals

Protein name Gene symbol FC FC DE q value
PVL vs OL PVL vs Ctrl
Adenosylhomocysteinase AHCY? -0.99 -1.84 .002
Beta-2-microglobulin B2M" -1.68 —1.41 .002
BPI fold—containing family B member 2 BPIFB2° -1.85 -1.71 .01
Carboxypeptidase E CPE® -2.14 -1.76 .007
Cell division control protein 42 homolog CcDC42° -1.34 -2.11 .001
Chloride intracellular channel protein 1 cLct® -1.21 -2.19 .001
Cocaine esterase CES2° -1.32 -1.72 <.001
Desmoglein-1 DSG1? —1.03 -1.75 .002
ERO1-like protein alpha ERO1A® —-1.54 -1.85 <.001
Heme-binding protein 2 HEBP2° -2.11 -1.80 <.001
IgGFc-binding protein FCGBP® -2.35 -1.77 .03
Interleukin-1 receptor antagonist protein ILTRNP -1.45 —1.40 .001
Interleukin-36 alpha IL36A° -2.02 -2.54 <.001
Kallikrein-11 KLK11¢ -1.55 -1.13 .04
Keratin, type I cytoskeletal 13 KRT13¢ -1.64 -1.10 .01
Keratin, type I cytoskeletal 14 KRT14° -1.3 -1.77 .02
Liver carboxylesterase 1 CES1® -1.72 -2.03 .01
Ly6/PLAUR domain-containing protein 3 LYPD3 -1.97 -2.47 .008
Mesothelin MSLN® -2.48 -3.17 01
Mucin-5B MUC5B* -2.09 -2.33 .04
Nucleobindin-1 NUCB1P -3.28 -1.67 .01
Nucleotide exchange factor SIL1 SIL1® -1.82 -1.27 .01
Prostaglandin reductase 1 PTGR1® -1.26 -1.64 .001
Proteasome activator complex subunit 2 PSME2" -1.75 —2.27 <.001
Putative cytochrome P450 2D7 CYP2D7? -2.85 -2.99 .04
Ras-related protein Rap-1A RAP1A® -1.36 -1.59 .003
Transforming protein RhoA RHOA* -0.36 -2.23 .04
Transgelin-2 TAGLN2" -1.41 —1.48 .001
Cystatin-S CST4° -1.92 -1.74 .04
Cysteine-rich secretory protein 3 CRISP3¢ -1.39 -0.69 .02
Nucleobindin-2 NUCB2¢ -1.24 0.20 .01
Protein FAM3D FAM3D* -1.22 -0.36 .009
Trypsin-1 PRSS1¢ -1.64 -1.06 .02
6-Phosphogluconate dehydrogenase, decarboxylating PGD* -0.73 -14 <.001
Aldehyde dehydrogenase, dimeric NADP-preferring ALDH3? -0.99 -1.29 <.001
Antileukoproteinase SLPI* -2.21 -2.14 <.001
BPI fold—containing family A member 1 BPIFA1® -2.39 -2.53 .02
BPI fold—containing family B member 1 BPIFB1* —2.74 —2.67 .01
Cathepsin B CTSB* -0.92 -1.25 <.001
Cellular retinoic acid—binding protein 2 CRABP2? -0.76 -1.38 .003
Chitotriosidase-1 CHIT1" 0.52 2.18 .03
Cornulin CRNN? -1.31 -1.56 .004
Coronin-1A CORO1A? -0.72 -1.24 .04
Desmocollin-2 DSc2? -1.08 -1.22 .001
Glyceraldehyde-3-phosphate dehydrogenase GAPDH* -0.43 -1.36 .01
GTP-binding nuclear protein Ran RAN? —0.63 -1.34 .03
Immunoglobulin heavy constant gamma 2 IGHG2? 0.03 -1.38 .001
L-lactate dehydrogenase B chain LDHB* -0.85 -1.28 .014
Lipocalin-1 LCN1? -2.94 -2.83 .01
Serpin B5 SERPINB5*® -0.92 -1.20 .02
Small proline-rich protein 3 SPRR3? -2.19 -1.49 .04

Fold change threshold was +1.2. Differential expression considered a false discovery rate of 0.05. Healthy individuals were considered as controls.
Ctrl, control; DE, differential expression; FC, fold change; OL, oral leukoplakia; PVL, proliferative verrucous leukoplakia.
2 Proteins that only show the difference between proliferative verrucous leukoplakia and control groups.
b proteins that show the difference between proliferative verrucous leukoplakia against oral leukoplakia and control groups at the same time.
¢ Proteins that only show the difference between proliferative verrucous leukoplakia and oral leukoplakia groups.

the dependent variable. The data were found to present a (both P < .001). Therefore, Pillai’s trace was used to evaluate
normal distribution and heteroscedastic based on asymmetry the multivariate ANOVA of the 3 biomarkers, which revealed
and kurtosis analysis, confirmed by Box’s Test of Equality of statistically significant differences across the groups for each
Covariance Matrices and Levene’s Test of Equality Variances biomarker (P < .0001).
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Table 3
Differentially expressed proteins identified in the tissue that were simultaneously found in the saliva
Protein name Gene symbol Tissue Saliva
FC FC DE g value FC FC DE g value
PVL vs OL PVL vs Ctrl PVL vs OL PVL vs Ctrl

40S ribosomal protein SA RPSA 21 1.6 .000 -0.3 -0.7 204
Histone H4 HIST1H4A 1.9 1.6 .024 1.2 1.0 335
14-3-3 protein epsilon YWHAE 1.7 2.1 .001 -0.2 -0.3 433
Alpha-enolase ENO1 1.6 14 .032 -0.5 -1.0 .010
14-3-3 protein beta/alpha YWHAB 1.5 1.0 .007 0.1 -0.1 .986
Heat shock 70 kDa protein 1B HSPA1B 14 13 .017 0.3 0.1 445
Serpin B5 SERPINB5 14 14 .001 -09 -1.2 .013
Heat shock cognate 71 kDa protein HSPA8 13 1.3 .026 -0.3 -0.3 261
14-3-3 protein theta YWHAQ 13 14 .024 -1.3 -2.1 .061
Fructose-bisphosphate aldolase A ALDOA 13 0.9 .011 -0.5 -1.1 .004
Keratin, type II cytoskeletal 1 KRT1 1.1 1.5 .044 -1.1 -1.8 .041
Desmoglein-1 DSG1 1.1 1.6 .039 -1.0 -1.7 .002
Rab GDP dissociation inhibitor beta GDI2 1.0 1.2 .000 -0.6 -0.9 .024
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 1.0 0.4 .014 -04 -14 .070
ATP synthase subunit beta, mitochondrial ATP5B 0.9 1.1 .020 -1.2 -0.6 .106
Keratin, type I cytoskeletal 10 KRT10 0.8 14 .045 -1.1 -0.9 .028
14-3-3 protein zeta/delta YWHAZ 0.5 0.9 .030 -0.5 -0.7 .079
Keratin, type I cytoskeletal 16 KRT16 0.3 22 .014 -0.7 —0.6 .088
Keratin, type I cytoskeletal 14 KRT14 0.1 1.2 .019 -13 -1.8 .030
Keratin, type II cytoskeletal 4 KRT4 -1.1 -19 .045 -0.5 —0.2 351

Fold change threshold was +1.2. Differential expression considered a false discovery rate of <0.05. Inflammatory fibrous hyperplasia (tissue) and healthy individuals (saliva)

were considered as controls.

Ctrl, control; DE, differential expression; FC, fold change; OL: oral leukoplakia; PVL, proliferative verrucous leukoplakia.

The Games—Howell post hoc test was performed, demon-
strating an increased intraepithelial expression of CALR in the PVL
compared with OL (95% CI, —46.18 to —11.10; P =.001). Similarly,
YWHAQ and RACK1 proteins showed a similar trend in the pro-
gression from normal to DPMOs. YWHAQ exhibited a reduced
intraepithelial expression in IFH compared with OL (95%
Cl, —42.07 to —1.42; P=.033) and PVL (95% CI, —53.41 to —21.64; P
< .0001), whereas RACK1 displayed the same expression pattern
in [FH compared with OL (95% CI, —62.20 to —21.39; P<.0001) and
PVL (95% ClI, —62.60 to —30.06; P < .0001). Immunostaining
quantification and statistical differences for CALR, YWHAQ, and
RACK1 are presented in Figure 4. Additionally, we conducted a
multivariate ANOVA with 2 independent factors: clinicopatho-
logical diagnosis and grade of oral epithelial dysplasia. No statis-
tically significant differences were found when considering the
binary system of oral epithelial dysplasia grading. However, we
observed a significant difference in the intensity of CALR (95%
Cl, -56.79 to —7.85; P < .001) and RACK1 (95% CI, —22.76
to —26.18; P < .002) staining only in the OL group, when
comparing samples without and with oral epithelial dysplasia
(Fig. 5).

Discussion

MS-based proteomics has been proven to be a valuable
approach for identifying differentially expressed proteins and
posttranslational modifications in OPMD tissues. This technique
provides insights into the molecular mechanisms underlying the
disease and can contribute to the development of more effective
treatments. Additionally, MS-based proteomics enables the iden-
tification of biomarkers for early diagnosis and monitoring of
disease progression.”>**

In this study, we demonstrated the utility of performing a
proteomic analysis of laser microdissected epithelial tissue to
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identify potential diagnostic and therapeutic targets of OPMDs,
particularly PVL. This analysis confirmed overlapping protein
expression between oral tissues and saliva samples, highlighting
the higher protein content in PVL samples compared with OL and
control samples. Significant differences in pathway analysis were
also observed between PVL and OL, with the immune-related
pathways being particularly prominent. This finding suggests
that the immune system plays a crucial role in the immuno-
surveillance process,”>?® and the higher number of altered path-
ways in PVL may contribute to the higher risk of malignant
transformation compared with that in OL.®

Furthermore, this higher potential for malignancy could also be
related to the higher number of altered cell cycle pathways
detected in the PVL samples. Regardless, in response to cell cycle
deregulation, cells may employ alternative mechanisms, as evi-
denced by the higher number of proteins associated with
apoptosis and DNA repair pathways in PVL samples. This molec-
ular pattern correlates with the clinical manifestation of PVL,
which exhibits a slow and progressive malignant transformation
over time>?’ without sufficient strength for autoregulation, as
14.3% to 75% of these lesions progress to carcinoma.’

Qualitative and PCA of tissue and saliva samples demonstrated
that it is possible to differentiate and cluster the studied groups
based on their proteomes, suggesting distinct molecular compo-
sitions among lesions. IHC validation confirmed differential
expression in the studied groups. However, only CALR showed a
statistically significant difference between OL and PVL. Further-
more, when comparing samples with and without oral epithelial
dysplasia, CARL and RACK1 levels were only altered in OL, sug-
gesting that these proteins may not be associated with the grade
of oral epithelial dysplasia in this OPMD. These findings suggest
that the current grading system for epithelial dysplasia may have
limited value in predicting the malignant transformation of PVL.
This might be attributed to the nature of the disease because PVL
lesions often do not reveal major cytologic changes, even when
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Figure 4.
Immunohistochemical staining for CALR, YWHAQ, and RACK1 expression in the proliferative verrucous leukoplakia (PVL), oral leukoplakia (OL), and inflammatory fibrous

hyperplasia samples. (A) Representative photomicrographs demonstrating the immunostaining pattern of each marker in the respective groups (single stain, x200). (B)
Quantification and statistical analysis of staining intensity for CALR, YWHAQ, and RACK1 evaluated in the intraepithelial area for each group. *P < .05.
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Figure 5.
Association of CALR, YWHAQ, and RACK1 expression with the presence and absence of tissue dysplasia in oral leukoplakia (OL) and proliferative verrucous leukoplakia (PVL)

groups. Two-way analysis of variance revealed the statistical differences for CALR and RACK1 expression between samples without and with oral epithelial dysplasia in the OL
group. OED, oral epithelial dysplasia. *P < .05.
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there are significant architectural changes.’® Visualizing the
expression patterns of these 3 markers could help improve the
interobserver and intraobserver variability that occurs among
pathologists and dental surgeons when diagnosing OPMD based
only on the clinical and histopathological criteria.””'>?° Further-
more, studying the proteome through differential expression of
proteins could be useful for understanding the biological behavior
in terms of malignant transformation, especially in PVL lesions.
The analysis of fold change values in tissue samples highlighted
the YWHA protein family, indicating their importance in the
context of PVL. Furthermore, the YWHA cluster was connected to
the activity and function of the proteins composing the matrix of
PVL samples. In addition, the network projected through STRING
showed clustering of the same proteins, which have been impli-
cated in the regulation of several intracellular signaling processes,
including the cell cycle, cell proliferation, cell migration, DNA
damage checkpoint, apoptosis, autophagy, modulation of gene
expression, and regulation of oncoproteins and tumor suppressor
proteins. The binding of YWHA proteins modulates their activity,
cellular localization, stability, and interactions.>**! Moreover,
YWHA overexpression is strongly associated with the develop-
ment, poor survival rates, and poor treatment outcomes in brain,
lung, breast, liver, and bladder tumors.>%>>> YWHAQ, a member
of the YWHA protein family, was identified in both tissue and
saliva samples. However, statistical significance was not reached
in saliva samples, probably because of the limited number of
samples included in the LC-MS/MS. The higher fold change of
YWHAQ in tissue compared with OL may represent its involve-
ment in various biological processes and pathways, whereas the
lower expression in saliva could be attributed to the limited free/
nonlinked form of YWHAQ. Nevertheless, the presence of YWHAQ
in the PVL should be further investigated as it might contribute to
higher fold change values observed in tissue samples. Further-
more, IHC analysis revealed higher YWHAQ expression in the
OPMD samples than in that control group, supporting its potential
role in the malignant transformation of OPMD. The absence of a
statistical difference in the expression of YWHAQ between pa-
tients with OPMD can be attributed to the presence of this protein,
along with other members of the YWHAQ family, potentially
contributing to shared pathways in both OPMD lesions.
Overexpression of YWHAQ has been detected in various solid
tumors with antiadhesive properties, promoting a positive effect
on tumor cell adhesion and growth,*® indirectly blocking cell
apoptosis, and promoting tumor progression.’>*’ In addition,
overexpression of YWHAQ has been correlated with advanced-
stage, lymph node metastasis, estrogenic negative status, and
poor clinical outcome>%3%39 In addition, the YWHA cluster
observed in this study was linked to 2 clusters mainly composed of
chaperone proteins, such as heat shock proteins, CALR, as well as
others including ALDOA, GAPDH, GDI2, and RAB11A. Heat shock
proteins maintain, stabilize, and activate oncogenic proteins.*%*!
In the present study, CALR was found exclusively in tissue sam-
ples, and its absence in saliva could be attributed to its presence
between the endoplasmic reticulum and the extracellular surface
of the plasma membrane. When produced extracellularly, CALR
binds to other cell surfaces of the plasma membrane,*? possibly
acting as a protective factor against malignant transformations.
Furthermore, IHC analysis revealed higher expression of CALR in
PVL samples compared with the OL group, but it failed to distin-
guish between OPMD and the control group, possibly due to the
inflammatory nature of IFH. CALR is highly related to carcino-
genesis and acts as a cell surface marker for phagocytosis by
macrophages or other immune cells such as dendritic cells.*®
Although increased CALR expression has been linked to
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increased tumor cell proliferation; cell growth; upregulation of
vascular endothelial growth factor; and metastasis in some can-
cers, such as ovarian, pancreatic, gastric, prostate, and oral can-
cers, this relationship does not imply causation.*>** Moreover,
contradictory evidence suggests that CALR has a negative effect on
cancer cell survival and proliferation, and it is currently unknown
whether CALR has a pro-oncogenic, antitumoral, or dual effect
depending on its cellular location and protein status,*>** or
whether its level, particularly in malignancies, is a cellular reac-
tion to stop the malignancy process, acting simply as an antitumor

protein.
The RACK1-linked cluster of ribosomal proteins plays a role in
carcinogenesis through extraribosomal actions, including

apoptosis, cell cycle arrest, cell proliferation, neoplastic trans-
formation, cell migration, and invasion. Overexpression of ribo-
somal proteins has also been reported in various cancers,
including prostate, gastric, lung, esophageal, and breast cancers,
osteosarcoma, renal cell carcinoma, melanoma, glioblastoma, and
ovarian tumors. Overexpression of RACK1 in OSCC was strongly
associated with cell survival and correlated with the severity of
epithelial dysplasia, clinical stage, lymph node involvement,
recurrence, and aggressive behavior, all of which indicate a poor
clinical outcome.**® In the present study, RACK1 was only
detected in tissue samples and was differentially expressed in PVL
compared with OL and the control. RACK1 is a receptor protein
found mainly in the cell nucleus, perinuclear area, and plasma
membrane, and rarely in the extracellular medium, which could
explain its absence in saliva.*’ Furthermore, IHC analysis revealed
lower RACK1 expression in the control compared with the other 2
groups. As observed for YWHAQ, RACK1 appeared to effectively
differentiate patients with OPMD from controls but did not
differentiate OPMD subgroups. Perhaps, the higher expression of
these 2 biomarkers serves as a common denominator in the ma-
lignant transformation process of OPMD.

Despite both PVL and OL being classified as OPMD, this study
revealed that these lesions have a different protein profile.
Consequently, it is imperative to consider them as 2 separate
entities, especially due to their clinical behavior sustained by their
protein machinery, which facilitates the malignant transformation
processes in varying proportions depending on the lesion.

The main limitation of this research is the small sample size
used in the proteomic analysis due to the nature of the MS assays.
Also, low-expressed proteins could not be detected because they
were overlapped by the highly expressed proteins. The DDA
method used in the discovery process has low repeatability due to
stochastic sampling, whereas the primary constraints of the pro-
teomic approach based on SWATH-MS analysis are mostly limited
by the constitution of the spectrum library. Future studies will
greatly expand the spectrum library by combining additional
discovery-based DDA analysis of mouth epithelial tissue and/or
cell types associated with OL and PVL. Nevertheless, it should be
noted that there is no need for further experiments to reacquire
MS data because existing SWATH MS data sets may be retroac-
tively examined with new spectrum libraries. Additionally, future
proteomics assays could perform sampling arrangements by
dysplasia degree before discovery analyses and then evaluate the
intragroup and intergroup differential expressions.

In conclusion, the findings from this study suggest that
YWHA, CALR, and RACK1 proteins may be involved in the
malignancy of PVL and OL. Moreover, CALR and RACK1 may
play distinct roles in the malignant transformation of PVL and
OL. Further research is required to enhance our understanding
of their roles in the malignancy process of PVL and to identify
new targets for the development of diagnostic tools and



Esteban Arroyo et al. / Lab Invest 103 (2023) 100222

treatments, ultimately improving the prognosis of patients
with PVL.
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