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Oral cancer contributes to approximately 3–10% of all cancer mortality worldwide, and
its incidence is continuously increasing due to environmental conditions and harmful habits
of the modern lifestyle [1]. In association with hereditary predisposition, chronic inflamma-
tion, and infectious diseases, these factors raise the frequency of oral cavity malignancies.
Major intervention involves extensive surgery associated with radio and chemotherapy [1].
Moreover, advancements in cancer immunotherapy have not yet established the specific
mechanisms by which immune cells influence tumor progression and immune evasion,
and oral cancers continue to inadequately respond to the current treatment protocols. The
abovementioned aspects underline this Special Issue, which has brought together the most
recent research on molecular mechanisms implied in prophylaxis, etiopathogenesis, and
the treatment of oral cancer. New and valuable data have been added to this field by the
authors of the 10 articles contained in this publications: nine original papers and one review.

Oral squamous cell carcinoma (OSCC) represents 90% of oral neoplasias; it is the sixth
most frequent malignancy in the world, with an overall 5-year survival rate below 50%
due to its modest outcomes, tardive diagnosis, aggressive local invasiveness, recurrences,
and metastases. OSCC belongs to the comprehensive group of head and neck squamous
cell carcinomas (HNSCCs), which affects the cell lining of the oral cavity, pharynx, and
larynx. The local–regional recurrence rate for advanced carcinomas is over 50% despite
administration of multimodal therapy, and understanding the biology of HNSCCs is
essential to ameliorate their prognosis [1].

Thus, the authors of the first contribution integrated the cells isolated from a hypopha-
ryngeal tumor of a squamous cell carcinoma patient (FaDu) in an oral mucosa model
(OMM) obtained by seeding primary human fibroblasts and keratinocytes onto a porcine
small intestinal submucosa with preserved mucosa (SIS/MUC). They generated a 3D
model that mimics the crosstalk at the tumor front of human HNSCC by enabling cellular
and stromal interactions and revealing the features of tumor cell invasiveness [1]. Their
work created the premise of integrating further tumor microenvironment components to
establish the molecular mechanisms of the most effective anticancer therapy.

One of the most important components of stromal cells is tumor-associated macrophages,
which are related to poor prognoses. The second contribution suggests that M2 macrophage-
derived exosomes could induce OSCC cell proliferation, invasion, and migration and
inhibit tumor cell apoptosis by transferring miRNA-23a-3p into tumor cells [2]. Addition-
ally, the authors revealed that phosphatase and tensin homolog (PTEN), a well-known
tumor-suppressor gene, could be a potential cellular target for miRNA-23a-3p to promote
OSCC development.

In a retrospective study, Takasaki et al. examined the surgically resected tissues of
70 patients with oral potentially malignant disorders (OPMDs) via immunochemistry and
statistically analyzed the association of the target proteins’ (p53, p62, Ki67, and XPO1) ex-
pressions with intracellular distribution, malignant transformation, and clinicopathological
characteristics [3]. They found that Ki67, a well-known marker of cell proliferation shows a
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significant positive correlation with p62 expression in the cell cytoplasm and aggregation
expression and a negative one with p62 expression in the nucleus. This third contribu-
tion suggests that the autophagy-related multidomain protein p62 could be a potential
biomarker for the risk of the neoplastic transformation of OPMDs [3].

Using human in vitro and ex vivo models of oral dysplasia from the tongue, Peña-
Oyarzún et al. found that 1,25-(OH)2D3 increased nuclear vitamin D receptors (VDR) and
membranous expression of E-cadherin and diminished the Ki67 expression and nuclear
localization of β-catenin [4]. Thus, this fourth contribution shows that 0.1 μM Calcitriol
treatment could diminish the risk of malignant transformation of OPMDs by reducing cell
proliferation, migration, and β-catenin signaling [4].

Many types of cancer alter the energetic metabolism, thus decreasing oxidative pro-
cesses and raising glucose uptake and glycolysis. Glycolytic activity significantly increases
the development of HNSCCs, and this particularity could be considered a potential thera-
peutic target. Therefore, in the fifth contribution, Kleszcz et al. show that the expression of
glycolytic enzymes in tongue squamous cell carcinoma could be modulated by the Wnt
signaling pathway inhibitors PRI-724 and IWP-O1 [5].

MicroRNAs (miRNAs) are endogenous small RNA molecules that are single-stranded
and non-coding; they circulate in a stable form and display aberrant expression in various
malignancies. Differentially expressed miRNAs could be potential biomarkers for cancer
screening. Moreover, next-generation cancer therapy could be based on miRNA modulation.
In the sixth contribution, the authors identified a five-miRNA diagnostic model associated
with tongue squamous cell carcinoma patients. They highlighted the remarkable diagnostic
potential of miR-196b and selected five hub genes from the target ones of miR-196b [6].

CD44 is a transmembrane protein with important roles in cell proliferation, adhesion,
migration, and lymphocyte activation. Various types of CD44 are expressed in cancer
cells, especially in the advanced stages, and their expression is detected using monoclonal
antibodies. In the seventh contribution, Ishikawa et al. analyzed C44Mab-18 (a novel
anti-CD44 variant with 10 monoclonal antibodies) for immunohistochemical analysis of
oral squamous cell carcinomas [7].

Recent studies investigating genome alteration in HNSCC patients have attracted
wide attention [8]. The eighth contribution of this Special Issue describes novel mutations
in MUC6 and MUC16, providing new insight into the genetic alternation in mucin genes
among oropharyngeal squamous cell carcinoma (OPSCC) patients. This research could
initiate further studies, including larger cohorts, to recognize the pattern in which the
mutations affect oropharyngeal carcinogenesis.

Understanding the molecular mechanisms implied in the development and progres-
sion of OSCC is essential for improving diagnostic and therapeutic strategies. Considering
oral squamous cell carcinomas in dogs as an excellent model for studying human counter-
parts, Files et al. investigated the significance of two key molecular components, Cox-2 and
EGFR, in canine OSCC. Their findings revealed that Cox-2 was highly expressed in 70.6%
of cases, while EGFR overexpression was observed in 44.1%; Cox-2 overexpression was
associated with the histological grade of malignancy (HGM) and EGFR with vascular inva-
sion. Therefore, the results of this ninth contribution suggest that Cox-2 and EGFR could
be promising biomarkers and potential therapeutic targets, leading to the development of
novel treatment strategies for OSCC therapy.

Analyzing the major risk factors for HNSCC, the tenth contribution highlights that
human papillomavirus (HPV) is correlated with a high incidence of oropharyngeal cancers.
Moreover, the accessed literature data show that HPV vaccines approved for cervical cancer
prevention in females had a notable impact on HNSCC incidence [9]. In addition, this com-
prehensive review investigates various mechanisms of inducing immunogenicity against
HNSCC cells, including traditional approaches (cell-mediated cytotoxicity induced by
antigens), as well as innovative strategies (to counteract tumor immune escape mechanisms
or stimulate the immune system’s cytotoxic activity against neoplastic cells). The last three
contributions are listed below.

2



Curr. Issues Mol. Biol. 2024, 46

Funding: This editorial received no external funding.

Acknowledgments: The Academic Editors of this Special Issue are grateful to all Contributors and
Editors of CIMB, an MDPI journal, for their excellent collaboration and support.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions
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Article

M2 Macrophages-Derived Exosomal miRNA-23a-3p Promotes
the Progression of Oral Squamous Cell Carcinoma by
Targeting PTEN

Jun Li 1,2,3,†, Yongjie Bao 1,2,3,†, Sisi Peng 1,2,3, Chao Jiang 1,2,3, Luying Zhu 1,2,3, Sihai Zou 1,2,3, Jie Xu 1,2,3,*

and Yong Li 1,2,3,*

1 College of Stomatology, Chongqing Medical University, Chongqing 401147, China
2 Chongqing Key Laboratory for Oral Diseases and Biomedical Sciences, Chongqing 401147, China
3 Chongqing Municipal Key Laboratory of Oral Biomedical Engineering of Higher Education,

Chongqing 401147, China
* Correspondence: xujie@hospital.cqmu.edu.cn (J.X.); 500081@hospital.cqmu.edu.cn (Y.L.)
† These authors contributed equally to this work.

Abstract: Exosomes from tumor cells and immune cells regulate the tumor microenvironment
through the biomolecules or microRNAs (miRNAs) they carry. This research aims to investigate the
role of miRNA in exosomes derived from tumor-associated macrophages (TAMs) in the progression
of oral squamous cell carcinoma (OSCC). RT-qPCR and Western blotting assays were used to deter-
mine the expression of genes and proteins in OSCC cells. CCK-8, Scratch assay and invasion-related
proteins were utilized to detect the malignant progression of tumor cells. High-throughput sequenc-
ing predicted differentially expressed miRNAs in exosomes secreted by M0 and M2 macrophages.
Compared with exosomes from M0 macrophages, exosomes from M2 macrophages led to enhanced
proliferation and invasion of OSCC cells and inhibited their apoptosis. High-throughput sequencing
results show that miR-23a-3p is differentially expressed in exosomes from M0 and M2 macrophages.
MiRNA target gene database predicts that phosphatase and tensin homolog (PTEN) are target genes
of miR-23a-3p. Further studies revealed that transfection of miR-23a-3p mimics inhibited PTEN
expression in vivo and in vitro and promoted the malignant progression of OSCC cells, which was
reversed by miR-23a-3p inhibitors. MiR-23a-3p in exosomes derived from M2 macrophages promotes
malignant progression of OSCC. PTEN is a potential intracellular target of miR-23a-3p. MiR-23a-3p,
an M2 macrophage-associated exosome, is a promising target for the future treatment of OSCC.

Keywords: OSCC; M2 macrophages; exosome; MiR-23a-3p; PTEN

1. Introduction

More than 90% of oral cancers are reported to be squamous cell carcinomas [1]. Oral
squamous cell carcinoma is considered the most common maxillofacial malignancy, with
a high rate of lymph node metastasis and a low five-year survival rate [2]. Currently, the
treatment strategy combines surgery, radiotherapy, chemotherapy, and other methods, but
achieving satisfactory results takes time [3]. Thus, it is necessary to find a more effective
systemic therapy.

One of the critical components of stromal cells is tumor-associated macrophages, which
are associated with poor prognoses [4]. Macrophages adopt different polarization states
depending on the type of stimulus. Two central polarization states of the macrophage phe-
notype have been described: M1 macrophages and M2 macrophages [5]. M1 macrophages
tend to promote inflammation and counteract tumors, whereas M2 macrophages frequently
resist inflammation and contribute to tumors [6]. The macrophages in TME are primarily M1
polarized and play the anti-tumor role in the early stage of the tumor. Meanwhile, in the late
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stage of cancer, the macrophages in TME can change from M1 to M2 macrophages and par-
ticipate in the progression of the tumor [7]. The promoting effect of M2 macrophages on the
development of tumors has been confirmed in many reports, including gastric cancer and
OSCC [8,9]. A study also shows that when the proportion of M2/M1 macrophage increases,
it is often associated with tumor proliferation and unfavorable prognosis [10]. However,
the mechanisms underlying the promotion of OSCC progression by M2 macrophages are
still in need of further exploration.

In the TME, cells secrete soluble factors and two types of extracellular vesicles: mi-
crovesicles and exosomes. Exosomes with a diameter of 30–100 nm are membranous
vesicles that cells secrete into the extracellular environment, which contain many proteins,
lipids and genetic materials from parental cells [11]. This is one of the main communication
pathways in TME and it transmits a variety of proteins, mRNAs and miRNAs between
cells. As small non-coding RNA, miRNA regulate gene expression at the post-translational
stage [12]. They can be used as inhibitors or enhancers of crucial signaling pathways and
proteins, affecting various aspects of cancer biology [13].

Based on the evidence described above, we collected exosomes from M0 and M2
macrophages and treated tumor cells with them in order to better explore the role played by
M2 macrophage exosomes in tumors. This study shows that miRNA-23a-3p is abundantly
expressed in M2 macrophage exosomes and promotes malignant progression of tumor
cells. PTEN is a target potential for miRNA-23a-3p. This study offers a new target for the
prevention and treatment of OSCC.

2. Materials and Methods

2.1. Cell Culture and Transfection

Cal-27 (ATCC, Manassas, VA, USA) cells were cultured at 37 ◦C in an incubator with
5% CO2 using high sugar BMEM medium (Biological Industries, Kibbutz, Israel) containing
fetal bovine serum (Biological Industries, Israel). Cal-27 are seeded into a 6-well plate when
they are cultured to a density of 70–80%. Cal-27 cells were transfected with miR-23a-3p
mimic using EntransterTM-R4000 (Engreen, Beijing, China) following the protocols of
Ribobio (Guangzhou, China).

THP-1 (ATCC, USA) were cultured with RPMI-1640 medium (Biological Industries,
Israel). When the density of THP-1 reached 70–80%, 100 ng/mL PMA (Sigma-Aldrich,
St Louis, MS, USA) was added for 24 h to induce M0 macrophages. The medium was
then changed and the stimulation of M0 macrophages was continued with 20 ng/mL IL-4
(Sigma-Aldrich, USA) for 24 h to induce the formation of M2 macrophages [14].

2.2. Isolation and Characterization of Exosomes

M0 and M2 macrophages were cultured in serum-free RPMI-1640 medium for
24 h. Exosomes in the cell supernatant were obtained via differential centrifugation and
stored at −80 ◦C. After the exosomes were diluted using 1× PBS, VivaCell Biosciences and
ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) were used to measure the size
and concentration of the exosomes. The system was calibrated using 110 nm polystyrene
particles. The temperature was 26.62 ◦C.

2.3. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total intracellular RNA was extracted by RNAiso Plus kit (TaKaRa, Nogihigashi,
Japan). RNA concentration was identified by NanoDrop 2000 spectrophotometer (Thermo,
Waltham, MA, USA). cDNA was generated using SYBR Premix Ex Taq II (TaKaRa, Japan).
TB Green (TaKaRa, Japan) and cDNA were mixed, and qPCR was performed for 40 cycles
in Bio-Rad’s PCR system. The total reaction volume was 20 μL. GAPDH and U6 were
used as internal references. Relative quantification of genes was performed using the
2−ΔΔCt method.
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2.4. Western Blot

The treated cells were lysed with RIPA (Beyotime, Shanghai, China) containing pro-
tease inhibitors. The protein concentration was determined with the BCA protein quan-
tification kit (Beyotime, China). After that, the protein was separated by SDS-PAGE gel
electrophoresis and transferred to a PVDF membrane. PVDF membranes were closed with
5% skim milk powder for 2 h at room temperature, and the primary antibodies CD206
(1:1000; CST), CD163 (1:1000; Abcam), CD68 (1:1000; Abcam), CD86 (1:1000; Bioss), CD63
(1:500; Abcam), CD9 (1:500; Abcam), Caspase-3 (1:750; Bioss), Caspase-9 (1:750; Bioss),
MMP-2 (1:1000; HUABIO), MMP-9 (1:1000; HUABIO), E-cadherin (1:1000; Abcam), Vi-
mentin (1:1000; Abcam), and PTEN (1:1000; Abcam) were incubated at 4 ◦C overnight. After
incubation of the secondary antibody for 1 h at room temperature, ECL reagent (Beyotime,
Shanghai, China) was added and the bands were observed by Bio-Rad GelDoc 2000.

2.5. Cell Counting Kit-8 Assay

Cell Counting Kit-8 was used to test cell viability. The cells were seeded into a 96-well
plate (3 × 103/well) in the cell viability assay. After cell adhesion, the cells were stimulated
with macrophage exosomes for 0, 24, 48, 72 h. Then, 10 μL CCK-8 solution was added to
each well and the absorbance value was measured at 450 nm after incubation for 1 h.

2.6. Wound Healing Assay

The wound healing assay was performed to measure cell motility. Treated cells were
inoculated into 6-well plates at a density of 5 × 105/mL and incubated for 24 h. Then,
parallel lines were drawn in the plate, and the serum-free medium was used instead of
the complete medium. Wound closure was observed under a microscope at 0, 24 and 48 h.
Image J software version 1.44 (National Institutes of Health, Bethesda, MA, USA) was used
to measure the wound area.

2.7. miRNA Sequencing and Bioinformatics

The supernatants of M0 and M2 macrophages were collected and centrifuged to
remove cells and debris. miRNA extraction, library preparation, and sequencing were
performed at a commercial facility (Ribobio, Guangzhou, China). The Illumina HiSeq
2500 platform was chosen for sequencing. Data were collected using Illumina analysis
software 2.2.68 version. The target genes of miR-23a-3p were predicted in TargetScan,
miRDB, and miRTarBase databases.

2.8. Animal Studies

BALB/c nude mice (female, 4 weeks old) were purchased from Slekkinda Laboratory
Animal Co., Ltd. (Shanghai, China). The mice lived in an environment with sufficient light,
air, food, and water, and no pathogens. Treated or untreated Cal-27 cells (2 × 106 cells in
0.1 mL PBS per mouse) were injected subcutaneously into the axillae of mice (n = 4). After
one month, tumor-bearing mice were euthanized, and tumor tissue was removed and
weighed. BALB/c nude mice were cultivated following the Guidelines for the Care and
Use of Experimental Animals.

2.9. Tunel Staining

Paraffin sections were dewaxed with xylene and treated with 20 μg/mL proteinase
K for 15–30 min. They were then washed 3 times with PBS. Immediately after, FITC-
labeled TUNEL detection solution (Beyotime, Shanghai, China) was dropped on the sample,
followed by incubation at 37 ◦C for 60 min in the dark. PBS wash was followed by
dropwise addition of DAPI containing anti-fluorescence attenuation medium (Solarbio,
Beijing, China), then the coverslip was fixed. FITC-labeled TUNEL-positive cells were
observed at 488 nm excitation wavelength.
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2.10. Immunohistochemistry

Immunohistochemical staining for Ki67 (1:200, Bioss) was performed. After con-
ventional paraffin embedding and section, xenograft tumors were dewaxed with xylene,
hydrated with ethanol, and sealed with 3% H2O2 for 10 min. After sections were closed
with 10% goat serum, primary antibodies were incubated overnight at 4 ◦C. On the sec-
ond day, a second antibody coupled with HRP was used for testing. Diaminobenzidine
(DAB) was used as a chromogenic substrate. All slides were restained with hematoxylin.
Images of tissue-stained sections were obtained using Olympus microscope (Olympus,
Tokyo, Japan).

2.11. Statistical Analysis

All experiments were repeated three times. The data for each group were expressed as
the mean ± standard deviation or the mean ± standard error of each group’s mean (S.E.M.).
Differences between groups were compared using t-test or one-way ANOVA. Statistical
analyses and graphs were performed using SPSS 18.0 (Chicago, IL, USA) and GraphPad
Prism 8 (La Jolla, CA, USA). p < 0.05 was considered to be statistically significant.

3. Results

3.1. Extraction and Identification of M0 and M2 Exosomes

After PMA and IL-4 stimulation, M0 and M2 macrophages were obtained. Under
the microscope, M0 macrophages were observed to be round and M2 macrophages were
observed to be spindle shaped (Figure 1A). Western blot and RT-PCR analysis were used to
identify the surface markers of macrophages to demonstrate successful induction of M0 and
M2 macrophages. The results showed that CD206 and CD163 were highly expressed in M2
macrophages, while CD86 (M1 macrophage marker) was not significantly different between
M0 and M2 (Figure 1B,C). The exosomes in the supernatant were extracted via differential
centrifugation (Figure 1D) and then identified. Transmission electron microscopy revealed
that the vesicles isolated from the supernatant of macrophages have the characteristics of
exosomes: double-layer membrane structure and disc shape (Figure 1E). As per the results
displayed in the NTA detection, the diameter of the vesicles was mainly concentrated
in 50–200 nm (Figure 1F). In addition, the exosome markers (CD9 and CD63) expression
was observed via protein blot (Figure 1G). These findings illustrated that M0 and M2
macrophages were successfully induced, and their exosomes were extracted.

Figure 1. Extraction and identification of M0 and M2 exosomes. After 24 h of PMA (100 ng/mL)
stimulation, THP-1 cell lines were treated with IL-4 (20 ng/mL) for 24 h. (A–C) Macrophage sur-
face markers were detected. (A) Morphology of macrophages was observed under microscope.
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(B) RT-PCR analysis, (C) Western blot analysis. (D) Exosomes were obtained from cell supernatant via
differential centrifugation. (E–G) Identification of exosomes: (E) Identification of exosome structure
under an electron microscope (20,000×). (F) Detection of the size and number of exosomes via
nanoparticle tracking analysis (dilution factor: 1:1000). (G) Detection of exosome markers with
Western blot analysis. Data represent the mean ± standard errors of three separate experiments.
* p < 0.05, ** p < 0.01, ns: not significant according to one-way ANOVA (versus M0 group).

3.2. M2 Macrophage Promotes Malignant Progression of OSCC

Afterward, to probe the function of M2 macrophage exosomes on OSCC, CCK-8 was
performed to detect the viability of tumor cells. As a result, compared with the control
group, M0 sup group, and M0 exo group, the activity of Cal-27 cells treated with M2
macrophage supernatant and M2 macrophage exosomes increased significantly (Figure 2A).
Additionally, Western blot and RT-PCR analysis observed that supernatants and exo of M2
macrophages significantly inhibited the expression of apoptosis-related proteins (Caspase-3
and Caspase-9) in tumor cells (Figure 2B,C). In contrast, there was no statistical difference
between M0 sup, M0 exo, and the control group. These results suggest that exosomes of
M2 macrophages inhibit the apoptosis of tumor cells and enhance their cell viability.

Figure 2. M2 macrophage exosomes promote the progression of OSCC cells (A) CCK-8 assays were
performed to determine cell viability at 0, 24, 48, and 72 h after cell treatment. (B,C) Effect of M2
macrophage-derived exosomes on apoptosis-related cytokine in OSCC cells. (B) RT-PCR analysis.
(C) Western blot analysis. (D) The migration activity of Cal-27 cells was measured via wound healing
assay. The wound area was calculated at 0 h, 24 h, and 48 h after cell treatment. (E,F) The expression
of EMT related protein in Cal-27 cells is affected by M2 macrophage-derived exosomes. (E) RT-PCR
analysis. (F) Western blot analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant
by one-way ANOVA (versus control group).

Subsequently, the promoting effect of M2 macrophages on tumor migration and
invasion was also observed. M2 macrophage exosome treatment enhanced the migration
ability of tumor cells (Figure 2D). The increased MMP-2, MMP-9 and waveform proteins,
as well as the decreased E-calmodulin in tumor cells, tend to promote the process of
epithelial–mesenchymal transition (EMT), thus favoring tumor expansion into adjacent
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tissues. The results showed that the expression levels of MMP-2, MMP-9 and Vimentin
increased, and E-cadherin decreased in the cells treated with M2 sup and M2 exo. In
contrast, the expressions of MMP-2, MMP9 and E-cadherin in the M0-sup and M0-exo
groups were not significantly different from those in the control group (Figure 2E,F). The
above conclusions indicate that M2 macrophage exosomes can enhance the proliferation
and migration ability of Cal-27 cells.

3.3. MiR-23a-3p Promotes Malignant Progression of OSCC Cells

To identify essential factors contributing to the malignant progression of OSCC cells
in M2 exosomes, high-throughput sequencing was used to determine the differences in
miRNA expression in M0 and M2 macrophage exosomes. Based on the high-throughput
sequencing results, we obtained many miRNAs differentially expressed between M0 and
M2 macrophages. Then, we screened the top ten miRNAs with statistical significance and
the most considerable diversity. In the results, the content of miR-23a-3p in the exosomes
of M2 macrophages was the highest. It was significantly higher than in the exosomes of
M0 macrophages (Figure 3A). Next, we transfected Cal-27 cells with miR-23a-3p mimics
(Figure 3B) to explore whether miR-23a-3p derived from M2 macrophage exosomes caused
the malignant progression of Cal-27 cells described above. The results were consistent
with our prediction that transfection of miR-23a-3p mimics caused Cal-27 cells to exhibit
enhanced value-added capacity and inhibition of apoptosis (Figure 3C–E).

Figure 3. MiR-23a-3p promotes malignant progression of OSCC cells (A) In silico analysis of regula-
tory miRNAs related to M0 and M2 macrophage exosomes. Cal-27 was treated with M2 macrophage
exosomes or miR-23a-3p mimics after stable transfection with miR-23a-3p inhibitor. (B) RT-PCR anal-
ysis of miR-23a-3p in Cal-27 cells after transfection. (C) CCK-8 assays were performed to determine

9



Curr. Issues Mol. Biol. 2023, 45

cell viability at 0, 24, 48, and 72 h after cell treatment. (D,E) RT-PCR and Western blot were used
to detect the levels of apoptosis-related factors. (F) The motility of Cal-27 cells was determined
via wound healing assays. EMT-associated proteins in Cal-27 cells were detected via Western
blot (G) and RT-PCR (H). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant
according to one-way ANOVA.

In line with this, high intracellular expression of miR-23a-3p also promoted the mi-
gration ability of Cal-27 cells (Figure 3F). Meanwhile, the expression of EMT-related
proteins in tumor cells increased after transfection of miR-23a-3p, which facilitated its
invasion (Figure 3G,H). These data indicate that MiR-23a-3p in exosomes secreted by
M2-type macrophages can enter OSCC cells and enable OSCC cells to develop in a self-
beneficial direction.

3.4. MiR-23a-3p Targets PTEN

The TargetScan, miRDB, and miRTarBase databases were applied to predict the target
genes of miR-23a-3p to reveal the mechanism of malignant progression of OSCC cells
caused by miR-23a-3p derived from exosomes of M2 macrophages. Then, 78 target genes
of miR-23a-3p were screened from three MiRNA databases, and pathway enrichment of
78 target genes was obtained (Figure 4A,B). Among the 78 target genes we obtained, PTEN
is a common tumor suppressor gene known to play an essential regulatory role in the
occurrence and development of tumors [15–17]. In addition, we detected a match between
the sequence of miR-23a-3p and PTEN, further suggesting that PTEN is a potential target
for miR-23a-3p (Figure 4C). Therefore, we further studied the effect of miR-23a-3p on the
expression of PTEN in tumor cells. RT-PCR and Western blot results showed that PTEN
expression in Cal-27 was significantly inhibited when M2 macrophage exosomes were used
to stimulate tumor cells. The same results were obtained through transfection of tumor cells
with miR-23a-3p mimics, but this was reversed by inhibitors of miR-23a-3p (Figure 4D–F).

Figure 4. MiR-23a-3p targets PTEN (A) The three circles represent the target gene of miR-23a-3p in
the three miRNA databases, and the middle part represents the intersection of the three datasets.
(B) KEGG analysis of 78 target genes. (C) The predicted binding sites between miR-23a-3p and PTEN
genes were predicted in the miRBD database. (D,E) RT-PCR and Western blot analysis of miR-23a-3p
in Cal-27 cells. (F) Quantitative analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 according
to one-way ANOVA.
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3.5. MiR-23a-3p Promotes Tumor Growth In Vivo

To further assess the effect of miR-23a-3p on tumors in vivo, we injected miR-23a-
3p mimic-transfected Cal-27 cells subcutaneously into mice and observed the growth of
tumors in vivo. The results showed a significant increase in tumor size and weight in the
miR-23a-3p mimic group compared to the other groups (Figure 5A–C). In tumor specimens,
the percentage of Tunel-positive cells was significantly lower in the miR-23a-3p transfected
group, accompanied by an increase in Ki67-positive cells. This indicates that miR-23a-3p
enables tumors to acquire greater proliferation ability (Figure 5D,E). In addition, consistent
with the results of previous cellular experiments, miR-23a-3p also significantly inhibited
the expression of PTEN in tumor tissues (Figure 5F,G).

Figure 5. MiR-23a-3p promotes tumor growth in vivo. (A) The tumor. (B) Tumor weight. (C) Tumor
volume. (D) Tunel-positive cells (green fluorescence) and their proportion. The nucleus is stained
with DAPI (blue). (E) Immunohistochemical analyses of Ki67 in tumors. (F,G) Expression level of
PTEN in tumor tissues. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant according
to one-way ANOVA.

4. Discussion

Macrophages aggregated in the TME are commonly referred to as TAMs. Many studies
have shown that TAMs are effective promoters of tumor development and metastasis [18].
In particular, the tumor microenvironment will be altered during the polarization of M0
macrophages to M2-type macrophages. M2 macrophages tend to exert immunosuppressive
effects to control inflammation and frequently promote tumor progression [6]. Recently,
many studies have shown that exosomes with immunosuppressive activity are released
mainly by M2 macrophages, promoting cancer progression and treatment resistance [19,20].

Exosomes have been studied in different diseases, and they are both pathogenic and
protective. They play multiple roles in the microenvironment, reshaping the extracellular
matrix (ECM) and mediating the transmission of signals and molecules between cells [21].
As cell-secreted vesicles, exosomes are readily absorbed by cells. Therefore, they have
potential applications in cancer immunotherapy [22]. More and more studies have shown
that exosomes can change their cell origin and disease state by transporting biologically
active substances [23,24].
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When we extracted exosomes from M0 and M2 macrophages to stimulate OSCC cells,
we found that M2 macrophage-derived exosomes positively modulated OSCC progression,
which manifested as enhanced cell proliferation and migration and inhibition of apoptosis.
EMT is a process of epithelial dysfunction and increased motility that is critical in in tumor
progression, metastasis, and drug resistance [25]. The upregulation of MMP-2, MMP-9 and
Vimentin and the inhibition of E-cadherin in tumor cells will promote EMT and contribute
to tumor invasion [26–28]. In subsequent studies, we also found that the exosomes of M2
macrophages enhanced the migration ability of tumor cells and promoted the TMT process
by regulating the expression of MMP-2, MMP-9, Vimentin, and E-cadherin. These pieces of
evidence suggest that exosomes of M2 macrophages benefit tumor growth and metastasis.

MiRNA and other non-coding RNAs are important regulatory components of exo-
somes, and they are taken up by surrounding cells during the exosomal cycle [12]. They can
be used as inhibitors or enhancers of key signaling pathways and proteins, thus affecting
different aspects of cancer biology [13]. MiRNAs not only play a role in transcriptional
activation, epigenetic regulation, and translation inhibition, but have also been found in
the mitochondria and nucleus [29]. We speculate that a specific miRNA is also respon-
sible for the malignant progression of Cal-27 cells in the exosomes of M2 macrophages.
Fortunately, we identified a highly differentially expressed miRNA in the exosomes of
M0 and M2 macrophages via high-throughput sequencing: miRNA-23a-3pin. Then, we
transfected Cal-27 cells with mimics of miRNA-23a-3p to verify the effect of miRNA-23a-3p
on OSCC. Not surprisingly, we obtained the same results in Cal-27 cells transfected with
miRNA-23a-3p as when stimulated with M2 macrophage exosomes. This suggests that
miRNA-23a-3p in M2 macrophage exosomes can lead to the development of OSCC.

Immediately, to explore the mechanism of mirNA-23A-3p’s effect on OSCC cells,
we analyzed the target genes of mirNA-23A-3p using the miRNA target gene database
(targetscan, mirdb, and mirtarbase). PTEN mutation is one of the critical factors in human
cancer development and is a known tumor suppressor gene [30,31]. Many studies have
confirmed that the loss of PTEN can promote the development and metastasis of tumors,
including breast cancer, testicular germ cell tumors, and cervical cancer [32,33]. In OSCC,
the antitumor effect of PTEN has also been confirmed [34–36]. So, we boldly speculated
that miRNA-23a-3p promoted the progress of OSCC by targeting the expression of PTEN
in OSCC cells. We successfully observed a binding site between miRNA-23a-3p and PTEN
and confirmed the targeting of PTEN by miRNA23a-3p at the cellular level. The tumor-
promoting effect of miRNA-23a-3p achieved by inhibiting PTEN has also been observed
in vivo.

5. Conclusions

In brief, the above findings suggest that M2 macrophage-derived exosomes promote
OSCC cell proliferation, invasion, and migration and inhibit OSCC cell apoptosis by
transferring miRNA-23a-3p into OSCC cells. Additionally, PTEN is a potential cellular
target for miRNA-23a-3p to promote tumor development (Figure 6). This study may
provide new biomarkers for the treatment of OSCC, but more work is still needed.
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Figure 6. Graphical illustration of the effect of miRNA-23a-3p on OSCC cells.
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Abstract: Head and neck squamous cell carcinoma (HNSCC) is the most common type of head
and neck cancer, and has been revealed as the second-highest expression of CD44 in cancers. CD44
has been investigated as a cancer stem cell marker of HNSCC and plays a critical role in tumor
malignant progression. Especially, splicing variant isoforms of CD44 (CD44v) are overexpressed
in cancers and considered a promising target for cancer diagnosis and therapy. We developed
monoclonal antibodies (mAbs) against CD44 by immunizing mice with CD44v3–10-overexpressed
PANC-1 cells. Among the established clones, C44Mab-18 (IgM, kappa) reacted with CHO/CD44v3–10,
but not with CHO/CD44s and parental CHO-K1 using flow cytometry. The epitope mapping
using peptides that cover variant exon-encoded regions revealed that C44Mab-18 recognized the
border sequence between variant 10 and the constant exon 16-encoded sequence. These results
suggest that C44Mab-18 recognizes variant 10-containing CD44v, but not CD44s. Furthermore,
C44Mab-18 could recognize the human oral squamous cell carcinoma (OSCC) cell line, HSC-3, in flow
cytometry. The apparent dissociation constant (KD) of C44Mab-18 for CHO/CD44v3–10 and HSC-3
was 1.6 × 10−7 M and 1.7 × 10−7 M, respectively. Furthermore, C44Mab-18 detected CD44v3–10
but not CHO/CD44s in Western blotting, and endogenous CD44v10 in immunohistochemistry
using OSCC tissues. These results indicate that C44Mab-18 is useful for detecting CD44v10 in flow
cytometry and immunohistochemistry.

Keywords: CD44; CD44v10; monoclonal antibody; oral squamous cell carcinoma; immunohistochemistry

1. Introduction

Head and neck cancer is the seventh most common cancer type globally, and exhibits a
profound impact on patients and their quality of life after surgical ablation and therapies [1].
Head and neck squamous cell carcinoma (HNSCC) is the most common type of head and
neck cancer. The treatment of HNSCC includes surgery, chemotherapy, radiation therapy,
immunotherapy, molecular targeted therapy, or a combination of those modalities [2]. Al-
though survival can be improved through the development of treatments, cancer metastasis
and resistance to drugs remain the main causes of death [3]. The rate of 5-year survival
remains stagnant at approximately 50% [4].

CD44 is a multifunctional type I transmembrane glycoprotein that mediates metastasis
and drug resistance in tumor cells. HNSCC is the second-highest CD44-expressing tumor
in the Pan-Cancer Atlas [5]. The alternative splicing of CD44 mRNA produces the various
isoforms [6]. The constant exons including the first five (1 to 5) and the last five (16 to 20)
are present in all CD44 variants and make up the standard isoform (CD44s). The CD44
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variant (CD44v) isoforms are generated by the alternative splicing of variant exons (v1 to
v10) with the constant exons of CD44s [7]. Both CD44s and CD44v (pan-CD44) attach to
the extracellular matrix, including hyaluronic acid (HA), and facilitate the activation of
metastasis-associated intracellular signaling pathways [8].

Tumor metastasis includes multiple processes called the invasion–metastasis cas-
cade. The processes contain (i) dissemination from primary sites, (ii) the acquisition of
migration/invasion phenotype, (iii) intra/extravasation, (iv) survival in circulation, and
(v) adaptation and colonization in distant organs [9]. Moreover, (vi) cancer-associated
fibroblasts and tumor-infiltrating lymphocytes in the tumor microenvironment involve in
the promotion of the invasion–metastasis cascade [10]. CD44 mediates the multiple steps
of the invasion–metastasis cascade through interaction with HA [11] and CD44v-specific
functions [12].

CD44 has been studied as a marker of cancer stem-like cells (CSCs) in tumors [13]. Anti-
CD44s or CD44v monoclonal antibodies (mAbs) are used to collect the CD44-high CSCs [13].
The CD44-high population showed the increased self-renewing property, resistance to
drugs, and metastatic colonization in vivo [13]. CD44 is the first applied CSC marker to
isolate CSCs derived from HNSCC [14]. Notably, CD44-high CSCs from HNSCC showed
the features of epithelial to mesenchymal transition (EMT). The EMT program activation
confers tumor cells the stemness and the ability to migrate, invade, and extravasate [15].
Moreover, CD44-high cells could make colonization in the lungs of immunodeficient mice,
compared to CD44-low, which failed to form the metastatic colonization [16].

Furthermore, CD44v8–10 mediates the resistance to treatment. The v8–10-encoded
region binds to and stabilizes a cystine–glutamate transporter (xCT), which enhances cys-
tine uptake and glutathione synthesis [17]. The elevation of reduced glutathione (GSH)
mediates the defense to reactive oxygen species (ROS) [17], radiation [18], and chemother-
apeutic drugs [19]. The expression of CD44v8–10 is associated with the xCT-mediated
redox status and the poor prognosis of patients [18]. Therefore, the establishment of each
CD44v-specific mAb is essential to reveal the function and develop CD44-targeting cancer
therapy. However, the tissue distribution or function of the variant 10-containing CD44 has
not been fully understood.

In our previous work, we developed an anti-pan-CD44 mAb, C44Mab-5 (IgG1, kappa) [20]
using the Cell-Based Immunization and Screening (CBIS) method. Additionally, another
anti-pan-CD44 mAb, C44Mab-46 [21], was established by immunizing mice with the
CD44v3–10 ectodomain. Both C44Mab-5 and C44Mab-46 have the epitopes within the
constant exon 2- and 5-encoding sequences [22–24] and could be applied to immuno-
histochemistry in oral squamous cell carcinomas (OSCC) [20] and esophageal SCC [21],
respectively. Furthermore, we produced a class-switched and defucosylated type of recom-
binant C44Mab-5 (5-mG2a-f) using fucosyltransferase 8 (Fut8)-deficient ExpiCHO-S cells
and investigated the antitumor activity in OSCC xenograft-transplanted mice [25]. We have
developed various anti-CD44v mAbs, including C44Mab-6 (an anti-CD44v3 mAb) [26],
C44Mab-108 (an anti-CD44v4 mAb) [27], C44Mab-3 (an anti-CD44v5 mAb) [28], C44Mab-9
(an anti-CD44v6 mAb) [29], C44Mab-34 (an anti-CD44v7/8 mAb) [30], and C44Mab-1 (an
anti-CD44v9 mAb) [31]. The generation of anti-CD44 mAbs, which recognize all variant
exons, is important for the comprehensive analysis of human tumors.

In this study, we established a novel anti-CD44v10 mAb, C44Mab-18 (IgM, kappa),
using the CBIS method, and evaluated its applications via flow cytometry, Western blotting,
and immunohistochemical analyses of OSCC tissues.

2. Materials and Methods

2.1. Cell Lines

A human pancreatic cancer cell line (PANC-1, the Cell Resource Center for Biomedical
Research Institute of Development, Aging Sendai, Japan), a mouse multiple myeloma
P3x63Ag8U.1 (P3U1) and Chinese hamster ovary (CHO)-K1 cell lines (the American
Type Culture Collection, Manassas, VA, USA) were cultured using RPMI-1640 medium
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(Nacalai Tesque, Inc., Kyoto, Japan) containing 10% heat-inactivated fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics (100 U/mL peni-
cillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B). A human OSCC cell line
(HSC-3, the Japanese Collection of Research Bioresources, Osaka, Japan) was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Nacalai Tesque, Inc., Kyoto, Japan) supple-
mented as indicated above. All cell lines were grown in a humidified incubator at 37 ◦C
with 5% CO2.

The cDNAs of CD44v3–10 and CD44s were obtained as described previously [20].
The cDNAs were cloned into pCAG-zeo-ssPA16 and pCAG-neo-ssPA16 vectors with a
signal sequence and N-terminal PA16 tag (GLEGGVAMPGAEDDVV). The PA16 tag can
be detected by NZ-1 mAb, which was originally developed as an anti-human podoplanin
(PDPN) mAb [32]. Stable transfectants including PANC-1/CD44v3–10, CHO/CD44v3–10,
and CHO/CD44s were established by introducing corresponding vectors into the cells
using a Neon transfection system (Thermo Fisher Scientific, Inc.).

2.2. Production of Hybridoma Cells

PANC-1/CD44v3–10 (1 × 108 cells) was intraperitoneally administrated into the 6-
week-old female BALB/c mice (CLEA Japan, Tokyo, Japan) with Imject Alum (Thermo
Fisher Scientific Inc.). Additional three times immunizations of PANC-1/CD44v3–10
(1 × 108 cells) and a booster injection of PANC-1/CD44v3–10 (1 × 108 cells) two days be-
fore the sacrifice was performed. Hybridomas were produced as described previously [28].
The supernatants were selected by flow cytometer (SA3800 Cell Analyzer) and SA3800
software (ver. 2.05, Sony Corp. Tokyo, Japan).

2.3. Enzyme–Linked Immunosorbent Assay (ELISA)

Thirty-four peptides, which cover the variant region of CD44v3–10 [22], were obtained
from Sigma-Aldrich Corp. (St. Louis, MO, USA), and immobilized on Nunc Maxisorp
immunoplates (Thermo Fisher Scientific Inc.) at 20 μg/mL. After the blocking with 1%
(w/v) bovine serum albumin (BSA) in phosphate-buffered saline (PBS) containing 0.05%
(v/v) Tween 20 (PBST; Nacalai Tesque, Inc.), C44Mab-18 (1 μg/mL) was added to each well.
The wells were further treated with anti-mouse immunoglobulins peroxidase-conjugate
(1:2000 diluted; Agilent Technologies Inc., Santa Clara, CA, USA). The enzymatic reaction
was performed using an ELISA POD Substrate TMB Kit (Nacalai Tesque, Inc.) The optical
density (655 nm) was measured using an iMark microplate reader (Bio-Rad Laboratories,
Inc., Berkeley, CA, USA).

2.4. Flow Cytometry

CHO/CD44v3–10, CHO-K1, and HSC-3 cells (1 × 105 cells/sample) were incubated
with C44Mab-18, C44Mab-46, or blocking buffer (0.1% BSA in PBS; control) for 30 min at 4 ◦C.
The cells were further treated with anti-mouse IgG conjugated with Alexa Fluor 488 (1:2000;
Cell Signaling Technology, Inc. Danvers, MA, USA), and analyzed as indicated above.

2.5. Determination of Apparent Dissociation Constant (KD) via Flow Cytometry

The serially diluted C44Mab-18 at the indicated concentrations was suspended with
2 × 105 of HSC-3 and CHO/CD44v3–10 cells. The cells were further treated with anti-
mouse IgG conjugated with Alexa Fluor 488 (1:200). Fluorescence data were analyzed, and
the apparent dissociation constant (KD) was determined by fitting binding isotherms to
built-in one-site binding models of GraphPad Prism 8 (GraphPad Software, Inc., La Jolla,
CA, USA).

2.6. Western Blot Analysis

The SDS-polyacrylamide gel for electrophoresis and transfer onto polyvinylidene
difluoride membranes was achieved as described previously [28]. After the blocking in
PBST containing 4% skim milk (Nacalai Tesque, Inc.), the membranes were incubated
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with 10 μg/mL of C44Mab-46, 10 μg/mL of C44Mab-18, or 0.5 μg/mL of an anti-β-actin
mAb (AC-15; Sigma-Aldrich Corp.). The membranes were further treated with peroxidase-
conjugated anti-mouse immunoglobulins (diluted 1:1000; Agilent Technologies, Inc.). Fi-
nally, the chemiluminescence signal was obtained using ImmunoStar LD (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) and was detected using a Sayaca-Imager (DRC
Co., Ltd., Tokyo, Japan).

2.7. Immunohistochemical Analysis of Formalin-Fixed Paraffin-Embedded (FFPE) Tissues

Antigen retrieval of an OSCC tissue array (OR601c; US Biomax Inc., Rockville, MD,
USA) was performed using EnVision FLEX Target Retrieval Solution High pH (Agilent
Technologies, Inc.). SuperBlock T20 (Thermo Fisher Scientific, Inc.) was used for blocking.
The sections were incubated with 1 μg/mL of C44Mab-18 and 1 μg/mL of C44Mab-46 at
room temperature for 1 h. The sections were further treated with the EnVision+ Kit for
a mouse (Agilent Technologies Inc.) at room temperature for 30 min. The chromogenic
reaction and counterstaining were performed using 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB; Agilent Technologies Inc.) and hematoxylin (FUJIFILM Wako Pure Chemical
Corporation), respectively.

3. Results

3.1. Establishment of an Anti-CD44 mAbs via Immunization of PANC-1/CD44v3–10 Cells

In our previous work, we have established anti-CD44 mAbs, including C44Mab-5
(pan-CD44) [20], C44Mab-6 (v3) [26], C44Mab-3 (v5) [28], C44Mab-9 (v6) [29], and C44Mab-1
(v9) [31], using CHO/CD44v3–10 cells as an immunogen. In this study, we established
another stable transfectant (PANC-1/CD44v3–10 cells) (Figure 1A). Mice were immunized
with PANC-1/CD44v3–10 cells (Figure 1B), and hybridomas were produced via fusion
between the splenocyte and P3U1 cells (Figure 1C). The supernatants, which were reactive
to CHO/CD44v3–10 cells, but not to CHO-K1, were selected via flow cytometry-based
high throughput screening (Figure 1D). After cloning by limiting dilution, anti-CD44
mAb-producing clones were finally established (Figure 1E).

3.2. Flow Cytometric Analysis of C44Mab-18- to CD44-Expressing Cells

In this study, established clones, the epitope of which includes CD44v10, were mainly
determined to be IgM, although all mAbs against other CD44 variants are IgG [26–31].
Among those clones, we examined the reactivity of C44Mab-18 (IgM, kappa) against
CHO/CD44v3–10 and CHO/CD44s cells via flow cytometry. C44Mab-18 dose-dependently
recognized CHO/CD44v3–10 cells (Figure 2A). In contrast, C44Mab-18 recognized nei-
ther CHO/CD44s (Figure 2B) nor CHO-K1 (Figure 2C) cells. We confirmed that an
anti-pan-CD44 mAb, C44Mab-46 [21], recognized CHO/CD44s cells, but not CHO-K1
cells (Supplementary Figure S1). Furthermore, C44Mab-18 could recognize HSC-3 cells
(Figure 2D) in a dose-dependent manner. These results indicated that C44Mab-18 recog-
nizes the variant exon-encoded region between v3 and v10 (Figure 1A).

3.3. Epitope Mapping of C44Mab-18 by ELISA

To determine the epitope of C44Mab-18, we performed the ELISA using synthetic
peptides, which cover the variant exon-encoded region between v3 and v10 [22]. As
shown in Figure 3, C44Mab-18 recognized the CD44 p551–570 peptide (SNSNVNRSLS-
GDQDTFHPSG), which corresponds to variant 10 and constant exon 16-encoded sequence
(Supplementary Table S1). In contrast, C44Mab-18 never recognized other v3- and v10-
encoded peptides. This and the results in Figure 2 indicate that C44Mab-18 specifically
recognizes the variant 10-containing CD44.

19



Curr. Issues Mol. Biol. 2023, 45

Figure 1. A schematic illustration of the CBIS method to establish anti-human CD44 mAbs. (A) Struc-
ture of CD44. The CD44s mRNA contains the constant exons (1 to 5) and (16 to 20). The CD44v
including CD44v3–10, CD44v4–10, CD44v6–10, and CD44v8–10 are produced via the alternative
splicing of variant exons. (B) PANC-1/CD44v3–10 cells were injected into BALB/c mice intraperi-
toneally. (C) Hybridomas were produced via the fusion of the splenocytes and P3U1 cells (D) The
screening was performed via flow cytometry using CHO/CD44v3–10 and parental CHO-K1 cells.
(E) A clone C44Mab-18 (IgM, kappa) was established after cloning.
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Figure 2. Flow cytometry using C44Mab-18. CHO/CD44v3–10 (A), CHO/CD44s (B), CHO-K1 (C),
and HSC-3 (D) cells were treated with 0.01–10 μg/mL of C44Mab-18. Then, cells were treated with
Alexa Fluor 488-conjugated anti-mouse IgG (Red line). The black line represents the negative control
(blocking buffer).

3.4. Determination of the Apparent Binding Affinity of C44Mab-18 via Flow Cytometry

We measured the apparent binding affinity of C44Mab-18 to CHO/CD44v3–10 and
HSC-3 cells. The apparent dissociation constant (KD) of C44Mab-18 for CHO/CD44v3–10
(Figure 4A) and HSC-3 (Figure 4B) was 1.6 × 10−7 M and 1.7 × 10−7 M, respectively. These
results indicated that C44Mab-18 possesses a moderate binding affinity for CD44v3–10 or
endogenous CD44v10-expressing cells.
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Figure 3. Determination of C44Mab-18 epitope using ELISA. The synthesized peptides, that cover
the variant exon-encoded region between v3 and v10, were immobilized on immunoplates. The
plates were incubated with C44Mab-18, followed by incubation with anti-mouse immunoglobulins
-conjugated with peroxidase. Optical density (655 nm) was measured. The CD44 p551–570 se-
quence (SNSNVNRSLSGDQDTFHPSG) corresponds to variant 10 and the constant exon 16-encoded
sequence. Error bars represent means ± SDs. NC, negative control (0.1% DMSO [solvent] in PBS).

Figure 4. The determination of the apparent dissociation constant (KD) of C44Mab-18. C44Mab-18
was treated with CHO/CD44v3–10 at indicated concentrations (A) and with HSC-3 (B). The cells
were treated with anti-mouse IgG conjugated with Alexa Fluor 488. Fluorescence data were collected,
followed by the calculation of KD using GraphPad PRISM 8.
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3.5. Western Blot Analysis

To assess the sensitivity of C44Mab-18 in Western blot analysis, we analyzed the cell
lysates from CHO-K1, CHO/CD44s, and CHO/CD44v3–10. C44Mab-18 mainly detected
CD44v3–10 as more than 180-kDa and ~70-kDa bands. However, C44Mab-18 did not detect
any bands from lysates of CHO-K1 and CHO/CD44s cells (Figure 5A). An anti-pan-CD44
mAb, C44Mab-46, recognized both CD44v3–10 (>180 kDa) and CD44s (~75 kDa) bands
in the lysates of CHO/CD44v3–10 and CHO/CD44s, respectively (Figure 5B). We used
β-actin as a loading control (Figure 5C). These results indicate that C44Mab-18 can detect
exogenous CD44v3–10.

Figure 5. Western blot analysis using C44Mab-18. The total cell lysates (10 μg of protein) were
separated and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were
incubated with 10 μg/mL of C44Mab-18 (A), 10 μg/mL of C44Mab-46 (B), or 0.5 μg/mL of an anti-β-
actin mAb (C), followed by incubation with peroxidase-conjugated anti-mouse immunoglobulins. The
red arrows indicate the CD44v3–10 (>180 kDa). The black arrow indicates the CD44s (~75 kDa). The
white arrow indicates a lower molecular weight band recognized by C44Mab-18 in CHO/CD44v3–10
lysate (~70 kDa).

3.6. Immunohistochemical Analysis Using C44Mab-18 against Tumor Tissues

Since HNSCC is revealed as the second highest CD44-expressing tumor in the Pan-
Cancer Atlas [5], we examined the reactivity of C44Mab-18 and C44Mab-46 in immuno-
histochemical analyses using FFPE sections of OSCC tissue array. As shown in Figure 6,
C44Mab-18 was able to distinguish tumor cells from stromal tissues. In contrast, C44Mab-
46 stained both. We summarized the data of immunohistochemical analyses in Table 1;
C44Mab-18 stained 41 out of 50 cases (82%) in OSCC. These results indicate that C44Mab-18
applies to the immunohistochemical analysis of FFPE tumor sections.
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Figure 6. Immunohistochemical analysis using C44Mab-18 and C44Mab-46 against FFPE OSCC
tissues. (A–F) Serial sections of the OSCC tissue array (OR601c) were incubated with 1 μg/mL of
C44Mab-18 or C44Mab-46 followed by treatment with the Envision+ kit. The chromogenic reaction and
counterstaining were performed using 3,3′-diaminobenzidine tetrahydrochloride and hematoxylin,
respectively. Scale bar = 100 μm.

Table 1. Immunohistochemical analysis using C44Mab-18 against OSCC tissue array.

No. Age Sex
Organ

/Anatomic Site
Pathology Diagnosis TNM C44Mab-18 C44Mab-46

1 78 M Tongue SCC of tongue T2N0M0 + +

2 40 M Tongue SCC of tongue T2N0M0 + ++

3 75 F Tongue SCC of tongue T2N0M0 - +
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Table 1. Cont.

No. Age Sex
Organ

/Anatomic Site
Pathology Diagnosis TNM C44Mab-18 C44Mab-46

4 35 F Tongue SCC of tongue T2N0M0 ++ ++

5 61 M Tongue SCC of tongue T2N0M0 ++ +++

6 41 F Tongue SCC of tongue T2N0M0 + +

7 64 M Tongue SCC of right tongue T2N2M0 ++ ++

8 76 M Tongue SCC of tongue T1N0M0 ++ ++

9 50 F Tongue SCC of tongue T2N0M0 ++ ++

10 44 M Tongue SCC of tongue T2N1M0 ++ +++

11 53 F Tongue SCC of tongue T1N0M0 + ++

12 46 F Tongue SCC of tongue T2N0M0 ++ +

13 50 M Tongue SCC of root of tongue T3N1M0 ++ +

14 36 F Tongue SCC of tongue T1N0M0 ++ +++

15 63 F Tongue SCC of tongue T1N0M0 + +

16 46 M Tongue SCC of tongue T2N0M0 + -

17 58 M Tongue SCC of tongue T2N0M0 + +

18 64 M Lip SCC of lower lip T1N0M0 + +++

19 57 M Lip SCC of lower lip T2N0M0 + +++

20 61 M Lip SCC of lower lip T1N0M0 + ++

21 60 M Gum SCC of gum T3N0M0 ++ +

22 60 M Gum SCC of gum T1N0M0 +++ +++

23 69 M Gum SCC of upper gum T3N0M0 ++ ++

24 53 M Bucca cavioris SCC of bucca cavioris T2N0M0 ++ +

25 55 M Bucca cavioris SCC of bucca cavioris T1N0M0 +++ +

26 58 M Tongue SCC of base of tongue T1N0M0 ++ ++

27 63 M Oral cavity SCC T1N0M0 +++ ++

28 48 F Tongue SCC of tongue T1N0M0 + +

29 80 M Lip SCC of lower lip T1N0M0 +++ +++

30 77 M Tongue SCC of base of tongue T2N0M0 ++ ++

31 59 M Tongue SCC of tongue T2N0M0 + -

32 77 F Tongue SCC of tongue T1N0M0 + ++

33 56 M Tongue SCC of root of tongue T2N1M0 + +

34 60 M Tongue SCC of tongue T2N1M0 ++ ++

35 62 M Tongue SCC of tongue T2N0M0 + ++

36 67 F Tongue SCC of tongue T2N0M0 - ++

37 47 F Tongue SCC of tongue T2N0M0 +++ +++

38 37 M Tongue SCC of tongue T2N1M0 - -

39 55 F Tongue SCC of tongue T2N0M0 + +

40 56 F Bucca cavioris SCC of bucca cavioris T2N0M0 + +

41 49 M Bucca cavioris SCC of bucca cavioris T1N0M0 - -

42 45 M Bucca cavioris SCC of bucca cavioris T2N0M0 - -
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Table 1. Cont.

No. Age Sex
Organ

/Anatomic Site
Pathology Diagnosis TNM C44Mab-18 C44Mab-46

43 42 M Bucca cavioris SCC of bucca cavioris T3N0M0 +++ ++

44 44 M Jaw SCC of right drop jaw T1N0M0 + +++

45 40 F Tongue SCC of base of tongue T2N0M0 - ++

46 49 M Bucca cavioris SCC of bucca cavioris T1N0M0 ++ +++

47 56 F Tongue SCC of base of tongue T2N0M0 - +

48 42 M Bucca cavioris SCC a of bucca cavioris T3N0M0 +++ +++

49 87 F Face SCC a of left face T2N0M0 - +

50 50 M Gum SCC of gum T2N0M0 - -

-, No stain; +, Weak intensity; ++, Moderate intensity; +++, Strong intensity.

4. Discussion

In our previous work, we established anti-CD44 mAbs using CHO/CD44v3–
10 [20,26,28,29,31] and purified CD44v3–10 ectodomain [21,30] as immunogens. In this
study, we used PANC-1/CD44v3–10 as another immunogen. We have compiled a list with
this information in “Antibody Bank” (see Supplementary Materials). In this study, we listed
a novel anti-CD44v antibody C44Mab-18, which recognizes the border sequence between
variant 10 and constant exon 16 (Figure 3). Furthermore, C44Mab-18 could recognize
CHO/CD44v3–10, but not CHO/CD44s in flow cytometry (Figure 2) and Western blot
analyses (Figure 5). Moreover, C44Mab-18 could stain tumor cells, but not stromal tissues,
which could be stained by C44Mab-46, an anti-pan-CD44 mAb (Figure 6). These results
indicate that C44Mab-18 is an anti-CD44v10 mAb.

The VFF series anti-human CD44v mAbs were previously established via the im-
munization of glutathione S-transferase fused CD44v3–10 produced by bacteria [33,34].
The clones, VFF-8 (anti-CD44v5), VFF-18 (anti-CD44v6), VFF-9 (anti-CD44v7), VFF-17
(anti-CD44v7/8), and VFF-14 (anti-CD44v10) have been used for various applications [35].
Although VFF-14 was shown to apply to immunohistochemistry [36], the detailed binding
epitope of VFF-14 has not been reported. In this study, we determined the epitope of
C44Mab-18 as the CD44 p551–570 peptide (SNSNVNRSLSGDQDTFHPSG), which corre-
sponds to the variant 10 (underlined) and constant exon 16-encoded region. In contrast,
C44Mab-18 never recognizes the p541–560 peptide (FGVTAVTVGDSNSNVNRSLS) in the
variant 10 region. Therefore, C44Mab-18 could have the epitope in the border region, but
the inclusion of variant 10 is essential for the recognition.

Since the CD44 protein is modified by a variety of N-glycans and O-glycans, the
molecular weight of CD44v isoforms surpasses 200-kDa [37]. C44Mab-18 recognized both
more than 180-kDa and ~70-kDa bands (Figure 5A) in the lysate from CHO/CD44v3–10.
The 70 kDa is approximately identical to the predicted molecular weight of CD44v3–10 from
the amino acid sequence. Therefore, C44Mab-18 could recognize CD44v3–10 regardless
of the glycosylation. The detailed epitope mapping and the influence of glycosylation on
C44Mab-18 recognition should be investigated in future studies.

CD44v8–10 was shown to interact with xCT, a glutamate–cystine transporter, and
regulate the level of reduced glutathione in tumor cells. The interaction is important for
the stabilization of xCT on the cell surface, which promotes the defense against reactive
oxygen species [17]. Furthermore, the interaction failed in CD44v8–10 (S301A), an N-
linked glycosylation consensus motif (Asn-X-Ser/Thr) mutant in the variant 10-encoded
region [17]. Therefore, it is worthwhile to investigate whether C44Mab-18 interferes with
the interaction between CD44v8–10 and xCT in future studies. Furthermore, several
studies have revealed that CD44v9 is used as a predictive marker for recurrence [38] and
a biomarker for patient selection and efficacy of xCT inhibitors, sulfasalazine in gastric
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cancer [39]. Further investigations are also required to clarify the clinical significance of
CD44v10 expression using C44Mab-18.

The mAbs against CD44 have been considered a therapeutic option for solid tu-
mors and leukemia [12]. However, anti-pan-CD44 mAbs can affect normal tissues such
as the epithelium and hematopoiesis. In a preclinical study using a murine thymoma
model, a comparative study between an anti-pan-CD44 mAb (IM-7) and an anti-murine
CD44v10 mAb (K926) was conducted in CD44v10-transfected EL4 thymoma (EL4-v10) [40].
The results showed that a blockade of CD44v10 by K926 was superior to that of IM-7
in intra-marrow EL4-v10 growth retardation. Furthermore, K926 hardly disturbed the
hematopoietic stem cell (HSC) interaction with the bone marrow stroma. In contrast, IM-7
strongly affected the embedding of HSC in the bone marrow stroma [40]. These results
indicated that the therapeutic use of anti-pan-CD44 mAbs should be avoided in favor of
CD44v-specific mAbs as far as leukemic cells express CD44v isoforms.

In a humanized mouse model, CD44v8–10 was elevated during chronic myeloid
leukemia progression from chronic phase to blast crisis [41]. Furthermore, increased tran-
scription of CD44 mRNA was observed in human acute myeloid leukemia (AML) patients
with FLT3 or DNMT3A mutations through the suppression of CpG islands methylation
in the promoter [42]. An anti-CD44v6 mAb (BIWA-8) derived from VFF-18 [43] was en-
gineered to develop chimeric antigen receptors (CARs) for AML with FLT3 or DNMT3A
mutations. The CD44v6 CAR-T cells exhibited potent anti-leukemic effects [42]. We have
established class-switched and defucosylated IgG2a recombinant mAbs and evaluated the
antitumor activity in xenograft models [44]. Therefore, the production of class-switched
and defucosylated C44Mab-18 is an important strategy to evaluate the antitumor effect in
preclinical models.

Since anti-pan-CD44 and anti-CD44v mAbs still have the possibility of causing side ef-
fects by affecting normal tissues, the clinical applications are limited. This study used tumor
cell-expressed CD44v3–10 as an immunogen. This strategy is critical for the development
of cancer-specific mAbs (CasMabs). We developed podocalyxin-targeting CasMabs [45]
and PDPN-targeting CasMabs [46], which react with the aberrantly glycosylated targets
selectively expressed in cancer [47]. Anti-PDPN-CasMabs have been applied to CAR-T ther-
apy in preclinical studies [48–50]. For CasMab development, we should perform a further
selection of our established anti-CD44 mAbs by comparing the reactivity against normal
cells and tissues. Anti-CD44 CasMabs could be applicable for designing the modalities,
including antibody-drug conjugates and CAR-T.

5. Conclusions

In this study, we established an anti-CD44v10 mAb (C44Mab-18). We also established
an anti-CD44v8 mAb (C44Mab-94) (manuscript submitted, see Supplementary Materials).
Therefore, we have established an anti-CD44 mAb library that covers almost all CD44
variants. This library could contribute to the diagnosis of not only carcinoma, but also
hematopoietic malignancies. Since we have already cloned the VH and VL cDNA of
anti-CD44 mAbs, the production of recombinant mAbs or CARs could contribute to the
development of novel tumor therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb45070333/s1. Supplementary Figure S1, Recognition of
CHO/CD44s and CHO/CD44v3–10 by C44Mab-46 by flow cytometry. Supplementary Table S1, The
determination of the binding epitope of C44Mab-18 by ELISA. The information on anti-CD44 mAbs
in our laboratory is available in “Antibody Bank” [http://www.med-tohoku-antibody.com/topics/
001_paper_antibody_PDIS.htm#CD44 (accessed on 14 June 2023)].
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Abstract: The treatment of unresectable or metastatic Head and Neck Squamous Cell Carcinoma
(HNSCC) has traditionally relied on chemotherapy or radiotherapy, yielding suboptimal outcomes.
The introduction of immunotherapy has significantly improved HNSCC treatment, even if the long-
term results cannot be defined as satisfactory. Its mechanism of action aims to counteract the blockade
of tumor immune escape. This result can also be obtained by stimulating the immune system with
vaccines. This review scope is to comprehensively gather existing evidence and summarize ongoing
clinical trials focused on therapeutic vaccines for HNSCC treatment. The current landscape reveals
numerous promising drugs in the early stages of experimentation, along with a multitude of trials
that have been suspended or abandoned for years. Nonetheless, there are encouraging results and
ongoing experiments that instill hope for potential paradigm shifts in HNSCC therapy.

Keywords: head and neck squamous cell carcinoma (HNSCC); therapeutic cancer vaccine; Epstein–Barr
virus (EBV); human papilloma virus (HPV); mRNA vaccine

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) affects 450,000 individuals per year,
accounting for an estimated 890,000 new cases, i.e., roughly 4.5% of all cancer diagnoses.
The HNSCC incidence includes 380,000 cases of cancer of the oral cavity and the lip, 133,000
of the nasopharynges, 98,000 of the oropharynges, 84,000 of the hypopharynxes, 185,000
of the larynxes, and 54,000 of the salivary glands. The incidence and mortality rates of
HNSCC are distributed across geographic regions and demographic traits, with a higher
occurrence in men than in women and a male-to-female ratio of 2:1 [1].

In situations where surgical intervention is not viable, chemotherapy and radiation
therapy are used. However, results are not optimal, particularly for recurrent or metastatic
malignancies. The introduction of immunotherapy has improved those outcomes. Cur-
rently approved drugs for the treatment of HNSCC are pembrolizumab (KEYTRUDA,
Merck and Co., Rahway, NJ, USA) and nivolumab (OPDIVO, Bristol Myers Squibb, New
York, NY, USA), which have improved traditional chemotherapy results. Checkmate-141,
Keynote-040, and Keynote-048 trials are milestones in HNSCC treatment and set a new
standard of results for non-surgical therapy. However, they still are not satisfactory with
long-term efficacy in 20 to 30% of patients only. The discussion of resistance mechanisms to
immune checkpoint inhibitors is beyond the scope of this manuscript, but we can state that
solutions need to be found to achieve better therapy performance [2–4].

In this scenario, the advancement of novel non-surgical therapies appears to be imper-
ative. HNSCC are categorized as HPV-negative and HPV-positive. Tobacco consumption is
the primary risk factor for the development of HPV-negative HNSCC. In addition, betel
quid, areca nut, exposure to environmental pollutants, or excessive alcohol consumption is
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known to synergize with tobacco use to promote carcinogenesis [5,6]. While the tobacco-
and alcohol-related neoplasms are decreasing, viral infection is on the rise. HPV is a
common risk factor for HNSCC, being associated with oropharyngeal cancers (>70%) [7].
HPV vaccines have been approved for cervical cancer prevention in females, and their
impact on HNSCC incidence has been observed [6]. However, therapeutic vaccines for
HNSCC are still undergoing investigation. Their objective is to induce immunogenicity
against HNSCC cells employing a range of mechanisms, including traditional approaches
like cell-mediated cytotoxicity induced by antigens, as well as innovative strategies to
counteract tumor immune escape mechanisms or stimulate the immune system’s cytotoxic
activity against neoplastic cells [5]. Here we show an in-depth review of the limitations of
current studies and future perspectives in immunotherapy for the treatment of HNSCC to
provide a comprehensive overview.

2. Materials and Methods

A literature search was conducted across PubMed, Embase, and Cochrane Central
Register of Controlled Trials databases, without any time restrictions. The search terms
specifically focused on head and neck cancer vaccines, and each author independently
performed the search and analysis. In addition to the database search, the authors manually
screened the reference lists of retrieved articles for further relevant studies. We excluded
non-English language papers. We hand-searched the ClinicalTrials.gov database for any
relevant trial and checked the actual status of each of those considered. All authors
discussed results with conflicts solved by our senior author, A.M. The evidence extracted
from these papers was organized into coherent paragraphs. Furthermore, a thorough
examination of the current studies’ limitations and future perspectives was conducted in
order to provide a comprehensive overview (Figure 1). Furthermore, it is important to note
that Cetuximab was approved in 2006 as the first monoclonal antibody (mAb) approved by
the Food and Drug Administration (FDA), directed against the epidermal growth factor
receptor (EGFR) in patients with HNSCC. Therefore, the literature timeline and considered
studies utilized to perform this analysis were mainly from the period of 2016 to 2022.

Figure 1. Article selection and discussion process.

2.1. Immunosurveillance and Immune Escape Mechanisms

The immune system plays a crucial role in the uncontrolled growth and spread of
neoplastic cells, as seen via immunosurveillance [7]. It can eliminate cancer cells that are
constantly produced throughout an individual’s life. During neoplastic progression, several
mutations in cancer cell DNA permit the acquisition of the ability to evade the immune
response through the downregulation of HLA antigens, a decrease in or loss of expression
of tumor-associated antigens, and the production of immunosuppressive cytokines [8].

Tumor antigens are taken up by antigen-presenting cells (APCs), such as dendrites,
and are exposed to host T lymphocytes, which in turn form effector and memory T lym-
phocytes. Cytotoxic T lymphocytes and natural killer cells circulate in the peripheral
blood and lymphoid and non-lymphoid tissues, as well as in tumoral tissues [9]. T cells
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encounter tumor cells equipped with these same antigens and become activated and kill
them through a cytotoxic mechanism. Cancer cell death is induced via the release of cy-
tokines such as interferon (IFN)-γ, tumor necrosis factor (TNF)-α, granzyme, perforins,
and IL-2 [10,11]. To proliferate freely, tumors may develop immune escape mechanisms via
cytotoxic T-lymphocyte protein 4 (CTLA4) and programmed cell death protein 1 (PD-1). Im-
munotherapy drugs have been developed to inhibit these molecules and allow the immune
system to act on tumors [2,3]. In addition to the molecular mechanisms of immune escape
expressed on the surface of tumor cells, there are several others that involve the tumor
microenvironment. These include increases in the percentage of immunosuppressive cells
in the tumor matrix (myeloid-derived suppressor cells, tumor-associated macrophages,
and T regulatory cells); the secretion of immunosuppressive molecules, such as transform-
ing growth factor-β (TGF-β); and the signal transducer and stimulator of transcription
(STAT)-3, as well as the formation of physical barriers and an intricate vascular network
that physically prevents the penetration of immune cells into the tumor matrix [5,12].

2.2. Anticancer Vaccine Categories

The anticancer vaccines under study can be divided into two groups: traditional
vaccines that induce a T cell-mediated immune response against specific tumor antigens,
and less conventional vaccines targeting immune escape mechanisms [5,11].

Autologous vaccines, which utilize patient-specific antigens, offer a highly targeted
and specific immune response. However, the complex process, including the extraction
and inactivation of tumor cells, as well as the associated development costs and lack of
standardization, pose challenges to their widespread use. As a result, recombinant vaccines,
which are generated through the laboratory synthesis of tumor antigens, are being subjected
to more extensive trials. These recombinant vaccines offer potential advantages in terms of
standardization and scalability [5].

2.3. Anticancer Vaccine Antigens

The antigens expressed by tumors are divided into vague categories, and some
antigens may belong to more than one. According to the classification of Zarour et al.,
those categories are oncofetal, oncoviral, overexpressed/accumulated, cancer-testis, linear-
restricted, mutated, post-translationally altered, or idiotypic antigens (Table 1) [13–16].
Tumor antigens recognized by T lymphocytes can also be classified as shared antigens,
tumor-associated antigens, and tumor-specific antigens, according to Coulie et al. [17].

Table 1. Categories of tumor antigens.

Categories of Tumor Antigens Description

Classification by Zarour et al.

Oncofetal Usually expressed in fetal tissues
Oncoviral Encoded by virus DNA/RNA

Overexpressed/Accumulated Expressed in both healthy and neoplastic tissues with higher levels in cancer cells
Cancer-testis Expressed in adult reproductive tissues physiologically and in neoplastic cells

Linear-restricted Expressed by specific cancer histotypes
Mutated Only expressed by cancer

Post translationally altered Post-transcriptional alteration of molecules
Idiotypic Highly polymorphic genes expressed in a specific “clonotype” in cancer tissues

Classification by Coulie et al.

Shared antigens Expressed both by tumor and healthy cells
Tumor associated antigens Antigens expressed by tumor and healthy cells that are upregulated in cancers

Tumor specific antigens Expressed only by tumor cells

2.4. Anticancer Vaccine Platforms

Devaraja et al. [5] conducted a classification of anticancer vaccine platforms, elucidat-
ing the advantages and disadvantages associated with each of them (Figure 2).
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Figure 2. Vaccine platforms.

These vaccines involve extracting tumor cells from the patient, which are then inac-
tivated in the laboratory. Subsequently, these inactivated tumor cells are combined with
immunostimulant substances before being administered back to the patient. Another
approach mentioned is the utilization of allogeneic tumor lines, where cells from differ-
ent individuals are inactivated and used for vaccine development. Instead of using the
entire tumor cell, some authors have experimented with the use of tumor antigens loaded
inside the patient’s own dendritic cells, which are then reinfused to stimulate the immune
response. Protein components have also been used to produce these drugs, such as peptide
vaccines based on epitopes obtained through the combination of MHC class I and tumor
antigens. Like proteins, nucleic acids have also been the basis of vaccines, both for DNA
and RNA. Finally, viruses with low pathogenicity have also been modified to express
neoplastic antigens and induce immunogenicity (Table 2) [5].

Table 2. Advantages and disadvantages of vaccine platforms.

Vaccines Platform Advantages Disadvantages

Autologous cell-derived Exposed to all patient tumor antigens
Vaccine designed for specific patient disease

Difficult to manufacture.
not standardizable.

requires sufficient tissue biopsy

Allogenic cell-derived
More potential antigens available;

standardization;
lower costs

Less personalization

Autologous dendritic cell loaded
with tumor antigens

Dendritic cells are the most powerful
antigen-presenting cells

Require leukaphereses;
require cell culture processing

Peptide vaccines
Easy to produce;

easy to store;
no viral component

Easy tolerance;
rapid degradation in human body;

usually require immunogenic adjuvants

DNA vaccines Use of multiple genes;
can be combined with immunostimulatory agents

Modest efficacy;
risk of genetic recombination

RNA vaccines Low levels of side effects;
low levels f autoimmune disease Rapid degradation

Viral vaccines Induce immune and cell-mediated responses
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2.5. Virus Infection-Based Cancer Vaccines
2.5.1. Epstein–Barr Virus (EBV)-Related Nasopharyngeal Carcinoma (NPC) Vaccines

Therapeutic vaccination has been extended to NPC in view of its association with
EBV. The approaches developed are based on a dendritic cell-based strategy and use
virus-based vaccines. Virus-induced malignancies have multiple therapeutic targets due to
non-self-origin.

The Epstein–Barr virus nuclear antigen-1 (EBNA1) and the Epstein–Barr virus la-
tent membrane proteins 1/2 (LMP1/2) are target antigens. Four trials (NCT01256853,
NCT01800071, NCT01147991, NCT01094405) investigated the efficacy of EBNA1 C-terminal
/LMP2 chimeric protein-expressing recombinant modified vaccinia, the Ankara vaccine
(MVA) [18].

The study of Trabecutel (Atara Biotherapeutics) and allogenic EBV-T-cell immunother-
apy was suspended after phase 1B by the sponsor and phase 2 was never conducted. The
trial NCT03769467 was a multicenter, open-label, single-arm phase 1B/2 study to assess
the safety and efficacy of Trabecutel in combination with pembrolizumab for the treatment
of platinum-pretreated patients with recurrent/metastatic EBV+ NPC (Figure 3).

 

Figure 3. Current status of virus based HNSCC vaccine trials on humans. Unless otherwise stated, the
studies considered were phase 1 or 2. Completion does not indicate the success of the therapy, but only
the end of the study and the publication of its data. EBV = Epstein–Barr virus; NPC = nasopharyngeal
carcinoma; HPV = human papilloma virus; HNSCC = head and neck squamous cell carcinoma;
MVA = modified Ankara vaccine; DPX = DepoVaxTM.

The NCT04139057 trial is recruiting patients for a phase 1 study on the administration
of EBV-specific engineered T cells bearing a TCR (TCR-T) anti-PD-1. The estimated enroll-
ment will be 18 participants affected by EBV+ HNSCC with a single-arm trial design. The
estimated study completion date is 1 January 2024 (Figure 3).

TCR-Ts are the subject of a trial that is about to end (August 2023). In this single-
arm study, the TCR-Ts are specific for EBV and are equipped with a cytokine-secreting
system. The rationale is that cytokines, by activating both innate immunity with NK cells
and adaptive immunity, promote the immune response against cancer. The study has
an estimated enrollment of 20 patients pre-conditioned with chemotherapy who will be
infused with EBV-specific TCR-T cells with cytokine auto-secreting element (NCT04509726)
(Figure 3).
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2.5.2. HPV+ HNSCC Vaccines
Viral Vector-Based HPV+ HNSCC Vaccines

HPV+ HNSCC vaccines are different from prophylactic HPV vaccines such as Gardasil
(Merck and Co., Rahway, NJ, USA) and Cervarix (GlaxoSmithKline Biologicals, Rixensart,
Belgium), which target the L1 capsid protein of the virus. Infected cancer cells do not
express L1, but they need the oncoproteins E6 and E7, which are induced by the virus. The
therapeutic vaccines under development target those proteins from HPV-16 and -18.

For example, MEDI4736 also known as INO-3112 is a DNA-based vaccine with two
components, one targeting E6 and E7 antigens from HPV-16 and -18 and another that
encodes for a recombinant interleukin IL-12. The vaccine has been studied in a phase
Ib/II trial involving 18 HNSCC HPV+ patients and 18 out of 21 showed antigen-specific
T cell activity and persistent cellular response after 1 year. The authors concluded that
INO-3112 can generate durable peripheral and tumor immune responses and hypothesized
that it could be used in association with immune checkpoint inhibitors [19]. INO-3112
was studied in the suspended NCT04001413 studies and two studies in combination with
durvalumab in the treatment of recurrent or metastatic HNSCC. In the first, 35 patients
were enrolled, but 17 patients died during the study and 13 did not complete follow-up
(NCT03162224); the second, preliminary unpublished data, and the study population was
composed of any HPV+ cancer (not just head and neck) and to date, the study is indicated
as ‘active’ and ‘not recruiting’ (NCT03439085) (Figure 3).

ISA101, a synthetic long-peptide HPV-16 vaccine inducing HPV-specific T cells, was
studied in combination with Nivolumab in 24 patients, including 22 with oropharyngeal
cancer (phase 2). The authors observed an overall response rate of 33%, with a median
duration of response of 10.3 months and a median overall survival of 17.5 months, and only
two grade 3 or 4 toxicity events were reported [20]. The efficacy of ISA101 in combination
with Cemiplimab, Pembrolizumab, cisplatin, or Utomilumab, is ongoing (phase2), but no
preliminary results have been published (NCT03669718, NCT04369937, NCT04398524). In
addition, the association of ISA101 and Utolimumab (NCT03258008) was discontinued
(Figure 3).

Choriomeningitis lymphocytic virus and Pichinde virus were used as two vaccines
against the HPV16 E6E7 fusion protein. HB-201 and HB-202 were evaluated in the
NCT04180215 trial. It is interesting to observe how intratumoral administration is be-
ing evaluated for these vaccines, alone or combined with systemic administration, as well
as parenteral administration. Furthermore, the authors also experimented with the alter-
nating administration of the two drugs, observing greater immunogenicity than with the
exclusive use of one of the two (Figure 3) [21].

The vaccine TG4001 (Tipapkinogene sovacivec) is formed via an attenuated viral
vector expressing the coding sequences for the E6 and E7 proteins of HPV-16 and -18, and
IL-2. A phase 1B/2 study was conducted, and among nine patients enrolled, five with
head and neck cancer, only three showed T-mediated peripheral immunity against E6/E7,
and four showed increased CD8 infiltrate and/or T-reg/CD8 ratio in the neoplastic tissue
(Figure 3) [22].

Non-Viral Vector-Based HPV+ HNSCC Vaccines

SQZ-PBMC-HPV (SQZ Biotechnologies, Watertown, MA, USA) is a vaccine produced
using a proprietary technology called cell squeeze technology, which acts on circulating
mononuclear cells. Phase 1 trial NCT04084951 evaluated its safety and efficacy in monother-
apy and association with atezolizumab (Tecentriq) or any other ICI, in patients with locally
advanced, recurrent, or metastatic HPV+ cancers, including HNSCC. Preliminary results
showed good tolerability and immune response, even though the HNSCC population was
only 3 out of the total 12 (Figure 3) [23].

PDS0101 is a liposomal-based vaccine against HPV16 E6 and E7 proteins that also con-
tain R-DOTAP, a lipid under evaluation for anti-HPV+ and HNSCC activity. This vaccine is
under study in combination with NHS-IL12 and bintrafusp alfa or with pembrolizumab.
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NHS-IL12 is an immunocytokine that results in IL-12, and bintrafusp alfa is a molecule
obtained by combining a human IgG1 against PD-L1 and the extracellular domain of the
TGF-β receptor type II, and the result is an action against TGFβRII. Their associations with
PDS0101 are under evaluation in the NCT04287868 trial, whose recruitment is expected
to end on 1 January 2024, and no preliminary results have been published yet. The case
of the association with pembrolizumab in the trials NCT04260126 (VERSATILE002) and
NCT05232851 is different, as preliminary results have been disclosed. The phase II study
VERSATILE002 has a population of patients affected by recurrent or metastatic HNSCC,
who are positive for both HPV 16 and PD-L1. The phase 1/2 trial NCT05232851, however,
has a population of patients with locally advanced squamous cell carcinoma of the orophar-
ynx. PDS0101 and pembrolizumab were well tolerated with no significant toxicity in the
enrolled population [24]. Their combination showed significant anti-tumor activity and the
FDA granted the Fast Track designation to this association for use in recurrent or metastatic
HPV16+ and HNSCC (Figure 3) [25].

AXDS 11-001, also known as Axalimogene Filolisbac or AXAL (Advaxis Inc., Princeton,
NJ, USA), is based on the bacterium Listeria monocytogenes listeriolysin O, modified to
secrete the HPV-E7 tumor antigen as a fusion protein called LLO-E7 [26]. The NCT02002182
trial enrolled 15 patients divided into two groups, in one of which the vaccine was adminis-
tered before transoral robotic surgery in the treatment of squamous cell carcinoma of the
larynx, while the other group was directly subjected to surgery to evaluate the immune
response induced by the vaccine. Only nine patients completed the study, five in the
experimental group and four in the control group. ADXS 11-001 showed increased systemic
immune response and CD4+ and CD8+ T cell infiltration. At the same time, the vaccinated
subjects had an incidence of adverse events of 55.5% compared to 16.7% in the control
group [26]. The suspicion of adverse events associated with this type of drug seems to have
been increased by two further trials, NCT02291055 and NCT01598792. The first involved a
combination of AXAL and durvalumab and was put on hold due to the death of a patient.
The second, concerning HPV16+ oropharyngeal carcinoma, had only two patients enrolled
and was suspended because one experienced dose-limiting toxicity (Figure 3) [27].

The DepoVaxTM (DPX)-E7 (IMV Inc., Dartmouth, NS, Canada) is an HPV-16 E711-
19 nanomer that demonstrated antigen-induced effective anti-cancer immunity in mice
models [28]. It is under study in a phase 1b/2 trial for HPV+ head and neck, cervical, or
anal cancer (positive for HLA-A*02) in the clinical trial NCT02865135. Eleven patients
have been enrolled and are currently under follow-up, the estimated completion time is
December 2023. No preliminary data have been published yet (Figure 3).

Another peptide-based vaccine which, to date, has only been tested in animal models
is based on the intratumoral injection of the E7 long peptide. This practice effectively
controlled buccal TC-1 cancers in mice models and enhanced E7-specific CD8 intratumoral
and circulating cells. The immune reaction induced in those animals was not dependent on
CD4+ T cells (Figure 3) [29].

A novel technique for vaccine development is Immuno-STAT. These are fusion proteins
built to deliver cytokines to achieve specific CD8+ T cell activation. CUE-101 is the first
Immuno-STAT-based vaccine in a clinical trial, and it is composed of a human leukocyte
antigen (HLA) complex (HLA-A*0201), an HPV16 E7 protein-derived peptide epitope, and
four reduced-affinity IL-2. The vaccine was designed to induce HPV-16-specific CD8+ T
cell activation. The first phase 1 trial is going to be completed in December 2023 with a
population of 85 patients with HPV16+ recurrent/metastatic HNSCC as a monotherapy
treatment in the second line or combination therapy with Pembrolizumab in the first line
(NCT03978689). Partial data from this trial suggest the selective expansion of HPV-16-
specific CD8+ T cells and good tolerability. Data about efficacy are still limited with 1 of
14 patients exhibiting a partial response and 6 of 14 patients exhibiting stable disease for
more than 12 weeks in the CUE-101 arm, and 2 of 7 patients exhibiting a partial response
and 2 of 7 patients exhibiting stable disease in the combination arm (Figure 3) [30].
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The combination of HPV-16 E6 peptides and Candida skin test reagent as a novel
adjuvant was used to create the PepCan vaccine [31,32]. For the positive treatment of
cervical cancer [33], this vaccine is being studied for HNSCC in the NCT03821272. The
investigators are giving PepCan or placebo to patients affected by HNSCC who achieved
remission for a period of 2 years.

The University of Southampton, in collaboration with BioNTech SE, is carrying out
the HPV Anti-CD40 RNA vaccinE (HARE-40) phase 1/2 vaccine dose escalation study,
in which they are analyzing the BNT113 (an anti-CD40 RNA vaccine from BioNTech SE,
Mainz, Germany) as a monotherapy. The trial has two arms, the 1A is an intrapatient dose
escalation in patients with previously treated for HPV16+ head and neck cancer using two
dose cohorts to establish a safe, tolerable, and recommended dose of the HPV vaccine.
Arm 1B will perform a dose escalation in patients with advanced HPV16+ cancer (head
and neck, anogenital, penile, cervical, and other) using a single cohort to establish a safe,
tolerable, and recommended dose of HPV vaccine. The estimate study completion date
is 30 April 2025. However, recruitment is still suspended due to the COVID-19 pandemic
(NCT03418480).

Classically, HPV E6 and E7 have been used as target antigens in HPV+ HNSCC
development. Some studies observed the hyperexpression of p16INK4a and studied it as a
target. The NCT02526316 VICORYX-2 trial evaluated the combination of P16_37-63 peptide
combined with Montanide® ISA-51 once a week for 4 weeks. The trial included patients
with HPV+ cancer with a diffuse expression of p16INK4a (not only head and neck but also
anogenital cancers). The investigators enrolled 11 patients, and the study was completed in
May 2017. No data have been published yet. A phase 1/2a trial studied the combination of
the peptide P16_37-63 and Montanide® ISA-51 VG regarding safety and efficacy. A total
of 26 patients with HPV+ SCC (anogenital and head and neck) were enrolled and after an
initial safety assessment of 10 of these, the researchers studied the efficacy of the medication.
A total of 20 patients received at least four doses of the vaccine and were evaluated for
immune response. CD4+ cells were induced in 11 out of 20 patients, CD8+ in 4 out of
20, and antibodies in 14 out of 20. None of the patients healed, but 10 of them had stable
disease, of whom 3 were stable for the whole duration of the follow-up (NCT01462838).
The trial was prematurely discontinued due to premature death or progressive disease in
most of the patients (Figure 3) [34].

2.6. Oncolytic Viral Therapy

The use of viruses as weapons to kill cancer cells was pioneered over 20 years ago.
ONYX-015 first entered clinical trials in 1996; it is an adenovirus with a deletion of the E1B
gene engineered to selectively lyse p53-deficient neoplastic cells and not attack healthy cells.
The drug has been tested using intratumor administration. Post-treatment biopsies showed
the presence and/or replication of the virus in 7 of 11 patients in the tumor but not in the
immediately adjacent tissues. A total of 21% of patients showed tumor regression with a
volume greater than 50% and no alterations of the surrounding tissues [35,36]. Intratumoral
ONYX-015 has also been studied in combination with the systemic administration of
cisplatin and 5-fluorouracil. The rationale behind Khuri et al. attempting this approach was
that while ONYX-015 demonstrated efficacy in HNSCC, the disease rapidly relapsed. The
scholars observed a response in all patients treated with the combination, while the group
treated only with traditional chemotherapy underwent progression. Again, the intratumor
replication of the virus was confirmed by biopsies [37]. In 2001, the use of ONYX-015 was
also tested intravenously in patients with metastatic solid tumors. The authors observed
an increase in neutralizing antibodies and several inflammatory cytokines. But, in this
study, only two of the patients had HNSCC [38]. Given the promising results of the phase 2
studies regarding ONYX-015, a phase 3 study has been reported to have taken place more
than 20 years ago, but no data are available [39–41].
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Pexa-Vec is an oncolytic virus vaccine derived from the Wyeth-strain that has been
genetically modified to express the huma GM-CSF. The mechanism of action includes
the activation of dendritic cells and the enhancement of the tumor immune infiltrating
cells. The association of Ipilimumab with the treatment of locally advanced, recurrent, or
metastatic solid cancers, including HNSCC, is under evaluation in the NCT02977156 trial.

Talimogene is derived from the herpes virus carrying GM-CSF, and its association
with pembrolizumab demonstrated a tolerable safety profile, but the efficacy was similar to
that of pembrolizumab monotherapy in historical HNSCC trials (Figure 3) [42].

H101 is another oncolytic adenovirus-based vaccine like ONYX-015. Its intratumorally
administration associated with systemic chemotherapy has been compared with chemother-
apy alone. The combination arm showed a higher response rate (79% vs. 39.6%, p < 0.001).
In 2005, the Chinese government approved the H101 vaccine in combination with cisplatin-
based chemotherapy for the treatment of nasopharyngeal carcinoma (Figure 3).

2.7. Cancer Testis Antingen-Based Vaccines

The most frequently over-expressed cancer testis antigens in HNSCC are from the
MAGE group [43]. A pilot study using Trojan vaccines demonstrated acceptable toxicity
and systemic immune responses against HLA-II-restricted epitopes in five MAGE-A3/HPV
16+ patients with recurrent or metastatic (R/M) HNSCC. Montanide ISA 51 and GM-CSF
were used as adjuvants to facilitate dendritic cell migration to the vaccination site and
enhance antigen presentation [44]. A phase 1 trial (NCT00257738), involving additional
cases of progressive recurrent or metastatic HNSCC (HLA A2+), confirmed the feasibility
and safety of these vaccines. Unfortunately, the trial, originally intended to enroll 90 cases,
prematurely closed due to poor accrual after enrolling only 17 patients (Figure 4). Any
immunized patients in both studies demonstrated partial or complete clinical response.
The efficacy of a dual-antigenic peptide vaccine comprising MAGED4B and four-jointed
box 1 (FJX1) was studied, evidencing strong immunogenic responses with the peptide
combination compared to individual use. These have only been studied in vitro or in
mouse models (Figure 4) [45,46].

 

Figure 4. Current status of non-virus-based HNSCC vaccine trials on humans. Unless otherwise
stated, the studies considered were phase 1 or 2. Completion does not indicate the success of the
therapy but only the end of the study and the publication of its data. MVA = modified Ankara vaccine.

Another peptide that has been studied in vaccine development is LY6K. It is over-
expressed in HNSCC and undetectably low in normal cells. A vaccine based on LYK6K-
specific cytotoxic T lymphocytes has been studied in 37 patients affected by recurrent
or metastatic HNSCC along with Montanide ISA51 as an adjuvant. This therapy was
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demonstrated to be more effective than the best supportive care. The authors observed
an antigen-specific immune response and found that it was related to overall survival
(Figure 4) [47].

In a T phase 1/2 trial conducted in HNSCC patients, a WT1 peptide-loaded dendritic
cell-based vaccine in combination with the OK-432 adjuvant and chemotherapy, was
administered. It demonstrated feasibility, safety, and promising clinical efficacy in patients
with recurrent or metastatic HNSCC (Figure 4) [48]. CUE-102, an Immuno-STAT, shares
remarkable similarities with vaccine-CUE-101. This vaccine is currently being evaluated in
clinical trials for various solid malignancies (Figure 4) [5].

2.8. Tumor-Associated Antigen Vaccines

In HPV-HNSCC, a vaccine against a mutated epitope of p53 requires custom develop-
ment, whereas, for the wild-type p53 gene, it could be produced on a large scale. In the
phase 1 clinical trial (NCT00404339), the intranodal injection of autologous dendritic cells
loaded with wild-type p53 as a tumor peptide-specific p53 vaccine was found to be safe
and effective. The two-year disease-free survival rate in a cohort including patients with
advanced HNSCC was 88%, and the three-year survival rate was 80%, which outperformed
the disease-free survival rate of 70% observed in a similar cohort treated with chemora-
diation alone. Although the trial aimed to enroll 50 patients, only 17 were recruited [49].
A phase 1 study (NCT02432963) involving patients with high p53 expression, including
one HNSCC, demonstrated the efficacy of p53-expressing modified vaccinia virus Ankara
(MVA) (p53MVA) vaccination in combination with pembrolizumab, leading to clinical
benefits in select patients. Furthermore, the loss of p53 function can also be targeted for
oncolytic therapy using ONYX-15, as discussed earlier [50].

EGFR overexpression is typical of HPV- HNSCC. A vaccine based on dendritic cells
containing EGFR fused to a glutathione-S-transferase induced a significant immunity
response in mice. A phase 1/2 trial using a recombinant human EGF-rP64K/Montanide
ISA 51 vaccine (CIMAvax) and nivolumab for patients with metastatic non-small cell lung
cancer or HNSCC is ongoing.

A phase 1 trial (UMIN000000976) showed the safety and advantageous therapeutic
potential of survivin-2B peptide vaccination in HLA-A*2402 patients with unresectable,
locally advanced, or recurrent oropharyngeal squamous cell carcinoma [51].

2.9. Whole Tumor-Based Vaccines

Irradiated NDV-modified autologous tumor cells have been injected intradermally to
induce anti-cancer immunity in 20 heterogeneous HNSCC patients 3 months after surgery.
The authors reported a 5-year overall survival of 61% and confirmed peripheral immunity
after 5 years of disease-free patients [52]. The injection of irradiated autologous tumor
cells associated with BCG and vaccine-primed lymph node cells demonstrated efficacy
in HNSCC patients [53]. Serial immunological studies demonstrated significant immune
responses in vaccinated HNSCC patients with autologous tumors, but it was withdrawn
due to not enrolling enough patients [52,53].

Another trial used apoptotic autologous tumor cells fused with dendric cells and
administered them to patients with locally advanced HNSCC who had been successfully
treated with first-line therapy but were at risk of recurrence or developing a second primary
tumor. Serial immunological studies demonstrated measurable immune responses in
vaccinated HNSCC patients, specifically targeting the autologous tumor. However, the
study has been withdrawn due to impossibility of enrolling enough patients [54].

2.10. Tumor Microenvironment Reprogramming

One of the immune escape mechanism of HNSCC is the immunity suppression in the
tumor microenvironment. Cancer cells use several immune escape mechanisms, such as
PD-1, CTLA-4, IL-6, IL-10, TGF-beta, and STAT-3. The result is the suppression of the CD8+
T Cells and the increase in the Treg and myeloid-derived suppressor cell populations [2,3].
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Since the inhibition of myeloid-derived suppressors using a phosphodiesterase-5
(PDE5) inhibitor restores the CD8* cells’ activity, they became a potential target for vac-
cines [55]. The role of PDE5 inhibitor in potentiating nonspecific and tumor-specific immune
responses in HNSCC confirmed by two randomized, double-blinded, placebo-controlled
clinical trials (NCT00894413 and NCT00843635), which investigated the use of tadalafil
as a PDE5 inhibitor. Another phase 2 trial (NCT01697800) evaluated the combination of
tadalafil with conventional therapy in 40 patients with HNSCC between September 2012
and July 2014; however, the results of this trial have not been published. According to
ClinicalTrials.gov, among the 25 patients in the tadalafil group, one patient experienced
mortality compared to none in the placebo group. A randomized phase 1/2 clinical trial
(NCT02544880) was started by the same research group in April 2016, aimed to evaluate the
efficacy of tadalafil treatment and Anti-MUC1 in patients with recurrent or second primary
HNSCC. Preliminary data reported a safety profile of PDE5 inhibition in HNSCC. This
study was motivated by the lack of significant efficacy, as observed in tadalafil monotherapy
in previous studies despite the positive enhancement of anti-tumor immune responses [56].

UCPVax is a vaccine against some novel major histocompatibility complexes class II
derived from the human telomerase reverse transcriptase that is usually overexpressed in
HVP+ HNSCC. This mediation is under study in the VolATIL phase 2 trial (NCT03946358).
A similar mechanism of action is used by the vaccine under evaluation in the FOCUS phase
2 trial (NCT05075122) [57].

OX40 is expressed by T cells and enhances their survival and activity, and it can be
considered an antagonist of the tumor-suppressive microenvironment. OX40 agonists
are under evaluation in HNSCC treatment. Neoadjuvant Anti-OX40 (MEDI6469) demon-
strated promising results [57,58]. Another OX40 agonist is under study in a phase 1 trial
(NCT04198766 and NCT03739931).

Macrophages are part of the tumor microenvironment, and there are two categories
of tumor-associated macrophages, M1 and M2. M1 can kill cancer cells and destroy the
extracellular matrix, and M2 has a tumor-promoting action. The transition from M1 to
M2 is induced by IL-4, and the opposite switch is induced by IFN-γ [59]. The gamma
isoform of phosphoinositide 3-kinase (PI3Kγ) inhibition has been effective in inducing the
M1 macrophage expression in animal models [60]. The IPI-549 is a PI3Kγ inhibitor under
study as monotherapy or in association with immune checkpoint inhibitor nivolumab for
patients with HNSCC in a phase 2 trial (NCT03795610).

Several interleukins, such as IL-15, -2, -7, -12, etc., have been used as targets for HNSCC
vaccines development. N-803 (ANKTIVA, ImmunityBio Inc., El Segundo, CA, USA), also
known as ATL-803 or Nogapendekin alfa, is an IL-15 agonist bound with its receptor.
IT is under evaluation in combination with immune checkpoint inhibitor in a phase 2b
study (NCT03228667) with promising preliminary data. Other trials are using N-803 in
association with the chimeric antigen receptor T (NCT04847466) or the anti-PD-L1/TGF-
beta ‘Trap’ with Bintrafusp alfa (M7824) plus the TriAd vaccine (ETBX-011, ETBX-051, and
ETBX-061) (NCT04247282). NKTR-214 (Nektar Therapeutics, San Francisco, CA, USA and
Bristol Myers Squibb, New York, NY, USA), also known as Bempegaldesleukin, is an IL-2
pathway stimulator under study in the NCT04936841 phase 2 trial for HNSC. Similarly,
ALKS 4230 (Alkermes, Inc., Dublin, Ireland), also known as Nemvaleukin alfa, showed
good tolerability in the (NCT04144517) trial [61]. NT-17 is a recombinant ILO-7 called
Efineptakin alfa (NeoImmuneTech, NeoImmuneTech, Rockville, MD, USA) under study
(NCT04588038). Edodekin alfa, a recombinant Il-12, showed great immunity response in
combination with cetuximab in a phase 1/2 trial [62]. The combination of several cytokines
in the IRX-2 showed safety and efficacy as a neoadjuvant therapy [63].

TLR stimulation induces natural killer cells activation and antibody cytotoxicity
against cancer. Moltolimod, also known as VTX-2337, (APExBio, Houston, TX, USA),
is a TRLT8 agonist that increases cetuximab efficacy [64]. Active8 was a multicenter, ran-
domized, double-blinded, placebo-controlled clinical trial comparing the ETREME regimen
with placebo or Moltolimod. They observed that adding the vaccine did not significantly
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improved overall survival and disease-free survival, but a significant benefit was observed
in the HPV+ sub-population [65]. EMD 1201081 (Aceragen Inc, Cambridge, MA, USA),
also known as HYB-2055, IMO-2055, or IMOxine, is a TLR9 agonist that has been studied
in association with cetuximab with no improvement seen in oncological outcomes [66].
Amplivant (AV) (ISA Pharmaceuticals, Leiden, Oegstgeest, The Netherlands) is a TLR-2
agonist that has been conjugated with the HPV E6 to create the HESPeCTA (HPV E Six
Peptide Conjugated To Amplivant) vaccine. Its intradermal administration showed safety
and efficacy in eliciting immune responses, and further studies are needed the define
clinical efficacy [67].

2.11. Personalized Cancer Vaccines

Thanks to genome sequencing, it is now possible to analyze the genomic profile of a
patient’s cancer and develop a vaccination based on it. YE-NEO-001 (NantBioScience, Inc.,
Los Angeles, CA, USA) is a recombinant yeast-based vaccine that expresses antigens de-
rived from the patient’s tumor and is under study in a phase 1 trial (NCT03552718). TG4050,
an MVA-based therapeutic vaccine based on the myvacTM platform, is under evaluation
for locally advanced HNSCC in a phase 1 trial (NCT04183166). AlloVax is a chaperone-rich
cell lysate prepared from a patient’s cancer cells associated with AlloStimTM as an adjuvant.
This association shows promising results and good tolerability (NCT01998542). MVX-
ONCO-1 is made from irradiated autologous tumor cells with a genetically modified cell
line called MVX-1 that releases GM-CSF, which exhibited safety and efficacy in HNSCC pa-
tients previously treated with nivolumab- or cisplatin-based chemotherapy (NCT02193503).
PANDA-VAC is defined as a personalized and adjusted neoantigen peptide vaccine and
its association with pembrolizumab is the center of the NCT04266730 phase I clinical trial.
VB10.NEO (Nykode Therapeutics ASA, Norway) and NKTR-214, immunotherapy is under
evaluation in the NCT03548467 phase 1/2a trial. ATLASTM is a technology platform for
neoantigen selection from tumors. It has been used to make GEN-009, a neoantigen mix
made with this technology. It has been administered in association with immune checkpoint
inhibitors in a phase 1 trial. It demonstrated good tolerability and promising efficacy [68].
PNeoVCA is a personalized neoantigen peptide-based vaccine under evaluation in as-
sociation with pembrolizumab (NCT05269381). mRNA-2752 is an mRNA-based vaccine
encoding OX40L, IL-23, and IL36γ. It is under evaluation in monotherapy and association
with durvalumab (NCT03739931). A different approach uses the in vitro expansion of
anti-tumor T-cells extracted from the patient. The phase 2 trial NCT04847466 concerns the
association between PD-L1 CAR-NK cells, pembrolizumab, and N-803.

2.12. mRNA Vaccines

mRNA can be used to induce the expression of neoantigen peptides and break the
immune tolerance to cancer. V941 is a vaccine developed by Moderna and Merck us-
ing mRNA-5671, which targets G12D, G12V, G13D, and G12C (the most common KRAS
mutations in solid tumors). The NCT03948763 phase 1 trial aims to assess its safety and
tolerability either as monotherapy or in combination with pembrolizumab. BNT113 is
a HPV16 E7 mRNA and it is currently under study in the phase 1/2 NCT03418480, in
combination with HARE-40 (an anti-CD40) and in association with pembrolizumab in the
phase 2 NCT04534205 trial. The mRNA used in a vaccine can also encode antibodies. One
example of this use with a potential application in head and neck cancer is BNT142, which
encodes molecules targeting CD3xCLDN6 (NCT05262530). This vaccine is developed
using bispecific T cell engagers called BiTEs, which are bispecific antibodies without the
FC region.

The use of mRNA in personalized medicine requires the analysis of tumor antigen
expression and the MHC profiling of the patient. Some machine learning algorithms have
been used to predict it [9]. Several platforms, such as iNeST (BioNTech SE), have been used
to develop BNT121 and BNT122, which are under analysis in solid tumors (NCT02035956,
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NCT03289962). Moderna has developed the mRNA-4157, which is undergoing testing
(NCT03313778).

3. Results and Discussion

HPV+ HNSCC usually has a better response to therapy than the HPV- forms [5,69].
The different behavior is due to the carcinogenesis mechanisms induced by the virus or
by cigarette smoke and which is easily observable by analyzing gene expression profiles.
HPV+ tumors display PIK3CA amplification and CDKN2a or p16 overexpression, they do
not overexpress epidermal growth factor receptor (EGFR), and they have the wild type
p53. Conversely, non-HPV-related tumors have p53 loss-of-function mutations and EGFR
overexpression [69]. A higher percentage of immune cells was also observed in the tumor
microenvironment of HPV+ neoplasms [70,71]. The observation that the inflammatory
infiltrate is greater in tumors with the best prognosis, i.e., HPV+, correlates with the
observations of Zhang et al. in 2021. They observed that HNSCC can be divided into
three groups. The first has a greater inflammatory infiltration, less stimulated oncogenic
signaling, a greater response to therapy (both chemotherapy and immunotherapy), and,
consequently, a better prognosis. The third group consists of those tumors with opposite
characteristics, and thus less inflammatory infiltration, more oncogenic mutations, less
response to therapy, and worse prognosis [72]. Comparing the characteristics of HPV+
tumors with those of HPV-, regarding the lack of mutation of p53 and EGFR, as well as
the greater inflammatory infiltration into HPV+ tumors, it is easy to explain why HPV+
tumors have a better prognosis with medical therapy [69]. Whereby, HPV-positive head
and neck cancers have better outcomes compared to HPV-negative diseases. The significant
improvement in the application of chemotherapy and radiotherapy protocols has led to
good levels of patient treatment and obtaining satisfactory results. [73]. The massive
development of vaccines targeting E6 and E7 molecules should consider and compete with
those optimal results. Surgery, both traditional and robotic, helps to heal patients in many
cases [74], with suggesting the comparison of the results obtained from vaccines with those
of the new therapeutic frontiers.

Regarding NPC EBV+ vaccines, clinical efficacy data are limited given the early stage
of the trials, yet those medications seem to be well tolerated and able to elicit a selective
immune response against the targeted antigens [75]. Obviously, this does not mean that we
can declare them to be an effective therapy against HNSCC.

Tumor-associated antigens are not specific to cancer cells but can also be expressed
at lower levels in normal tissues. Therefore, vaccines targeting those molecules have low
specificity [9].

In addition to evaluating drugs individually, a basic technique for enhancing their
efficacy is to combine multiple vaccines. As has already been suggested by Huang et al.,
we think that future studies should focus on combination therapies with the association of
several vaccines or vaccines and other medications, such as the traditional chemotherapy or
the new immunotherapy [75]. For example, of the four trials (NCT01256853, NCT01800071,
NCT01147991, NCT01094405) that investigated the efficacy of the EBNA1 C-terminal/LMP2
MVA vaccine, only one was concerned with the clinical efficacy of the drug against cancer
(NCT01094405). The recruitment was completed, but the results have not been published.
Similarly in clinical trial NCT04180215, an improved immune response was observed using
the combination of HB-201 and HB-202 vaccines [21].

In our opinion, this observation pushes the future frontiers of research towards the
study of the combinations of drugs that prove to be individually effective when creating a
therapy that is strong in generating immunogenicity and complete in the antigenic pool.
The combination approach also makes sense with the increased action of immunotherapy
against immune checkpoints. The actions of drugs such as pembrolizumab are limited
by the poor immune responses they generate, despite their actions against a tumor’s
immune escape mechanisms. The enhancement of cytotoxic lymphocyte activity through
the combination of immune checkpoint inhibitors and therapeutic vaccines is promising, as
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suggested by the combination of PDS0101 and Pembrolizumab, which has demonstrated
such efficacy as to have received Fast Track designation from the FDA in the treatment
of HPV16+ in HNSCC [24,25]. Furthermore, we should consider that having an effective
drug in monotherapy does not mean that it is more effective than those already on the
market. For example, T-VEC was tested in combination with pembrolizumab and the
data itself was positive, but the authors who studied the effectiveness of the drug had the
foresight to compare the association with the historical data of pembrolizumab alone and
showed that there were no significant differences [42]. Consequently, there appears to be no
apparent benefit to adding T-VEC to pembrolizumab therapy, and the therapeutic efficacy
measured in the trial could be that of pembrolizumab alone. From these data, we can reach
two important conclusions: (1) The demonstration of the in vivo efficacy of an immune
response against a tumor does not equate to a response in therapeutic terms, and it does
not mean that the drug is effective in curing the disease. (2) It is essential to compare these
drugs with the current therapeutic gold standard and understand if they are comparable to
therapies already in use.

The main goal of vaccine therapy is to induce an immune response against cancer
cells. Researchers are still focusing their research on finding vaccines able to activate
immunity against tumor-specific antigens. The activation of immune response does not
mean therapeutic efficacy. Intuitively, the immune escape mechanisms adopted by cancer
cells before vaccine administration could be responsible for tumor cells’ survival after
immunity activation against them. For this reason, several researchers are testing anticancer
therapeutic vaccines in combination with immune checkpoint escape inhibitors such as
Pembrolizumab [24,25,42].

A vaccine to be effective needs to induce an immune response. Adjuvant molecules
are extensively used to increase immune activation. Several examples can be used, such
as the Candida skin test reagent in the PepCan Vaccine [31,32], Montanide ISA 51 and
GM-CSF in LY6K [44,47,58], and AlloStimTM in AlloVax. Their impact on T cell activation
may be helpful in increase vaccine efficacy.

Because these drugs act selectively on the immune system and specific antigens, re-
duced efficacy may occur overall, and it would be important to identify the subpopulation
of patients most suitable for receiving the therapeutic vaccine. This principle is the ba-
sis of the personalized medicine towards which we are moving. Indeed, the result is
that Moltolimod is not effective in the HNSCC population, but the benefit it provides in
association with the extreme protocol is significant in HPV+ HNSCC patients [65]. Prop-
erly defined personalized vaccines are currently all in experimental stages too early to
be able to give a real definition of their clinical efficacy (AlloVax, ATLASTM, PNeoVCA,
MVX-ONCO-1, YE-NEO-001, TG4050, VB10.NEO, mRNA-2752, and PANDA-VAC), but
certainly, even once their effectiveness has been demonstrated, the widespread diffusion of
these therapies is not easy since it is not a matter of distributing a pre-manufactured drug.
Furthermore, the question of the diffusion of the technologies necessary for its realization
should be mentioned.

Taking, for example, the case of vaccination carried out after surgery with autologous
cells: the population taken into consideration is extremely heterogeneous in terms of tumor
origin and staging, so it is not easy to evaluate the real clinical efficacy of this practice [52].
Obviously, the list is not limited to this, but even the survivin vaccine, although it showed
an immune reaction, did not show therapeutic efficacy. Only one out of ten vaccinated
patients showed a partial clinical response, and six out of eight evaluated patients exhibited
a noticeable increase in peptide-specific CTLs. However, the investigators noted that the
induced CTL response by the vaccine was insufficient to achieve tumor regression [51].

It is premature to make comparisons between standard chemotherapy and vaccine
therapy since no phase 3 trials seem to have been completed at the time of writing. For the
same reason, vaccine therapy for HNSCC cannot be considered a first-line treatment today.
Promising results came from the combination of therapies; for example, the intratumoral
administration of ONYX-015 and 5-fluorouracile and cisplatin demonstrated better results
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than traditional chemotherapy [37]. Those promising results were not confirmed in the
phase 3 study that was started in 2001, as no results have been published, even after more
than 20 years. The COVID-19 pandemic increased difficulties in conducting clinical trials,
making follow-up and experimental protocol application more challenging, sometimes
resulting in trial suspensions (NCT03418480).

Future studies must examine not only the conventional efficacy of parenteral adminis-
trations but also new administration routes. The NCT04180215 trial is studying, for example,
the efficacy of intratumorally administration associated with systemic administration.

4. Conclusions

HPV+ HNSCC has better outcomes than HPV. We need to compare the HPV+ HN-
SCC vaccines with actual results. Data on the clinical efficacy of EBV+ HNSCC are lim-
ited given the early stage of the studies. On the other hand, a correct approach to per-
sonalized medicine for a population susceptible to the vaccine could produce greater
therapeutic advantages.

The actual effectiveness of each new vaccine will have to be compared with the
therapeutic successes and health costs of current therapies. Finally, much of data are
fragmentary, and numerous studies concerning these vaccines have been aborted, which is
a relevant problem in the evaluation of therapeutic vaccines.
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Abstract: Nearly 90% of oral cancers are characterized as oral squamous cell carcinoma (OSCC),
representing the sixth most common type of cancer. OSCC usually evolves from oral potentially
malignant disorders that, in some cases, are histologically consistent with a oral dysplasia. The
levels of 1α,25 dihydroxyvitamin D3 (1,25-(OH)2D3; calcitriol), the active form of vitamin D3, have
been shown to be decreased in patients with oral dysplasia and OSCC. Moreover, treatment with
1,25-(OH)2D3 has been proven beneficial in OSCC by inhibiting the Wnt/β-catenin pathway, a
signaling route that promotes cell migration, proliferation, and viability. However, whether this
inhibition mechanism occurs in oral dysplasia is unknown. To approach this question, we used
dysplastic oral keratinocyte cultures and oral explants (ex vivo model of oral dysplasia) treated with
1,25-(OH)2D3 for 48 h. Following treatment with 1,25-(OH)2D3, both in vitro and ex vivo models
of oral dysplasia showed decreased levels of nuclear β-catenin by immunofluorescence (IF) and
immunohistochemistry (IHC). Consistently, reduced protein and mRNA levels of the Wnt/β-catenin
target gene survivin were observed after treatment with 1,25-(OH)2D3. Moreover, 1,25-(OH)2D3
promoted membranous localization of E-cadherin and nuclear localization of vitamin D receptor
(VDR). Functionally, DOK cells treated with 1,25-(OH)2D3 displayed diminished cell migration and
viability in vitro.

Keywords: calcitriol; oral cancer; oral dysplasia; β-catenin

1. Introduction

Oral cancer is a malignant neoplasm that arises as a lesion of primary origin in the oral
tissues that line the oral cavity [1,2]. The incidence of oral cancer has increased dramatically
worldwide in recent years, and only 40–50% of patients survive at 5 years, leading to
the fact that oral cancer is a major problem of global public health [3]. About 90% of
oral cancers originate in the stratified, non-keratinized epithelium of the oral mucosa,
which is the reason for its denomination as oral squamous cell carcinoma (OSCC), and
the main risk factors accounting for it include consumption of tobacco and alcohol [3,4].
OSCC is usually preceded by oral potentially malignant disorders (OPMDs), a group of
mucosal abnormalities with increased risk of developing oral cancer, such as leukoplakia,
erythroplakia, proliferative verrucous leukoplakia, and oral lichen planus, among others [5].
Oral epithelial dysplasia is a histological grade of some OPMDs characterized by loss of
cell polarity, sharp lateral margins, and abnormally large hyperchromatic nuclei, as well
as other apoptotic and architectural features [6]. Hence, early detection of oral dysplasia
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can minimize OSCC morbidity, while avoiding the detrimental side effects associated with
OSCC treatment [4,7].

We and others have previously shown that the Wnt/β-catenin pathway, also known
as the Wnt canonical pathway, is upregulated in oral dysplasia biopsies and dysplastic oral
keratinocytes [8–11]. In normal oral epithelial cells, β-catenin is continuously targeted for
proteasomal degradation by a protein destruction complex formed by casein kinase 1α
(CK1α), glycogen synthase kinase 3β (GSK-3β), tumor suppressor protein adenomatous
polyposis coli (APC) and Axin, resulting in a switched-off Wnt/β-catenin pathway [12,13]
β-catenin is targeted for degradation by phosphorylation at Ser33/Ser37/Thr41 [12,13].
Remarkably, in oral dysplastic cells, the Wnt/β-catenin pathway is upregulated, a phe-
nomenon associated with increased Wnt ligand secretion, which ultimately blocks β-catenin
phosphorylation and its subsequent degradation [9,14]. Cytoplasmic stabilization of this
non-phosphorylated form of β-Catenin (also known as transcriptionally active) is followed
by its translocation to the nucleus, allowing the transcription of TCF/LEF target genes,
which are associated with cell proliferation and cell viability, such as survivin and cy-
clin D1 [9]. Indeed, we have demonstrated in both in vitro and ex vivo models of oral
dysplasia that massive nuclear localization of β-catenin occurs in a Wnt3a-dependent man-
ner [9,14]. These observations support the notion that aberrant activation of the canonical
Wnt signaling pathway is a recurring event in oral tumorigenesis.

Recent studies indicate that vitamin D3 and its most active metabolite, 1α,25 dihy-
droxyvitamin D3 (also known as calcitriol or “1,25-(OH)2D3”), have multiple therapeutic
anti-inflammatory, antioxidant, and anti-carcinogenic effects [15–17]. These actions are
mediated by the vitamin D receptor (VDR), a transcriptional factor activated by intracel-
lular binding of 1,25-(OH)2D3 [18–20]. The use of 1,25-(OH)2D3 as a novel adjuvant for
cancer treatment has been demonstrated in several neoplasms, including colorectal and
breast cancer, among others [15,16,21,22]. Epidemiologic studies have suggested that low
vitamin D status (<30 ng/mL) is associated with an increased risk of cancer and poorer
prognosis [17,23]. Interestingly, lower serum levels of 1,25-(OH)2D3 have been associated
with a higher incidence of oral dysplasia and OSCC [24,25].

The mutual regulation between 1,25-(OH)2D3 and β-catenin signaling has been pro-
posed. 1,25(OH)2D3 inhibits Wnt/β-catenin signaling by several mechanisms at different
points along the pathway. Previous work has demonstrated mainly that 1,25(OH)2D3 in-
hibits β-catenin transcriptional activity by promoting VDR binding to β-catenin, promoting
the translocation of β-catenin from the nucleus to the plasma membrane, and inducing of
E-cadherin expression in several cancers [15,22,26]. Intriguingly, whether 1,25-(OH)2D3
disrupts the Wnt/β-catenin pathway in oral dysplasia, is unknown. Therefore, this study
sought to investigate the effects of 1,25-(OH)2D3 on cell migration, cell viability, and
β-catenin-dependent signaling in oral dysplastic models in vitro and ex vivo.

2. Materials and Methods

2.1. Materials

Mouse monoclonal anti-β-catenin (M3539) was from DAKO Agilent (Santa Clara, CA,
USA), and rabbit monoclonal anti-non-phosphorylated β-catenin (lacking phosphorylation
on residues Ser33/37/Thr41; 88145) was from Cell Signaling Technology (Denver, MA, USA).
E-cadherin and VDR mouse monoclonal antibodies were from Santa Cruz Biotechnology
(Dallas, TX, USA). Ki-67 (SP6) rabbit monoclonal was from Cell Marque (Rocklin, CA, USA).
Alexa Fluor 488 and Alexa Fluor 568 conjugated secondary antibodies were from Invitrogen
(Carlsbad, CA, USA). 1α,25-Dihydroxyvitamin D3 and Lithium Chloride (SC203110A)
were from Santa Cruz Biotechnology (Dallas, TX, USA). Goat anti-rabbit and goat anti-
mouse antibodies coupled to horseradish peroxidase (HRP) were from Bio-Rad Laboratories
(Hercules, CA, USA). Tissue culture medium, antibiotics, and fetal bovine serum (FBS) were
from Corning Mediatech (Manassas, VA, USA). The EZ-ECL chemiluminescent substrate
was from Pierce Chemical (Rockford, IL, USA). Tissue culture medium, antibiotics, and fetal
bovine serum (FBS) were from Corning Mediatech (Manassas, VA, USA).
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2.2. Cell Culture

The dysplastic oral keratinocytes (DOK) cell line was obtained from Sigma-Aldrich
(ECACC #94122104; St. Louis, MO, USA). DOK cells derive from a moderate dysplasia at
the tongue of a 57-year-old man with oral squamous cell carcinoma. Cells were cultured
in DMEM-high glucose, supplemented with penicillin (10,000 U/mL) and streptomycin
(10 μg/mL). For treatment, DOK cells were stimulated with 0.1 μM 1,25-(OH)2D3 or vehicle
(isopropanol) for 48 h in culture media.

2.3. Immunofluorescence

Cells were grown on glass coverslips and fixed with 4% formaldehyde in PBS for
15 min. Permeabilization was done with 0.1% Triton X-100 in PBS for 15 min. After washing
with PBS, samples were blocked with 5% bovine serum albumin (BSA) in PBS for 1 h and
incubated with primary antibodies (diluted in 5% BSA) overnight at 4 ◦C. Following a PBS
wash, samples were incubated with secondary antibodies for 1 h at room temperature, and
stained with Hoechst 33342 (diluted 1:10,000 in PBS) for 10 min. Finally, samples were
mounted using the DAKO mounting medium and visualized by fluorescence microscopy,
using a Nikon C2 Plus confocal microscope.

2.4. Oral Explant

Tissue biopsies were obtained from three donor patients diagnosed with oral dys-
plasia who were attending the Dental Clinic, Faculty of Dentistry, University of Chile,
Santiago, Chile. Ethical human agreement was mandatory, as requested by the Comité
Ético Científico, Faculty of Dentistry, Universidad de Chile. All subjects were evaluated for
the presence of clinical oral lesions, such as leukoplakia, erythroplakia, and erythroleuko-
plakia, which were histologically diagnosed as dysplasia.

Oral tissues were divided into two pieces and cultured in DMEM medium with either
0.1 μM 1,25-(OH)2D3 or vehicle for 48 h. Then, samples were prepared for histology and
immunohistochemistry.

2.5. Measurement of Serum 25(OH)D

Serum 25-hydroxyvitamin D3 (the precursor of 1,25-(OH)2D3, which is also known
as calcidiol or “25(OH)D”) was measured in donor patients by electrochemiluminescence
immunoassay (ECLIA, Roche, Basel, Switzerland) for total vitamin D (25-OHD, D2, and
D3). Vitamin D deficiency was defined as <30 ng/mL 25(OH)D.

2.6. Immunohistochemistry

Oral explants were fixed in 10% formalin and included in paraffin blocks. Sections of
the included samples (3 μm) were deparaffinized with xylene and rehydrated with ethanol
(decreasing concentrations) and distilled water. Antigen retrieval was done with sodium
citrate buffer (pH 6.0), while endogenous peroxidase activity was inactivated with 3%
hydrogen peroxide in methanol for 10 min. Sections were blocked with horse serum for
30 min and incubated with primary antibodies against β-catenin, E-cadherin, VDR, and
Ki-67 (overnight at 4 ◦C). Sections were incubated with biotinylated secondary antibodies
for 30 min at 37 ◦C and then with peroxidase-conjugated streptavidin (Universal Detection
System Vectastain Elite Kit wide spectrum ABC-HRP, RTU, Vector-USA, EE. UU) for 30 min
at 37 ◦C. The reaction was finally visualized with diaminobenzidine (DAB) and stained
with Harris hematoxylin (HE).

2.7. SDS-PAGE and Western Blot

Cells were washed with ice-cold PBS and homogenized in Tissue Protein Extraction
Reagent (T-PER; Thermo Fisher Scientific, Waltham, MA, USA) lysis buffer supplemented
with protease and phosphatase inhibitors. Total protein extracts were resolved by dena-
turing polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes for Western blotting using a Trans-Blot Turbo System (Bio Rad, Hercules, CA,
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USA). Membranes were blocked with 5% non-fat milk in 0.1% Tween-TBS for 1 h and
then incubated with primary antibodies overnight. Primary antibodies were detected
with HRP-conjugated antibodies using a chemiluminescence EZ-ECL system as the HRP
enzyme substrate.

2.8. Viability Analysis

DOK cells were seeded in 96-well plates at a density of 10,000 cells per well. After 24 h,
a 20:1 mixture of MTS: PMS (MTS® kit; Promega, Madison, WI, USA) was added to each
well and incubated for 1 h at 37 ◦C. The reaction was stopped with 10% SDS. Finally, the
reduction of the MTS compound in formazan was determined by measuring the absorbance
at 490 nm.

2.9. Migration Assays

Transwell migration assays were performed in Boyden Chambers (Transwell Costar,
6.5 mm diameter and 8 μm pore diameter; Sigma-Aldrich, St. Louis, MO, USA). The outer
layers of the inserts were pre-coated with 2 μg/mL fibronectin. 50,000 cells per condition
were re-suspended in serum-free DMEM medium and plated into the top chamber. Com-
plete medium with 10% FBS was added to the bottom chamber. After 5 h, inserts were
washed with distilled water and simultaneously stained and fixed with 0.1% Crystal Violet
in methanol.

2.10. RNA Isolation and RT-qPCR

RNA was extracted with an RNeasy Kit ™ (Qiagen, Hilden, Germany). Reverse tran-
scription of 1 μg RNA per sample was performed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA). Quantitative amplification of
ciclin-D1 (primers 5′-CCACCTGTCCCACTCCTACGAT-3′; 5′-GCAGGGCCGTTGGGTAG
AAA-3′), survivin (primers 5′-GCTTCGCTGGAAACCTCTGGA-3′; 5′-TCTGGGCAGATGG
CTGTTGG-3′), GAPDH (primers 5′-ACCCACTCCTCCACCTTTGA-3′;5′-CTGTTGCTGTA
GCCAAATTCGT-3′) cDNAs was done with Fast SYBR® Green Master Mix (Applied Biosys-
tems, Waltham, MA, USA) and analyzed with a StepOne Real-Time PCR system (Applied
Biosystems, Waltham, MA, USA).

2.11. Statistical Analysis

Given that exploratory analysis showed a normal distribution, t-test, and ANOVA
were used. Values are graphically depicted as the mean ± SEM (standard deviation of the
mean; from at least three independent experiments). A p < 0.05 was considered statistically
significant. GraphPad Prism software version 6 was used for statistical analysis.

3. Results

3.1. Effects of 1,25-(OH)2D3 on β-Catenin Localization and the Expression of Target Genes in
Dysplastic Oral Keratinocytes

Following 48 h treatment with 0.1 μM 1,25-(OH)2D3, using isopropanol as a vehicle
control, DOK cells were analyzed by immunofluorescence for β-catenin localization. In
doing so, we found that 58% of cells showed nuclear β-catenin staining, as compared
with the 96% of control vehicle-treated cells (Figure 1A,B). Accordingly, 61% of DOK
cells treated with 1,25-(OH)2D3 presented nuclear localization of non-phosphorylated
(Ser33/Ser37/Thr41, transcriptionally active) β-catenin, while 94% of cells treated with
vehicle showed nuclear localization of non-phosphorylated β-catenin (Figure 1A,C). This
suggests that 1,25-(OH)2D3 prevents nuclear translocation of both total and transcription-
ally active β-catenin in an in vitro model of oral dysplasia. To confirm these observations,
total protein levels of both β-catenin and its target gene, survivin, were assessed by Western
blotting of vehicle- and 1,25-(OH)2D3-treated DOK cells. Treatment with 1,25-(OH)2D3
decreased protein levels of both non-phosphorylated β-catenin (relative to total β-catenin;
Figure 1D,E) and survivin (relative to GAPDH; Figure 1D,F). Consistently, DOK cells treated
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with 1,25-(OH)2D3 displayed lower mRNA expression of survivin (p < 0.001; Figure 1G)
and cyclin D1 (p = 0.06; Figure 1H). Taken together, these results suggest that treatment of
dysplastic oral cells with 1,25-(OH)2D3 leads to decreased β-catenin activity.

 

Figure 1. 1,25-(OH)2D3 treatment decreases nuclear localization of β-catenin and expression of
target genes in dysplastic oral cells. DOK cells were incubated with 1,25-(OH)2D3 or isopropanol
(as vehicle control) for 48 h and used for subsequent analysis. (A–C) Subcellular localization of total
β-catenin and non-phosphorylated (Ser33/Ser37/Thr41, transcriptionally active) β-catenin in DOK
cells exposed to 0.1 μM of 1,25-(OH)2D3. Representative confocal microscope images from three
independent experiments are shown in (A), using Hoechst for nuclear staining, while the percentage
of cells with nuclear localization of total β-catenin and non-phosphorylated (Ser33/Ser37/Thr41,
transcriptionally active) β-catenin is graphically depicted in (B,C), respectively (mean ± SEM; t-test;
*** p ≤ 0.001; ** p ≤ 0.01; n = 3). (D–F) Western blot analysis of DOK cells treated with 1,25-(OH)2D3.
Survivin, total and non-phosphorylated β-catenin, and GAPDH were blotted with specific antibodies.
Representative blot images from 3 independent experiments are shown in (D), while relative levels
of non-phosphorylated β-catenin (relative to total β-catenin) and survivin (relative to GAPDH) were
quantified by scanning densitometry and graphically presented in (E,F), respectively (mean ± SEM;
t-test; * p ≤ 0.05; n = 3). (G,H) Relative survivin and cyclin D1 mRNA levels were quantified by
RT-qPCR (mean ± SEM; t-test; ** p ≤ 0.01; n = 3).
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3.2. Effects of 1,25-(OH)2D3 on E-Cadherin and VDR Localization in Dysplastic
Oral Keratinocytes

We examined the membranous localization of E-cadherin in 1,25-(OH)2D3-treated
and vehicle-treated DOK cells by immunofluorescence. We found that following treatment
with 1,25-(OH)2D3, 95% of cells displayed membrane-localization of E-cadherin, which
differed from the 24% observed in vehicle-treated cells (Figure 2A,B). This indicates that
1,25-(OH)2D3 increases E-cadherin expression at the cell membrane in oral dysplastic cells.

 

Figure 2. Increased expression of E-cadherin and VDR in oral dysplastic keratinocytes treated with
1,25-(OH)2D3. DOK cells were incubated with 1,25-(OH)2D3 (isopropanol as vehicle control) for 48 h.
(A–D) Subcellular localization of E-cadherin, VDR, and non-phosphorylated (Ser33/Ser37/Thr41,
transcriptionally active) β-catenin in DOK cells exposed to 0.1 μM of 1,25-(OH)2D3. Representa-
tive confocal microscope images, using Hoechst for nuclear staining, are shown in (A,C), while the
percentage of cells with membranous localization of E-cadherin and nuclear VDR are graphically
depicted in (B,D), respectively. Quantifications were obtained as described in the materials and
methods, using the ImageJ software version 2.15.1, and data are shown as the average from three
independent experiments (mean ± SEM; t-test; *** p ≤ 0.001; n = 3). (E–G) Western blot analysis
of DOK cells treated with 1,25-(OH)2D3. E-cadherin, VDR, and GAPDH were blotted with specific
antibodies. Representative images from 3 independent experiments are shown in (E), while densito-
metry analysis of E-cadherin and VDR levels (relative to GAPDH) is graphically depicted in (F,G),
respectively (mean ± SEM; t-test; * p ≤ 0.05; ** p ≤ 0.01; n = 3).
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We then explored whether 1,25-(OH)2D3 promotes nuclear translocation of the intra-
cellular receptor VDR. Compared to vehicle-treated DOK cells, which displayed 14% of
cells with nuclear VDR, treatment of DOK cells with 1,25-(OH)2D3 showed 98% of cells
with nuclear VDR (Figure 2C,D). This suggests that 1,25-(OH)2D3 increases nuclear translo-
cation of VDR in oral dysplastic cells. Importantly, increased membranous localization of
E-cadherin and nuclear translocation of VDR were found to be correlated with decreased
nuclear β-catenin (Figure 2A,C).

Finally, we determined whether 1,25-(OH)2D3 also modulates E-cadherin and VDR
total protein levels. To achieve this, DOK cells were stimulated with either 1,25-(OH)2D3
or control vehicle, and samples were analyzed by Western blotting. We observed that 1,25-
(OH)2D3 led to increased protein levels of both E-cadherin and VDR (relative to GAPDH;
Figure 2E–G). This indicates that 1,25-(OH)2D3 not only regulates E-cadherin and VDR
localization in oral dysplastic cells but also enhances their protein levels.

3.3. Effects of 1,25-(OH)2D3 on Migratory Capacity and Viability in Dysplastic
Oral Keratinocytes

Since 1,25-(OH)2D3 increased membranous localization of E-cadherin in DOK cells
(Figure 2A,B), suggesting a more stable cell-to-cell adhesion phenotype, we set out to
determine whether cell migration might be affected by 1,25-(OH)2D3. Indeed, treatment
of DOK cells with 1,25-(OH)2D3 showed a 50% decrease in cell migration in a Transwell
assay, compared with DOK cells treated with vehicle (Figure 3A,B).

 
Figure 3. 1,25-(OH)2D3 decreases cell migration and viability in oral dysplastic keratinocytes.
(A,B) DOK cells were allowed to migrate for 300 min in Transwell chambers in the presence of
either 0.1 μM 1,25-(OH)2D3 or vehicle. Cells that migrated were stained with crystal violet. Repre-
sentative
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images are shown in (A), and graph that represents the averages of three independent experiments is
depicted in (B) (mean ± SEM; t-test; ** p ≤ 0.01; n = 3). (C) Cell viability of DOK treated with either
0.1 μM 1,25-(OH)2D3 or vehicle was evaluated with the MTS® kit, and formazan formation was
measured at 490 nm (mean ± SEM; t-test; * p < 0.05; n = 3). (D,E) Western blot analysis of DOK cells
treated with 20 mM lithium chloride (LiCl) for 1 or 2 h. Non-phosphorylated β-catenin, total β-catenin,
and GAPDH were blotted with specific antibodies. Representative images from 3 independent
experiments are shown in (D), and relative levels of non-phosphorylated β-catenin (relative to total β-
catenin) are depicted in (E). (mean ± SEM; ANOVA; * p ≤ 0.05; n = 3). (F,G) Transwell cell migration
assay was performed in DOK cells in the presence of either 0.1 μM 1,25-(OH)2D3 or vehicle control
(48 h), and treated with 20 mM LiCl for 2 h. Representative images of cells stained with crystal
violet are shown in (F), and quantification of migration fold from three independent experiments
is graphically presented in (G) (mean ± SEM; ANOVA; *** p ≤ 0.001 vs. control, # p ≤ 0.05 vs.
1,25-(OH)2D3; n = 3).

On the other hand, given that 1,25-(OH)2D3 reduced protein and mRNA levels of
survivin (Figure 1E–G), which is a critical protein involved in cell viability and apoptosis,
we analyzed whether 1,25-(OH)2D3 impacted cell viability. DOK cells treated with 1,25-
(OH)2D3 presented a 20% reduction in cell viability in an MTS assay, compared with
vehicle-treated cells (Figure 3C). To assess whether these effects were due to reduced β-
catenin activity induced by 1,25-(OH)2D3, we used lithium chloride (LiCl), which is known
to inhibit β-catenin degradation. Activation of β-catenin in DOK cells was observed 2 h
after treatment with 20 mM LiCl (Figure 3D,E). The use of LiCl prevented the decrease
in migration observed following 1,25-(OH)2D3 treatment, suggesting that activation of β-
catenin is sufficient to restore migration of cells challenged with 1,25-(OH)2D3 (Figure 3F,G).
Collectively, these results suggest that 1,25-(OH)2D3 reduces cell migration and viability of
oral dysplastic cells, and that β-catenin activation prevents the effects of 1,25-(OH)2D3 on
cell migration.

3.4. Effects of 1,25-(OH)2D3 on Oral Explant from Tissues of Donor Patients with Oral Dysplasia

To corroborate our results, we generated oral explant cultures using tissues from
OPMD patients with histological diagnosis of oral dysplasia. Tissue samples obtained from
patients were kept in DMEM medium until their arrival at the laboratory. Each sample
was cut into two halves: one half was treated with 1,25-(OH)2D3 (0.1 μM) for 48 h, while
the other half was incubated with vehicle alone. Samples were then fixed in 10%-buffered
formalin for 24 h, before being embedded in paraffin (Figure 4A). 3 μm sections were made,
and the subcellular localization of β-catenin, Ki-67 (a cell proliferation marker), E-cadherin,
and VDR was determined by immunohistochemistry (Figure 4B).

Compared to explants treated with vehicle, explants treated with 1,25-(OH)2D3
showed reduced nuclear localization of β-catenin (Figure 4C) and expression of Ki-67
(Figure 4D), as well as increased membranous expression of E-cadherin (Figure 4E) and
nuclear VDR (Figure 4F). These ex vivo results are consistent with those observed in vitro
and collectively suggest that 1,25-(OH)2D3 reduces β-catenin activation, decreases cell
proliferation, increases VDR nuclear translocation, and increases cell-to-cell adhesion. The
clinical-demographic characteristics of the patients who voluntarily participated in this
study are presented in Figure 4G. Interestingly, all three patients had low serum 25(OH)D
levels (<30 ng/mL), suggesting that vitamin D deficiency may be associated to oral dyspla-
sia in these patients.
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Figure 4. 1,25-(OH)2D3 decreases nuclear β-catenin and Ki-67 and increases E-cadherin and VDR
expression in oral dysplasia tissues. (A) Oral tissues from three patients with dysplasia were divided
into two pieces and cultured in DMEM medium with either 0.1 μM 1,25-(OH)2D3 or isopropanol
(vehicle) for 48 h. Oral explants were fixed in 10% formalin and included in paraffin blocks. (B–F) HE
and immunohistochemistry of β-catenin, Ki-67, E-cadherin, and VDR in oral dysplasia. Representa-
tive images were photographed at 40× using an Olympus CX41 microscope and visualized with the
Micrometrics SE Premium software version 4.5.1 (C), while quantification of the percentage of cells
with nuclear β-catenin (D), positive KI-67 staining (E), membranous E-Cadherin (F), and nuclear
VDR (G) were analyzed with the ImageJ software version 2.15.1 (** p ≤ 0.01 and *** p ≤ 0.001 vs.
control; n = 3). (G) Clinical-demographic characteristics of the patients who voluntarily participated
in this study.

4. Discussion

We and others previously showed that aberrant activation of the Wnt/β-catenin
pathway is a recurrent phenomenon in oral dysplasia [8,11,27]. However, no information is
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available about factors that might negatively target this phenomenon, with the possibility
of therapeutic applications. In this regard, it becomes relevant to consider the feasibility of
1,25-(OH)2D3 (calcitriol), which has been widely reported to target this pathway in different
cancer models [17–20,22,28], although its effects have not been explored in OPMDs with
histological diagnosis of oral dysplasia. Unlike other vitamins, such as vitamin A and C,
vitamin D has shown remarkable antineoplastic effects in in vitro and in vivo oral cancer
models [29]. Indeed, a systematic review that analyzed 80 studies published between 1959
and 2022 [29] showed improvement in the number and severity of oral lichen planus lesions
in patients prescribed with vitamin D supplements [30], reduced tumor volume of oral
cancer xenografts in mice co-treated with erlotinib (an epidermal growth factor receptor
inhibitor) and 1,25-(OH)2D3 [16], and synergic effects of 5-fluorouracil and 1,25(OH)2D3 on
human oral squamous cell carcinoma lines (C152) viability [31]. Moreover, other preclinical
studies have shown that 1,25-(OH)2D3 can inhibit OSCC growth in vivo [16,21,25]. The
purpose of this study was to evaluate the effects of 1,25-(OH)2D3 on cell migration, cell
viability, and β-catenin activity in oral dysplasia. We revealed that 1,25(OH)2D3 reduced
nuclear localization of both total and transcriptionally active β-catenin, which was in line
with reduced expression of β-catenin target genes, including survivin and cyclin D1, at
both mRNA and protein levels.

Several reports have demonstrated the inhibitory action of 1,25-(OH)2D3 on the
Wnt/β-catenin pathway in different types of tumors, evidenced by the decreased forma-
tion of transcriptional TCF-β-catenin complexes and increased expression of Wnt antago-
nist [26,32]. In this work, we demonstrated that 1,25-(OH)2D3 increased the expression of
the tumor suppressor protein E-cadherin, while decreasing the nuclear expression of non-
phosphorylated β-catenin, in in vitro and ex vivo models of oral dysplasia. In breast and
colon cancer, it has been shown that 1,25-(OH)2D3 increases the expression of E-cadherin,
inducing translocation of β-catenin from the nucleus to the membrane, thus decreasing its
transcriptional activity [22,26,33]. On the other hand, we found a decrease in the prolifera-
tion marker Ki-67 in explants treated with 1,25-(OH)2D3 compared with vehicle. Similar
results have been found in skin keratinocytes, where treatment with 1,25(OH)2D3 inhibits
β-catenin activity, thereby decreasing cell proliferation [19]. We also demonstrated that
1,25-(OH)2D3 induces expression of the nuclear receptor of vitamin D (VDR) in dysplastic
oral cells. VDR is widely expressed in most cell types, and its expression is progres-
sively reduced during tumor progression in many cancer types [18–20,28,34]. Studies in
melanoma cells have shown that 1,25-(OH)2D3 inhibits the Wnt/β-catenin pathway and
cell growth in vitro and in vivo, and that VDR expression was significantly upregulated
post-treatment [35]. By comparing VDR expression levels in normal, benign, and malignant
tissues of skin, breast, ovarian and prostate, it was described a negative correlation between
VDR expression and tumor malignancy [17,18]. Similarly, in colorectal cancer, low VDR
expression is predominantly observed in patients with advanced cancer stages (III and IV),
and interestingly, overexpression of VDR reduced β-catenin and Cyclin D1 levels, suggest-
ing that the Wnt/β-catenin pathway is active during colorectal cancer because of reduced
VDR [36]. In fact, tumor growth of the colon adenocarcinoma cell line SW480 in mice is
impaired when cells overexpress VDR, indicating that VDR acts as a tumor suppressor
in colorectal cancer [36]. Nuclear VDR expression has also been associated with better
overall survival in lung and urothelial bladder cancer patients [20,23]. In our study, both
oral dysplasia cells and oral explants from OPMD patients with histological diagnosis of
dysplasia showed decreased nuclear expression of VDR. Interestingly, following treatment
with 1,25-(OH)2D3, nuclear expression of VDR increased significantly. These observations
suggest that VDR expression may be a valuable biomarker for the early diagnosis of OSCC.
To complement these results, the effects of 1,25-(OH)2D3 on cell migration and viability
were assessed. Here, we show for the first time that treatment of dysplastic oral cells
with 1,25(OH)2D3 significantly decreased both migration and viability. In kidney cancer
cells, it was shown that 1,25-(OH)2D3 inhibits migration and invasion by suppressing
β-catenin [15]. Consistently, in our model, we showed that lithium-dependent activation
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of β-catenin prevents the reduced migration observed after treatment with 1,25(OH)2D3.
Interestingly, the patients in our study displayed low serum vitamin D levels, which might
be associated with the progression of their proliferative verrucous leukoplakias. Although
the classical role of vitamin D is to regulate the metabolism of calcium and phosphate,
extensive research has suggested that low sunlight exposure and vitamin D deficiency
are also associated with an increased risk of cancer [37]. An inverse correlation between
serum 25(OH)D levels and the high risk of developing colon, breast, prostate, and gastric
cancer, among others, has been proposed. Epidemiologic studies suggest that low vitamin
D levels are associated with an increased risk of OSCC [24,38,39]. However, the mechanism
by which 1,25-(OH)2D3 inhibits migration is unknown.

The strengths of this study include the use of human in vitro and ex vivo models of oral
dysplasia from similar anatomical locations (tongue), as well as the use of 1,25-(OH)2D3
0.1 μM, equivalent to 41.7 ng/mL, within the physiological range for calcitriol in serum [40].
A limitation of this study, however, is that it remains unknown whether the use of 1,25-
(OH)2D3 could reduce other β-catenin-dependent malignant traits, such as cell invasion.
Future studies will address these possibilities, as well as the role of 1,25-(OH)2D3 during
oral carcinogenesis in vivo and in novel in vitro preclinical models. Indeed, DOK spheroids
treated with 4-nitroquinoline 1-oxide (4NQO)—a carcinogen that mimics the effects of
cigarette smoking—represent an in vitro 3D model of oral carcinogenesis [41]. This model
is suitable to evaluate the area and length of the spheroid invasion after challenge with a
drug, to assess the chemotherapeutic response in vitro [41]. Thus, it would be interesting
to observe whether reduced spheroids invasion occurs after treatment with 1,25-(OH)2D3.
Finally, given that 1,25-(OH)2D3 has synergistic effects on cytotoxicity when combined with
other cancer treatments, i.e., chemotherapy, the results of this study open novel therapeutic
approaches to prevent the progression from oral dysplasia to oral cancer.

5. Conclusions

In summary, this study shows that 1,25-(OH)2D3 treatment decreases migration and
viability in oral dysplasia cells. This was accompanied by decreased Wnt/β-catenin ac-
tivation. The results of our study suggest the potential of using 1,25-(OH)2D3 as a new
therapeutic approach to prevent the progression of OPMDs with histological diagnosis
of oral dysplasia towards OSCC by decreasing cell proliferation, cell migration, and cell
viability, while inhibiting the Wnt/β-catenin pathway.
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Abstract: To determine the intracellular behavior of p62, a marker of selective autophagy, in oral po-
tentially malignant disorders (OPMDs). This retrospective study includes 70 patients who underwent
biopsy or surgical resection and were definitively diagnosed with OPMDs. Immunohistochemical
staining for p62, XPO1, p53, and ki67 was performed on all samples and positive cell occupancy was
calculated. We statistically investigated the correlation between protein expression in OPMDs and
the association between malignant transformation, clinicopathological characteristics, and occupancy.
ki67 expression was negatively correlated with p62 expression in the nucleus (p < 0.01) and positively
correlated with p62 expression in the cytoplasm (p < 0.01). For malignant transformation, the ex-
pression of p62 in the nucleus (p = 0.03) was significantly lower in malignant transformation cases,
whereas the expression of p62 in the cytoplasm (p = 0.03) and the aggregation expression (p < 0.01)
were significantly higher. Our results suggest that the function of p62 is altered by its subcellular
localization. In addition, defects in selective autophagy occur in cases of malignant transformation,
suggesting that p62 is a potential biomarker of the risk of malignant transformation of OPMDs.

Keywords: p62; OPMDs; XPO1; ki67; p53; cancer development

1. Introduction

Oral potentially malignant disorders (OPMDs) are a newly defined concept by the
World Health Organization (WHO), which defined them in 2017 as “clinical conditions that
carry risk of cancer development in the oral cavity, regardless of whether they are clinically
definite precursor lesion or normal mucosa” [1]. OPMDs include 12 diseases, including
oral leukoplakia, oral lichen planus (OLP), and oral submucosal fibrosis. The malignant
conversion rate of OPMDs is reported to be 7.9% [2]. One of the problems associated with
OPMDs is their malignant nature; however, the actual causes of their pathogenesis and
malignant transformation are not fully understood.

Anil et al. reported the presence and extent of epithelial dysplasia as predictors
of the development of oral leukoplakia in cancer [3]. Although WHO has established a
classification of epithelial dysplasia, its diagnosis is based on the subjectivity of the observer,
thereby making uniform diagnosis difficult [4]. Therefore, to ensure objectivity in diagnosis,
biomarkers must be developed to assess the risk of cancer development in OPMDs.
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Treatment options for OPMDs include follow-up, removal of disease triggers such as
inappropriate restorations and sharp edges of teeth, medication, and surgical resection [5];
however, there are no uniform treatment guidelines based on the subjective risk judgments
of malignant transformation by medical professionals [6]. In addition, recurrence or
malignant transformation may occur after surgical resection [7]. Identifying the biomarkers
of developing cancer from OPMDs may lead to the development of treatments for OPMDs
and may also lead to the prevention of oral cancer.

Selective autophagy is a mechanism that selectively degrades bacteria, specific or-
ganelles such as mitochondria, and aggregates of polyubiquitinated proteins [8]. Degrada-
tion by autophagy is usually nonselective; however, selectivity is achieved by specifically
recognizing the degradation products [9]. Sequestosome-1 (p62) is a receptor protein that
selectively incorporates ubiquitinated cargo into selective autophagy [10]. p62 contains
a ubiquitin-associated domain (UBA) at its C-terminus, through which it can recognize
and bind ubiquitinated proteins [11]; Additionally, p62 contains an LC3-interacting region
(LIR). LC3 is an autophagy-associated protein that binds to isolated and autophagosome
membranes [12]. This allows for ubiquitinated proteins to be selectively directed by p62
to the isolation membrane where they form autolysosomes and are degraded together
with p62.

Recently, autophagy has been linked to various diseases, including Alzheimer’s dis-
ease, Parkinson’s disease, and cardiovascular disease [13]. It has also been reported that
autophagy is impaired and in various malignant tumors, such as oral squamous cell carci-
noma (OSCC), gastric carcinoma, and breast carcinoma, which results in the accumulation
of p62 [14–16]. We previously reported that the expression of autophagy-related markers,
including p62, at the resection margins of OSCC was associated with tumor recurrence [17].
We also found that p62 expression in the nucleus and p62 aggregation in oral leukoplakia
were related to the presence or absence of epithelial dysplasia [18]. This suggests that
p62, an adaptor of selective autophagy, may be useful as a marker for assessing the risk of
recurrence at the resection margin of OSCC as well as the risk of malignant transformation
in precancerous lesions.

Yoshida et al. reported the expression of p62 in oral leukoplakia; however, to the best
of our knowledge, there are no studies on the expression of p62 in OPMDs [18]. Lin et al.
reported that p62 showed a change in subcellular localization between oral mucosa and
OSCC, suggesting that the subcellular localization of p62 changes in association with malig-
nant transformation [19]. The purpose of this study was to reveal the intracellular behavior
of p62 in OPMDs, with a focus on selective autophagy. We evaluated the intracellular
expression of p62 in OPMDs and compared it with various clinical features, such as the
malignant transformation of OPMDs, and biomarkers, such as Exportin-1 (XPO1), p53, and
ki67, which are cancer-related factors.

2. Materials and Methods

2.1. Samples

Of the 104 patients who visited the Department of Oral and Maxillofacial Surgery at
the University of Tsukuba Hospital between 2014 and 2021, underwent biopsy or surgical
resection, and received a definitive diagnosis of OPMDs, 70 patients provided their in-
formed consent to participate in the study. The specimens retrieved from the patients were
formalin-fixed, and paraffin-embedded blocks were prepared for pathological examination.
For patients who underwent both biopsy and surgical resection, the specimen obtained
during surgical resection was used based on its condition. Clinical and clinicopathological
data were obtained from medical records. All the specimens were diagnosed by at least
two pathologists. Regarding malignant transformation of OPMDs, since OPMDs have the
propensity to recur after surgical resection and is similar to OSCC, the following definition
of local recurrence of OSCC was used as a reference: a local recurrence is defined as less
than 2 cm away from or occurs within 3 years of the primary tumor and a second primary
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tumor as more than 2 cm from or occurs more than 3 years after the primary tumor in
OSCC [20].

Clinicopathological characteristics including age, sex, drinking habits, smoking habits,
location, disorder, presence of epithelial dysplasia, and development of cancer in the
70 cases included in the study are shown in Table 1. The median age of the patients
included in the study was 64 years (range, 23–90 years) and the average age was 61.7 years
at the time of treatment. Of the 70 patients, 50 had oral leukoplakia, and 20 had oral lichen
planus. In addition, six cases of cancer developed after biopsy or surgical resection (8.6%).

Table 1. Clinical characteristics of 70 cases.

Characteristics Cases (%)

Sex Male 47 (67.1)

Female 23 (32.9)

Age 65> 37 (52.9)

65≤ 33 (47.1)

Drinking Yes 51 (72.9)

No 19 (27.1)

Smoking Yes 43 (61.4)

No 27 (38.6)

Location Tongue 24 (34.3)

Others 46 (65.7)

Disorder Leukoplakia 50 (71.4)

OLP 20 (28.6)

Epithelial dysplasia Positive 53 (75.7)

Negative 17 (24.3)

Developed Cancer Yes 6 (8.6)

No 64 (91.4)

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Institutional Review Board of the University of Tsukuba Hospital (approval
no. R040-04).

2.2. Immunohistochemistry

All tissue sections had been fixed in formalin, paraffin-embedded, and sectioned to a
thickness of 4 μm. Human liver cancer tissue sections were used as positive controls for
p62, p53, and ki67, and human endometrioid adenocarcinoma tissue sections were used for
XPO1 as specified in the protocol. Staining without primary antibodies was used as the
negative control.

After deparaffinization and rinsing, samples were pretreated with a high pH system
antigen activation solution (pH 9.0, K8004, Dako, Tokyo, Japan) in a microwave oven
at 95 ◦C for 20 min. Endogenous peroxidase activity was removed by treatment with
a mixture of 0.3% hydrogen peroxide in 100% methanol for 10 min. After thorough
rinsing, the samples were incubated with primary antibodies against p62 (1:2000; PM045;
MBL, Tokyo, Japan), XPO1 (1:250; D6V7N, #46249; Cell Signaling Technology, Tokyo,
Japan), p53 (1:300; M7001; Dako), and ki67 (1:200; ab16667; Abcam, Cambridge, UK) for
60 min at room temperature, and ki67 (1:200; ab16667; Abcam) primary antibodies at room
temperature for 60 min. The samples were washed and treated with a secondary antibody
(Histofine Simple Stain MAX-PO(MULTI), Nichirei Bioscience, Tokyo, Japan) for 30 min at
room temperature and treated with 3,3′-diaminobenzidine tetrahydrochloride (DAB, Cell
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Signaling Technology) for 5 min to detect antigen–antibody binding. Finally, hematoxylin
was used to counterstain the nuclei.

2.3. Evaluation of p62, XPO1, p53, and ki67

The expression of p62, XPO1, p53, and ki67 in the mucosal epithelium of the stained
sections was evaluated. Although both strong and weak expressions were observed, we
judged the cells as either positive or negative. A staining intensity equivalent to that of
the positive control was considered positive. Images of representative strong and weakly
expressing cases of each marker are shown in Figure 1.

 
Figure 1. The result of p62, XPO1, p53, and ki67 immunohistochemical stains in OPMDs. (A) Repre-
sentative sections showing strong expression of (a) p62, (b) XPO1, (c) p53, and (d) ki67. (B) Represen-
tative sections showing weak expression of (e) p62, (f) XPO1, (g) p53, and (h) ki67.

All immunostained markers were assessed using an optical microscope (BZ-X710;
KEYENCE, Osaka, Japan). Regions showing representative staining in sections were se-
lected at a low-magnification field of view (5×) and evaluated at a medium-magnification
field of view (20× and 40×). Three oral surgeons (RT, FU, and ST) determined the number
of all epithelial cells and the number of positive cells for each marker at random. The
positive cell occupancy rate for each was calculated, considering each receiver operat-
ing characteristic.

Staining for p62 was evaluated separately for nucleus, cytoplasm, and aggregation.
In accordance with our previous research, we defined a cell positive for p62 aggregation
staining as one with at least one dot of accumulation in the cytoplasm in 20× and 40× field
of view [18]. Representative images of p62 aggregation are shown in Figure 2. XPO1, p53,
and ki67 were evaluated only for staining for nucleus.
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Figure 2. Representative example of p62 aggregation expression. p62 aggregation was defined as the
presence of at least one dot indicating cytoplasmic accumulation. Arrows indicate representative p62
aggregation images.

2.4. Statistical Analysis

The correlation of protein expression in all OPMDs cases was evaluated using Spear-
man’s correlation test and is presented as a scatter plot. In addition, univariate analysis
was performed using Fisher’s exact test with clinical characteristics and the Mann–Whitney
U test for the association with each protein expression rate in cases of malignant transfor-
mation of OPMDs.

All p values less than 0.05 were considered statistically significant.
SPSS software ver. 28 (IBM Corp., Armonk, New York, NY, USA) was used for

statistical analysis.

3. Results

3.1. Correlation of Each Protein Expression in OPMDs

The expression levels of p62, XPO1, p53, and ki67 in OPMDs, which were correlated
using the Spearman’s correlation test, are shown in Figure 3. The nuclear p62 expression
was negatively correlated with ki67 expression (Figure 3a; r = −0.321; p < 0.01). The
expression of p62 in the cytoplasm positively correlated with ki67 expression (Figure 3b;
r = 0.353; p < 0.01) and XPO1 expression (Figure 3c; r = 0.380; p < 0.01). XPO1 expression
positively correlated with ki67 expression (Figure 3d; r = 0.258; p = 0.03) and p53 expression
(Figure 3e; r = 0.262; p = 0.03). The correlations for proteins other than these five were not
significantly different.
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Figure 3. The correlation of each protein in OPMDs. In OPMDs, (a) p62 and ki67 were negatively
correlated. (b) p62 in the cytoplasm and ki67, (c) p62 in the cytoplasm and XPO1; (d) XPO1 and ki67,
and (e) XPO1 and p53 showed a positive correlation.

3.2. The Association between Malignant Transformation of OPMDs and Clinical Characteristics or
the Expression of Each Protein

The results of univariate analysis of the association between the malignant transfor-
mation of OPMDs and the clinical characteristics or the expression rate of each protein are
shown in Tables 2 and 3. No significant differences were found between malignant trans-
formation and sex, age, drinking habits, smoking habits, or presence of epithelial dysplasia.
Regarding protein expression, p62 in the nucleus (p = 0.03), p62 in cytoplasm (p = 0.03),
and aggregation (p < 0.03) were associated with malignant transformation. Actually, the
expression of p62 in the nucleus was significantly lower in the malignant transforma-
tion cases, whereas p62 expression in the cytoplasm and aggregation was significantly
higher. In contrast, the expression levels of XPO1, p53, and ki67 were not associated with
malignant transformation.

Table 2. Relationships between cancer development of OPMDs and clinical characteristics.

Characteristics
Developed Cancer

Cases (%)
No Cancer
Cases (%)

p

Sex Male 3 (6.4) 44 (93.6)
0.39

Female 3 (13.0) 20 (87.0)

Age 65> 1 (2.7) 36 (97.3)
0.09

65≤ 5 (15.2) 28 (84.8)

Drinking Yes 4 (7.8) 47 (92.2)
0.66

No 2 (10.5) 17 (89.5)

Smoking Yes 3 (7.0) 40 (93.0)
0.67

No 3 (11.1) 24 (88.9)
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Table 2. Cont.

Characteristics
Developed Cancer

Cases (%)
No Cancer
Cases (%)

p

Location Tongue 3 (12.5) 21 (87.5)
0.41

Others 3 (7.0) 43 (91.5)

Disorders Leukoplakia 4 (8.0) 46 (92.0)
1.00

OLP 2 (10.0) 18 (90.0)

Epithelial dysplasia Positive 2 (13.3) 13 (86.7)
0.60

Negative 4 (7.3) 51 (92.7)

Table 3. Relationship between cancer development of OPMDs and the expressions of each protein.

Parameter
Developed Cancer

Expression (%)
No Cancer

Expression (%)
p

p62 in nucleus 12.9 ± 5.9 29.7 ± 19.0 0.03 *

p62 in cytoplasm 45.4 ± 12.5 29.8 ± 15.5 0.03 *

p62 aggregation 6.5 ± 3.6 2.1 ± 1.9 <0.01 *

XPO1 41.6 ± 22.9 38.9 ± 25.0 0.78

p53 14.2 ± 8.5 11.9 ± 9.4 0.44

Ki67 20.3 ± 6.5 18.0 ± 9.7 0.20
* p < 0.05 significant.

4. Discussion

This study yields two major findings. First, in OPMDs, nuclear p62 expression was
negatively correlated with cell proliferation, whereas cytoplasmic expression was positively
correlated with cell proliferation. In addition, p62 cytoplasmic expression correlated with
XPO1 expression, suggesting that p62 may be transported to the cytoplasm by XPO1. In
the cases of OPMDs malignant transformation cases, the p62 expression was altered in
the subcellular localization from the nucleus to the cytoplasm, and the p62 aggregation
expression was also significantly higher, suggested that selective autophagy is abnormal.

Selective autophagy plays a role in maintaining cellular homeostasis but is known to
play a dual role in malignant tumors, depending on the type, stage, and genetic context
of the cancer. In the early stages of tumorigenesis, it prevents chronic tissue damage by
maintaining the genomic stability and by preventing the accumulation of carcinogenic
mutations and inhibits the accumulation of cancer inducers. This enabled it to function
as a cancer suppressor; however, in the late stages of tumorigenesis, it strengthens cancer
cell survival and stress resistance by preventing tumor cell damage and satisfying high
metabolic cravings. This eventually promotes tumorigenesis and leads to the accumulation
of therapeutic resistance, which contributes to the progression and metastasis of malignant
tumors [21]. In other words, at some stages of tumorigenesis, there is an alteration in the
function and role of selective autophagy.

p62 is an adaptor protein for selective autophagy, which is resolved by autophagy
along with its target proteins; therefore, the accumulation of p62 is thought to signify
autophagy impairment [22]. Although intracellular protein metabolism involves the
ubiquitin–proteasome and autophagy systems, when autophagy is impaired, p62 binds
non-selectively to ubiquitinated proteins and prevents their transport to the proteasome,
leading to the accumulation of ubiquitinated proteins and p62 [23]. Komatsu et al. reported
that ubiquitinated proteins and p62 accumulate in autophagy-deficient mice and ubiquitin–
p62 aggregates are markedly formed [24]. In addition, p62 aggregates promote intracellular
accumulation by reducing the rate of nuclear-cytoplasmic shuttling owing to the large size
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of the polymer [25]. Therefore, the dynamics of p62 may reflect various intracellular signals,
such as selective autophagy and nucleocytoplasmic transport signaling.

Originally, p62 was a shuttle protein that continuously and rapidly moved between
the nucleus and cytoplasm, and this movement was regulated by the phosphorylation and
aggregation of p62 [25]. Various studies have investigated the subcellular localization of
p62; however, its function in the nucleus remains unclear.

ki67 is a protein expressed in all cell cycles except quiescence (G0 phase) and is used
as a cell proliferation marker [26]. ki67 is seldom detected in normal cells but is highly
expressed in most malignant tumors, including OSCC [27,28]. In this study, we found that
in OPMDs, the nuclear expression of p62 was negatively correlated with cell proliferation,
whereas the cytoplasmic expression of p62 was positively correlated with cell proliferation.
Thus, there may be some connection between p62 in cytoplasm and cell proliferation. It
has been reported that p62 accumulates in the cytoplasm rather than the nuclear in various
types of malignant tumors [29,30]. Malignant tumors are characterized by abnormal cell
proliferation, and the results of this study are consistent with those of previous studies. In
addition, Iwadate, et al. reported cytoplasmic p62 expression may be involved in tumor
growth and tolerance to cellular stress [31], which is also consistent with our study. These
results suggest that changes in the subcellular localization of p62 may be associated with
cell differentiation and proliferation.

XPO1 binds to the nuclear export signal (NES) of its target protein, forms a complex,
and is transported from the nucleus to the cytoplasm via the nuclear membrane [32].
XPO1 participates in the transport of approximately 220 proteins via the NES [33]. XPO1
is overexpressed in many types of malignancies, and tumor proteins such as YAP1, c-
ABL, and SNAIL, and tumor suppressors such as p53, p27, and RB are transported by
XPO1 [32]. Therefore, XPO1 is a potential therapeutic target for malignant tumors. A
multidomain protein containing various types of protein–protein interdomains, p62 has an
NES and moves from the nucleus to the cytoplasm [25]. Previous report has also shown
that p62 migrates and accumulates in the nucleus when gastric and liver cancer cells
are treated with KPT-8602, an XOP1 inhibitor [34]. Herein, the cytoplasmic expression
of p62 correlated with XPO1 expression, indicating that p62 may be transported to the
cytoplasm in association with XPO1. Therefore, it was predicted that XPO1 overexpression
in malignant tumors causes p62 to move from the nucleus to the cytoplasm, resulting in a
change in its subcellular localization.

In addition to autophagy, p62 is involved in the Keap1-Nrf2 pathway [11]. p62 has a
Keap1-interaction region that binds to the Keap1 domain involved in its interaction with
Nrf2. Thus, p62 overexpression inhibit the binding between Keap1 and Nrf2 and activated
Nrf2. Activated Nrf2 translocates to the nucleus and induces the expression of several
Nrf2 target genes, including p62. This activates a positive feedback mechanism for p62,
and p62 accumulation progresses [35]. In addition, p62 is not metabolized in the presence
of autophagy disorders and further accumulation occurs. A schematic representation of
the relationship between p62, XPO1, and autophagy in OPMDs and a positive feedback
mechanism of p62 is shown in Figure 4.

p53 acts as a tumor suppressor by inducing genes involved in cell cycle arrest, apop-
tosis, senescence, and repairing DNA [36]. p53 is the most frequently mutated protein in
OSCC [37]. In addition, mutant p53 in patients are associated with decreased survival and
resistance to radiotherapy and chemotherapy. Normally, p53 is degraded so rapidly that it
cannot be detected by immunohistochemistry (IHC); however, mutant p53 has an extended
half-life and can be detected by IHC [38]. XPO1 and ki67 are correlated with colorectal
cancer. This suggests that the overexpression of XPO1 leads to uncontrolled cell division
and tumor growth through subcellular localization changes in cell cycle inhibitory proteins,
such as p21 and p53, and apoptotic proteins [39]. In this study, the correlations between
XPO1 and p53 and between XPO1 and ki67 were shown in OPMDs, which correspond to
this report.
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Figure 4. Diagram of the relationship between p62, XPO1, and autophagy in OPMDs as predicted by
the results herein. The Keap1–Nrf2 complex separates in the presence of p62, Keap1 binds tightly to
p62, and the activated Nrf2 translocate to the nucleus. In the nucleus, Nrf2 induces the expression
of several target genes, including p62. Nuclear p62 binds XPO1 and translocate to the cytoplasm.
Normally, polyubiquitinated proteins are digested together with p62 by selective autophagy, and p62
is thought to accumulate due to impaired autophagy.
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Several studies have reported changes in p62 subcellular localization in normal tissues
and malignant tumors. Lin et al. reported no difference in p62 nuclear expression but
significantly increased the p62 cytoplasmic expression in OSCC compared to normal oral
mucosa. The combination of the high p62 cytoplasmic expression and the low p62 nuclear
expression in OSCC is also associated with a lower overall survival and disease-specific
survival [19]. Kitamura et al. found that the p62 nuclear expression decreased and the
cytoplasmic expression increased in malignant prostate tissues compared to benign pro-
static tissues, suggesting that p62 migrates from the nucleus to the cytoplasm following
tumorigenic transformation [30]. Interestingly, in cases of cancer development in OPMDs,
p62 showed a change in subcellular localization from the nucleus to the cytoplasm com-
pared with non-cancer development cases, which is similar to the results of these studies.
In addition, no significant difference in the XPO1 expression was observed in cases of ma-
lignant transformation of OPMDs, suggesting that the nucleocytoplasmic transport system
was not abnormal. p62 aggregation was also significantly increased, suggesting impaired
autophagy. In other words, these results suggest that in cases of cancer development in
OPMDs, some abnormalities in autophagy, increased cytoplasmic expression of p62, and
decreased nuclear expression of p62 occur prior to the actual malignant transformation.

This study has several limitations. First, in this study, 6 cases (8.6%) were malignantly
converted, which is similar to the malignant conversion rate reported previously [2]. How-
ever, this study was conducted at a single institution, which may have limited the sample
size and selection of cases, leading to bias. Second, there are no uniform standards for im-
munostaining. To implement these biomarkers, further studies should be conducted using
uniform criteria to obtain quantitative data. Third, regarding the correlation of expression
proteins in OPMDs, the correlation coefficients ranged between 0.25 and 0.38, suggesting
that the correlation is weak. However, in reality, various factors are expected to be involved
in protein expression, and the correlation may have decreased possibility; therefore, a
complex clarification of protein expression is a future issue. Finally, further studies are
needed to clarify the diverse functions of p62, as this study focused on autophagy. For
example, as mentioned in Figure 4, the intercellular behavior of p62 also involves the Nrf2-
Keap1 pathway, which is an interesting topic. However, this is the first study to examine
the association between the expression of p62, an autophagy-related protein, and cancer
development in OPMDs. In particular, the subcellular localization of p62 may serve as a
biomarker for assessing the risk of cancer development in OPMDs. Further investigation is
needed to elucidate the mechanism of the malignant transformation of OPMDs and identify
new biomarkers.

5. Conclusions

In this study, we found that the properties of p62 in OPMDs with respect to cell
proliferative capacity were reversed between the nuclear and cytoplasmic expression. In
addition, in cases of malignant transformation of OPMDs, the subcellular localization of
p62 changes from nuclear to cytoplasmic, and p62 aggregation increases, suggesting that
selective autophagy is impaired. This indicates that changes in the subcellular localization
of p62 may be a potential biomarker for assessing the risk of malignant transformation
in OPMDs.
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and IWP-O1 Wnt Signaling Pathway

Inhibitors Modulate the Expression

of Glycolytic Enzymes in Tongue

Cancer Cell Lines. Curr. Issues Mol.

Biol. 2023, 45, 9579–9592. https://

doi.org/10.3390/cimb45120599

Academic Editors: Emma Adriana

Ozon and Violeta Popovici

Received: 29 October 2023

Revised: 24 November 2023

Accepted: 27 November 2023

Published: 29 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

PRI-724 and IWP-O1 Wnt Signaling Pathway Inhibitors
Modulate the Expression of Glycolytic Enzymes in Tongue
Cancer Cell Lines

Robert Kleszcz *, Jarosław Paluszczak, Marta Belka and Violetta Krajka-Kuźniak
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Abstract: The dysregulation of energetic metabolism is one of the hallmarks of cancer cells. Indeed,
the growth of head and neck squamous cell carcinoma (HNSCC) cells depends heavily on glycolytic
activity, which can be considered a potential therapeutic target. Wnt signaling is one of the pathways
that undergoes upregulation in HNSCC. Our previous studies have shown that Wnt signaling
inhibitors—PRI-724 and IWP-O1—attenuate tongue SCC survival and reduce glucose uptake and
lactate release. The aim of this research was to further evaluate the possible mechanisms of the
previously observed effects. We assessed the effect of PRI-724 and IWP-O1 on the expression of
selected glycolytic enzymes: phosphofructokinase M, pyruvate kinase M2, and lactate dehydrogenase.
Relative transcript expression was assessed by real-time PCR, and protein levels by Western blot.
Moreover, clinical data concerning mRNA and protein expression, gene promoter methylation, and
HNSCC patients’ survival time were analyzed by the UALCAN tool, and protein–protein interaction
was assessed using the STRING database. Experimental and bioinformatic data confirmed the relation
between Wnt signaling and glycolytic enzymes in tongue cancer cells and HNSCC clinical samples.
Overall, the inhibition of glucose metabolism by Wnt signaling inhibitors is a promising mode of
action against tongue cancer cells.

Keywords: Wnt signaling; the Warburg effect; aerobic glycolysis; head and neck cancer; tongue
cancer; PRI-724; IWP-O1; β-catenin; pyruvate kinase; lactate dehydrogenase

1. Introduction

The development of cancer is a complex, multistep process. Tumor cells gain and
present characteristic hallmarks. The foundations of cancer cells’ characteristics include
their self-sufficiency in growth signals with concomitant insensitivity to antigrowth signals,
evasion of apoptosis with limitless proliferation, promotion of angiogenesis, local invasion,
and systemic metastasis [1]. The first twenty years of the 21st century allowed significant
progress in cancer biology. Currently, cancer cells are also described by genome instability
and mutations co-existing with non-mutational epigenetic reprogramming, inflammatory
microenvironments supporting the avoidance of the immune response, unlocked pheno-
typic plasticity, senescence of cells, abnormalities in residing microbiomes and neuronal
signaling, and finally, dysregulated cellular metabolism [2,3].

Changes in energy metabolism in cancer cells are known as the Warburg effect or
aerobic glycolysis. Over a hundred years since its discovery by Otto Warburg, the un-
derstanding of this hallmark of cancer has been improved and revised many times. The
enhanced activity of the glycolytic pathway enables effective redirection of metabolites,
including standard oxidative fates of pyruvate via entering the citric acid cycle, the produc-
tion of lactate (and related extracellular acidification), or the use of glycolytic intermediates
for the biosynthesis of molecules essential for cancer cell growth and division, e.g., via the
pentose phosphate pathway. Beyond energy (ATP) synthesis, the reorganization of energy
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metabolism is engaged in the modulation of cancer cell signaling, e.g., by promoting the
formation of reactive oxygen species (ROS), modifying epigenetic mechanisms of gene
expression, and promoting the expression and activity of metabolism-related transcription
factors, like c-Myc and Hif-1α [4,5]. Currently, experimental observations indicate that the
Warburg effect is a consequence of cancer phenotype development, and an adaptation to
the hypoxic microenvironment by tumor cells is crucial during cancer progression [5].

Head and neck squamous cell carcinoma (HNSCC) is one of the leading tumor types
worldwide [6]. Its occurrence depends on both genetic and epigenetic abnormalities, and
in a subset of cases, it is caused by human papillomavirus (HPV) infection. Importantly,
HPV-negative HNSCC tumors present a worse prognosis and higher diversity in molecu-
lar changes, for instance, in the activity of pro-tumorigenic signaling pathways [7]. The
significance of particular hallmarks of cancer among HNSCC differs, and not all are experi-
mentally well-proven [8]. Regarding metabolic alterations, accelerated glycolysis was vital
for HNSCC tumor progression and the avoidance of immune system responses [9]. More-
over, high glycolytic activity measured based on 18F-FDG positron-emission tomography
was a negative prognostic factor for HNSCC patients [10]. Thus, metabolic pathways are
now considered potential targets of HNSCC therapy [11,12].

Several molecular pathways were described to be connected with HNSCC devel-
opment. Our previous research focusing on Wnt signaling and the Akt kinase revealed
that Wnt pathway inhibitors—PRI-724 and IWP-O1—had minor to moderate influence
on tongue cancer cell proliferation, cytotoxicity, and apoptosis, while Akt inhibitors led
to stronger effects on cell survival. The combinations of Wnt signaling and Akt inhibitors
partly improved the anticancer effects [13]. Akt kinase and Wnt pathways were shown
to be engaged in controlling cellular energetics [14,15]. Still, their role in modulating gly-
colytic activity in HNSCC has not been comprehensively described. Previously, we showed
that PRI-724 and IWP-O1 significantly reduced glucose uptake, and PRI-724 also reduced
lactate release in tongue cancer cells. In contrast, Akt kinase inhibition did not show any
substantial effects [13]. Similar advantageous effects were observed in experiments using
combinations of Wnt signaling inhibitors (PRI-724 and IWP-O1) with direct glycolytic in-
hibitors (2-deoxyglucose and lonidamine), since individually applied glycolytic inhibitors
had limited influence on glucose consumption and lactate release [16].

Based on our previous findings, this study aimed to gain more insight into the mecha-
nism of the observed functional effects of Wnt inhibitors on glucose metabolism. For this
purpose, we experimentally assessed the influence of PRI-724, IWP-O1, and Akt inhibitor
on the expression of key glycolytic enzymes in CAL 27, SCC-25, and BICR 22 tongue
squamous cell carcinoma cell lines. Additionally, bioinformatic analyses were performed
in order to further validate the inter-relationship between the aberrations in Wnt signaling
and glycolysis, and its significance for disease progression. This allowed the clinical context
to be brought into the in vitro experimental results.

2. Materials and Methods

2.1. Cells and Culture Conditions

Commercially available tongue squamous cell carcinoma cell lines were used in the
experiments: CAL 27 and SCC-25 cell lines (derived from primary tumors) were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA), while BICR
22 cells (derived from a tongue cancer lymph node metastasis) were purchased from the
European Collection of Authenticated Cell Cultures (ECACC, Porton Down, Wiltshire, UK).

The CAL 27 and BICR 22 cells were grown in high-glucose DMEM medium (Biowest,
Nuaillé, France), supplemented with 10% FBS (EURx, Gdańsk, Poland) and a 1% antibiotic
solution (penicillin and streptomycin; Biowest, Nuaillé, France). SCC-25 cells were grown in
a 1:1 mixture of DMEM medium with a F12 medium containing 1.2 g/L sodium bicarbonate,
2.5 mM L-glutamine, 15 mM HEPES, and 0.5 mM sodium pyruvate (Biowest, Nuaillé,
France) supplemented with 10% FBS (EURx, Gdańsk, Poland), a 1% antibiotic solution
(penicillin and streptomycin; Biowest, Nuaillé, France), and 400 ng/mL hydrocortisone
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(Sigma-Aldrich, St. Louis, MO, USA). All cells were cultured under standard conditions
(37 ◦C, 5% CO2, 95% humidity) in an incubator (Memmert, Schwabach, Germany).

2.2. Inhibitors

Three small-molecule inhibitors were used in the experiments. PRI-724 (Selleck Chem-
icals, Pittsburgh, PA, USA) and IWP-O1 (Sigma-Aldrich, St. Louis, MO, USA) are Wnt
signaling inhibitors, which target the interaction between β-catenin and CREB binding pro-
tein (CREBBP) or the activity of Porcupine (O-acyltransferase), respectively. Moreover, Akt
inhibitor X (Sigma-Aldrich, St. Louis, MO, USA) was used to inhibit the Akt kinase. Stock
solutions of the compounds were prepared in DMSO and stored in aliquots at −20 ◦C.

In all the experiments, IC25 concentrations of individual compounds were used, and
combinations were composed of two compounds with equal potency (IC25 + IC25). The
IC25 values were previously determined by the MTS viability assay [13], and amount
to: PRI-724 = 2.6 μM (CAL 27 cells), 0.85 μM (SCC-25), and 3.0 μM (BICR 22 cells);
IWP-O1 = 1.0 μM (CAL 27 cells), 10.0 μM (SCC-25 cells), and 3.0 μM (BICR 22 cells); Akt
inhibitor = 5.0 μM (CAL 27 cells), 7.0 μM (SCC-25 cells), and 4.0 μM (BICR 22 cells).

2.3. Isolation of RNA, Reverse Transcription, and Quantitative Real-Time PCR

Total RNA was isolated from cells treated with the compounds for 48 h using the
Universal RNA Purification Kit (EURx, Gdańsk, Poland), and samples were subjected
to reverse transcription using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, Waltham, MA, USA), in accordance with the manufacturer’s instructions.

For the qR-T PCR analyses, the SG qPCR Master Mix (EURx, Gdańsk, Poland) and
LightCycler 96 (Roche, Basel, Switzerland) were used. The initial enzyme activation at 95 ◦C
lasted 10 min, and was followed by 40 three-step cycles consisting of denaturation (95 ◦C
for 15 s), primer annealing (56 ◦C for 30 s), elongation (72 ◦C for 30 s with fluorescence
measurement), and subsequent melting curve analysis. The relative mRNA expression of
phosphofructokinase M—PFKM, pyruvate kinase M2—PKM2, and lactate dehydrogenase
A—LDHA was determined. The TATA-box-binding protein (TBP) expression was used to
normalize the data, and the ΔΔCt method served for fold-change quantification. Three
independent experiments were performed with three technical repeats for each sample
during qR-T PCR. The sequences of the primers used in the research were previously
published [17].

2.4. Isolation of Protein Extracts and Western Blot Assay

Total protein extracts were isolated from cells treated with the compounds for 48 h
by lysis with Laemmli buffer, followed by immediate protein denaturation by heating at
96 ◦C for 15 min. Protein concentration was assessed using the Pierce BCA Protein Assay
Kit (Thermo Scientific, Waltham, MA, USA), and the absorbance was read using an Infinite
M200 multi-plate reader (Tecan, Grödig, Austria). Protein content was further analyzed by
Western blot.

Lysates were separated onto 7.5%, 10%, or 12% SDS-PAGE slab gels. Proteins were
transferred to the nitrocellulose Immobilon P membrane (Sigma-Aldrich, St. Louis, MO,
USA). After blocking for 2 h with 10% skimmed milk, proteins were probed with mouse anti-
PFKM, mouse anti-PKM, mouse anti-LDHA, and rabbit anti-β-actin primary antibodies
(Santa Cruz Biotechnology, Dallas, TX, USA). The horseradish peroxidase HRP-conjugated
anti-mouse IgG or anti-rabbit IgG secondary antibodies (Bosterbio, Pleasanton, CA, USA)
were used in the staining reaction. Bands were visualized using the chemiluminescent
HRP Substrate Clarity ECL Kit (BioRad Laboratories, Hercules, CA, USA). The amount
of immunoreactive products in each lane was determined using the ChemiDoc Imaging
System (BioRad Laboratories, Hercules, CA, USA). Values were calculated as relative
absorbance units (RQ) per mg of protein and expressed as a percentage of the control.
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2.5. Bioinformatic Analysis of Gene Expression in Clinical Samples

Data available from the Cancer Genome Atlas (TCGA) were analyzed using the
UALCAN tool (https://ualcan.path.uab.edu; accessed on 4 October 2023) [18,19] in order
to evaluate the differences in the level of expression of PFKM, PKM2, and LDHA between
healthy controls and HNSCC patients, and also between HPV-positive and HPV-negative
HNSCC cases. Moreover, the changes in the promoter methylation level of these genes
were assessed. Additionally, the association between glycolysis-related gene expression
and HNSCC patient survival was determined using Kaplan–Meier plots generated in the
UALCAN tool.

Furthermore, the UALCAN tool was used to analyze the changes in the level of expres-
sion of genes encoding the components of the Wnt pathway, which constitute molecular
targets of the small-molecule inhibitors used in this study, and Wnt pathway-dependent
transcription factors.

2.6. Bioinformatic Analysis of Protein Level in Clinical Samples

Protein level data available from the National Cancer Institute’s Clinical Proteomic
Tumor Analysis Consortium (CPTAC) were analyzed using the UALCAN tool (https://
ualcan.path.uab.edu; accessed on 4 October 2023) [18,19] to assess the differences in the
level of expression of the enzymes related to the glycolytic pathway between healthy
controls and HNSCC patients.

2.7. STRING Analysis

The STRING database (version 12.0) from the STRING CONSORTIUM 2023
(https://string-db.org; accessed on 5 October 2023) [20] was used to evaluate protein–
protein interactions in order to show molecular inter-relationships between the Akt kinase
and the Wnt/β-catenin pathway, as well as β-catenin and glycolysis.

2.8. Statistical Analysis

All data in this study were analyzed using GraphPad Instat, version 3.10 (GraphPad
Software, San Diego, CA, USA) and are presented as mean ± SD. The differences between
experimental groups were evaluated by a Student’s t-test (two groups) and one-way
ANOVA test with the Tukey post hoc test (multiple groups). p < 0.05 was considered
statistically significant.

3. Results

3.1. Higher Expression of PFKM and PKM2 Genes among HNSCC Patients Is a Negative
Prognostic Marker of Survival Time

Phosphofructokinase is a key enzyme controlling the early steps of glycolysis, while
pyruvate kinase regulates the last step of pyruvate synthesis. Moreover, cancer cells
using aerobic glycolysis require lactate dehydrogenase to produce energy and acidify the
microenvironment. Based on the TCGA data, we checked the transcript expression level of
isoenzymes which are important for cancer cells, i.e., PFKM, PKM2, and LDHA, among
HNSCC patients (Figure 1A). For all three genes, the transcript level was significantly
higher in HNSCC samples compared to normal tissues.

Head and neck cancers can develop independently of or due to HPV infection, which
affects therapy outcomes. A higher level of the expression of PKM2 and LDHA genes was
shown in HPV-negative samples, which are more challenging to treat (Figure 1B). Thus, the
Warburg effect may be an important factor in HPV-negative HNSCC progression.

One of the epigenetic mechanisms influencing gene expression is the DNA methylation
of gene promoter regions. Although the basal methylation level of the analyzed genes was
low (0.065–0.140), it was further significantly lowered in primary HNSCC tumor samples
(Figure 1C).
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Figure 1. The results of the analysis of phosphofructokinase M (PFKM), pyruvate kinase M2 (PKM2),
and lactate dehydrogenase A (LDHA) gene expression data available from the Cancer Genome Atlas
using the UALCAN tool. (A) The differences in the level of gene expression between normal tissue
and HNSCC samples. (B) The differences in the gene expression level depending on HPV status.
(C) The differences in gene promoter methylation level between normal tissue and HNSCC samples.
The Beta value indicates the level of DNA methylation ranging from 0 (unmethylated) to 1 (fully
methylated). (D) Kaplan–Meier plots showing the association between high and low expression
levels of glycolytic-related genes and survival time of HNSCC patients. The asterisk (*) denotes
statistically significant changes, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Finally, Figure 1D presents Kaplan–Meier plots to compare the influence of high or low
expression levels of particular glycolytic-related genes on the survival of HNSCC patients.
The increased expression of PFKM (p = 0.033) and PKM2 (p = 0.0033) negatively affects
patient survival time. The impact of LDHA expression level was not statistically significant
(p = 0.16), but an unfavorable trend can be observed.

3.2. The Protein Level of PKM and LDHA Is Increased in HNSCC Patient-Derived Cells

In the next step, we analyzed whether the changes in transcript level translate into the
protein expression level. Figure 2 presents data generated based on the National Cancer
Institute’s Clinical Proteomic Tumor Analysis Consortium database. The expression of
PKM and LDHA in HNSCC protein samples was indeed increased. In turn, the protein
level of PFKM was significantly lower compared to normal samples, although its transcript
level was upregulated (Figure 1A).

Figure 2. The results of the analysis of phosphofructokinase M (PFKM), pyruvate kinase M (PKM),
and lactate dehydrogenase A (LDHA) protein expression data based on Clinical Proteomic Tumor
Analysis Consortium (CPTAC) HNSCC samples using the UALCAN tool. Z-values represent stan-
dard deviations from the median across samples for the cancer type. Log2 Spectral count ratio values
from CPTAC were first normalized within each sample profile and then normalized across samples.
The asterisk (*) denotes statistically significant changes, * p < 0.05, *** p < 0.001.

3.3. Wnt Signaling Pathway Elements Are Functionally Related to Akt Kinase and
Glycolytic Enzymes

Our previous research indicated the anticancer effects of Akt, Porcupine, β-catenin,
and CREBBP inhibition in tongue squamous cell carcinoma cell lines [13]. Consistent with
these results, the analysis of the TCGA data confirmed an increased level of the transcripts
encoding these proteins (Figure 3A) in HNSCC clinical samples. Moreover, the higher
mRNA levels of the four transcription factors (TCF7, TCF7L1, TCF7L2, LEF1) propagating
the signals in the Wnt/β-catenin pathway (Figure 3B) also corroborate the pro-tumorigenic
status of Wnt signaling in HNSCC.

In our previous studies, the inhibitors of the Wnt pathway (PRI-724 and IWP-O1)
were able to modulate glucose utilization and lactate release in tongue cancer cells [13,16].
Moreover, the co-inhibition of Wnt signaling and the Akt kinase led to partly better effects
than mono-treatment. Therefore, we wanted to evaluate the possible cross-talk between
these signaling pathways (Wnt signaling and Akt kinase) and the glycolytic pathway
by analyzing protein–protein interactions using the STRING database (Figure 3C). Many
interactions were found for Akt kinase 1 and Wnt signaling elements: glycogen synthase
kinase 3β (GSK3β), β-catenin (CTNNB1), and CREBBP. Thus, the simultaneous inhibition
of the Akt kinase and Wnt pathway can potentially augment anticancer effects against
HNSCC cells. In addition, CTNNB1 is directly related to PKM and LDHA, so it can
potentially influence glycolytic flux. Thus, combining the Wnt pathway and Akt inhibitors
could hypothetically enhance their suppressive effects against glycolytic enzyme expression.
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Therefore, in the next step, we performed quantitative real-time PCR analyses of PFKM,
PKM2, and LDHA gene expression in tongue cancer cells to validate these hypotheses.

Figure 3. Analysis of Akt, Wnt signaling, and glycolytic pathway-related mRNA expression and
functional protein–protein interactions. The results of the analysis based on data available from
the Cancer Genome Atlas using the UALCAN tool showing the expression of: (A) genes being
targets of small-molecule inhibitors used in the research, i.e., PORCN, CTNNB1, CREBBP, AKT1;
(B) transcription factors responding to Wnt signaling activation, i.e., TCF7, TCF7L1, TCFTL2, LEF1.
The asterisk (*) denotes statistically significant changes, * p < 0.05, *** p < 0.001. (C) The analyses
of protein–protein interaction data available from the STRING database from the STRING CON-
SORTIUM 2023. The STRING graphs show the interaction of Wnt signaling elements with the Akt
kinase and glycolysis proteins. Most important abbreviations: AKT1—Akt kinase 1, CREBBP—CREB
binding protein, CTNNB1—β-catenin, GSK3B—glycogen synthase kinase 3β, LDHA—lactate dehy-
drogenase A, PKM—pyruvate kinase M, PORCN—porcupine.
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3.4. Wnt Inhibitors Reduce the Transcript Level of PFKM, PKM2, and LDHA

The inhibition of Wnt signaling lowered the mRNA expression of PFKM, particularly
by IWP-O1 in CAL 27 and BICR 22 cells and PRI-724 in SCC-25 cells (Figure 4A). Individ-
ually used Akt inhibitors had no influence. The addition of Akt inhibitors to active Wnt
inhibitors presented no additional effect on the PFKM transcript level, except a mixture of
PRI-724 and Akt inhibitors in CAL 27 cells.

Figure 4. The effect of PRI-724, IWP-O1, and the Akt inhibitor on the relative transcript level of
(A) phosphofructokinase M (PFKM), (B) pyruvate kinase M2 (PKM2), and (C) lactate dehydrogenase
A (LDHA) in CAL 27, SCC-25, and BICR 22 cells. Mean values ± SD from three independent
experiments with three replicates per qR-T PCR reaction are shown. The level of transcript in DMSO-
treated cells was considered to be 1. The asterisk (*) inside the bar denotes statistically significant
changes in comparison to the control, and above the bars denotes statistically significant changes in
comparison to indicated experimental variants; * p < 0.05, ** p < 0.01, *** p < 0.001.

Both Wnt signaling inhibitors significantly reduced PKM2 expression in CAL 27 and,
to a lesser extent, SCC-25 cells (Figure 4B). Once again, the Akt inhibitor did not modulate
the transcript level, and in combination, it eliminated the effects of Wnt pathway inhibitors
(in CAL 27 cells) or had no influence (in SCC-25 cells). BICR 22 cells were resistant to
all inhibitors.

Both Wnt signaling inhibitors importantly downregulated LDHA in CAL 27 and
BICR 22 cells (Figure 4C). Moreover, PRI-724 slightly reduced the mRNA level in SCC-25
cells. The Akt inhibitor tended to change the expression of LDHA, but the results were
insignificant. The combinations of PRI-724 or IWP-O1 with the Akt inhibitor showed no
augmentation of effect or even worsened the effect (CAL 27 cells).

82



Curr. Issues Mol. Biol. 2023, 45

3.5. Wnt Signaling and Akt Kinase Inhibitors Strongly Downregulated LDHA Protein Expression

In the next step, we analyzed whether the changes in transcript expression levels
elicited by the studied chemicals were followed by changes in the level of respective
proteins (Figure 5). For individual compounds, the protein level of PFKM was significantly
reduced only after the exposure of SCC-25 cells to the IWP-O1 inhibitor. On the contrary,
the Akt inhibitor increased the expression of this enzyme in CAL 27 and BICR 22 cells.
Interestingly, in CAL 27 cells, the combination of IWP-O1 and the Akt inhibitor reduced
the PFKM protein level by ~32%.

Figure 5. The effect of PRI-724, IWP-O1, and the Akt inhibitor on the relative protein level of
(A) phosphofructokinase M (PFKM), (B) pyruvate kinase M2 (PKM2), and (C) lactate dehydrogenase
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A (LDHA) in CAL 27, SCC-25, and BICR 22 cells. Mean values ± SD from two independent
experiments are shown. The level of protein in DMSO-treated cells was considered to be 1. The
asterisk (*) inside the bar denotes statistically significant changes in comparison to control, and above
the bars denotes statistically significant changes in comparison to indicated experimental variants;
* p < 0.05, ** p < 0.01, *** p < 0.001. Exemplary immunoblots are presented below the plots. 1—Ctrl,
2—PRI-724, 3—IWP-O1, 4—Akt inhibitor, 5—PRI-724 + Akt inhibitor, 6—IWP-O1 + Akt inhibitor.

Porcupine inhibitor IWP-O1 significantly reduced the expression of PKM in SCC-25
cells. In parallel, PRI-724 increased the PKM protein level in CAL 27 cells, was neutral in
SCC-25 cells, and lowered its expression in BICR 22 cells. Co-treatment of cells with Wnt
inhibitors and the Akt inhibitor did not show beneficial effects, while in SCC-25 cells, the
expression level of PKM for IWP-O1 and the Akt inhibitor mixture was higher compared to
individual IWP-O1 use. CAL 27 cells exposed to PRI-724 and the Akt inhibitor presented
comparably high protein levels compared to PRI-724 alone.

Lactate dehydrogenase A was most susceptible to downregulation. In BICR 22 cells,
each experimental variant significantly decreased the LDHA protein level. Furthermore, in
CAL 27 cells, only the Akt inhibitor had an insignificant influence on LDHA expression. In
turn, SCC-25 cells were affected by IWP-O1 and its combination with the Akt inhibitor. We
did not detect notably better results of combinatorial treatments in comparison to exposure
to single inhibitors in any of the cell lines.

4. Discussion

Changes in energy metabolism, known as the Warburg effect, are part of the character-
istics of HNSCC cells. Indeed, glucose was identified as the dominant energy source for this
type of tumor [21]. Thus, balancing glycolytic activity comprises a valid molecular target
for HNSCC therapy. Previously, we described the anti-glycolytic effects of 2-deoxyglucose
and Hif-1α and c-Myc inhibitors in hypopharyngeal FaDu cells [17]. In other studies, we
detected a significant influence of PRI-724 and IWP-O1 Wnt signaling inhibitors on glucose
utilization by tongue cancer cells [13,16]. Therefore, in this study, we further explored
the association between the inhibition of Wnt signaling and/or the Akt kinase and the
expression of crucial glycolysis-related genes in tongue cancer cells, in order to better
recognize the interconnections between these processes.

Phosphofructokinase M, pyruvate kinase M2, and lactate dehydrogenase A were
selected as pivotal isoenzymes in the glucose flux during aerobic glycolysis. Based on
the TCGA database, we showed that all of them are overexpressed at the transcript level
among HNSCC patients. Although the promoter methylation percentage was generally
low, its value was slightly decreased in HNSCC tissues, which can favor gene expression.
In addition, PKM2 and LDHA genes present higher transcript copy numbers per million in
HPV-negative cases, suggesting a greater metabolic disturbance in this group of difficult-
to-treat tumors. Moreover, these molecular events have clinical importance, since high
PFKM and PKM2 mRNA expression correlates with worse prognosis, i.e., shorter survival
of patients.

Activated Wnt signaling has been implicated in the enhancement of glycolytic activity
in cancer cells, e.g., in nasopharyngeal carcinoma via the upregulation of pyruvate dehy-
drogenase kinase 1 [22] or by increasing glucose uptake in hepatocellular carcinoma [23].
The influence of Wnt1-inducible signaling protein 1 (WISP1) on glucose uptake, glycolytic
flux, and lactate production was additionally observed in laryngeal squamous cell carci-
noma [24]. Recently, Huang et al. (2023) pointed to DEP domain containing 1 (DEPDC1) as
the glycolysis-related biomarker associated with oral squamous cell carcinoma progression.
Such an effect is mediated by the activation of the Wnt/β-catenin signaling pathway [25].

Based on TCGA database analysis, we showed that PORCN, CTNNB1, and CREBBP
genes are overexpressed in HNSCC, similarly to AKT1 and four transcription factors act-
ing downstream of the Wnt/β-catenin signaling pathway, which further corroborates the
aberrant activation of Wnt signaling. Next, we performed the bioinformatic analysis of
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protein–protein interactions between glycolytic enzymes and Wnt pathway proteins. The
STRING plots showed a three-sided relation between β-catenin, PKM, and LDHA, and the
interaction between the Akt kinase and Wnt signaling elements, i.e., GSK-3β, β-catenin,
and CREBBP. Indeed, the Akt/Wnt/β-catenin axis seems vital to the development of HN-
SCC [26–28]. Such data theoretically corroborate the possibility that Wnt inhibitors could
decrease glycolytic activity in HNSCC cells, and that the combination of the Wnt pathway
and Akt kinase inhibitors could improve the therapeutic effects of individual inhibitors.

We used two Wnt pathway inhibitors with distinct mechanisms of action to exper-
imentally validate the influence of Wnt inhibition on the expression of glycolytic genes.
PRI-724 blocks the interaction between β-catenin and CREBBP in the nucleus, while IWP-
O1 targets porcupine responsible for the maturation of Wnt ligands. These small-molecule
inhibitors of Wnt signaling were able to downregulate PFKM, PKM2, and LDHA gene
expression, which is in line with the interaction between the Wnt pathway (β-catenin) and
glycolytic genes. Conversely, individually used Akt inhibitors had no meaningful influence
on transcript levels. Almost no additional reduction was observed in combinations with
a Wnt signaling inhibitor, except for a mixture with PRI-724 in CAL 27 cells. Therefore,
the assumption of the enhancement of anti-glycolytic effects by simultaneous targeting of
Akt and Wnt signaling was not confirmed by our experimental results. We also performed
protein level analysis of PFKM, PKM2, and LDHA. IWP-O1 showed a higher ability to
decrease the levels of proteins of interest. Furthermore, in CAL 27 cells, the combination
with Akt inhibitor enhanced its activity and reversed the direction of Akt inhibitor influ-
ence. However, the protein expression analysis did not confirm the activity of the PRI-724
inhibitor in most cases, and even the direction of effect was the opposite. On the other
hand, the PRI-724 inhibitor of the β-catenin–CREBBP interaction was the most effective in
reducing glucose uptake and lactate release in the same tongue cancer cell lines [13]. We
suppose that additional molecular mechanisms, like posttranslational modifications, can
orchestrate the final effect on glycolysis. For instance, the phosphorylation of Tyrosine 105
in PKM2 was described as a frequent molecular event in HNSCC cells correlated with high
glycolytic activity [29].

Aberrant Wnt signaling modulates glycolysis, favoring lactate production, and other
metabolic processes, including glutaminolysis and lipogenesis. By altering metabolism,
which leads to extracellular fluid acidification, the Wnt pathway can actively regulate the
tumor microenvironment, negatively modify the immune response, and promote tumor
development [30]. Interestingly, β-catenin induces the expression of activating transcription
factor 3 (ATF3) and inhibits the transcription of C-C motif chemokine ligand 4 (CCL4),
which results in the impaired infiltration and activation of ATF3-related CD103+ dendritic
cells, reduced CD8+ effector T cell priming and infiltration, and finally, a lack of proper
responses to immune checkpoint blockade [31]. Argentiero et al. (2019) compared in silico
RNA-seq data of 64 lymph node-positive and 79 lymph node-negative pancreatic ductal
adenocarcinoma (PDAC) patient-derived samples [32]. Notably, the altered expression of a
cluster covering the Wnt signaling pathway-related genes was associated with pleiotropic
effects on immune response, epithelial modeling, and cytokine regulation in lymph node-
positive PDAC cases. Lymph node-positive PDAC patients showed an increased number
of activated dendritic cells and M2 macrophages with a concomitant decrease in effector T
cells. Further experiments using PDAC lymph node-positive PANC-1 cells, PDAC lymph
node-negative MIAPaCa-2 cells, and XAV-939 Wnt signaling inhibitor demonstrated, e.g.,
increased cytotoxic and antiproliferative effects of the Wnt inhibitor when PDAC cells
were co-cultured with peripheral blood mononuclear cells. In addition, the inhibitor of
Wnt signaling restored the expression of the macrophage stimulating 1 (MST-1) protein
related to cancer suppression via the production of reactive oxygen species and inhibited
angiopoietin-like 4 (ANGPTL4) expression related to angiogenesis, tumor migration, and
regulation of immune homeostasis [32]. More information about Wnt pathway connections
with immune cells, immunotherapy, and tumor microenvironments can be found, e.g.,
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in [33–37]. The influence of Wnt signaling on metabolic and immune changes is an excellent
target for future research on anti-cancer therapy.

The experiments described in this article confirmed that Wnt signaling inhibitors
have a significant role in the attenuation of glycolysis in tongue squamous cancer cells.
The inhibitory influence on PFKM, PKM2, and LDHA expression generally supports the
metabolic effects observed in our previous work, in which we have shown the changes in
glucose consumption, lactate release, and cellular ATP level [13]. Conversely, the inhibition
of the Akt kinase may have a lower effect on glucose metabolism in tongue tumor cells
than initially thought. This study was limited to assessing the expression of three crucial
glycolytic genes. As the conclusions derived from our in vitro model are limited, future
studies will thus need to include cell lines from different HNSCC localizations, patient-
derived primary cells, and three-dimensional organoids in co-culture with other cell types
present in the tumor microenvironment. Moreover, we have not evaluated the long-term
effects of the studied inhibitors, or the potential resistance mechanisms that can affect the
treatment outcome, and these factors will need to be addressed in the future to optimize the
anti-cancer effects of the chemicals. Nevertheless, the observed correlation between Wnt
signaling and energy metabolism suggests a more comprehensive effect of drugs targeting
this pathway on the hallmarks of HNSCC cancer cells.
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Abstract: Oral squamous cell carcinoma (OSCC) of the tongue is a common type of head and
neck malignancy with a poor prognosis, underscoring the urgency for early detection. MicroRNAs
(miRNAs) have remarkable stability and are easily measurable. Thus, miRNAs may be a promising
biomarker candidate among biomarkers in cancer diagnosis. Biomarkers have the potential to
facilitate personalized medicine approaches by guiding treatment decisions and optimizing therapy
regimens for individual patients. Utilizing data from The Cancer Genome Atlas, we identified
13 differentially expressed upregulated miRNAs in OSCC of the tongue. Differentially expressed
miRNAs were analyzed by enrichment analysis to reveal underlying biological processes, pathways,
or functions. Furthermore, we identified miRNAs associated with the progression of OSCC of the
tongue, utilizing receiver operating characteristic analysis to evaluate their potential as diagnostic
biomarkers. A total of 13 upregulated miRNAs were identified as differentially expressed in OSCC of
the tongue. Five of these miRNAs had high diagnostic power. In particular, miR-196b has the potential
to serve as one of the most effective diagnostic biomarkers. Then, functional enrichment analysis
for the target gene of miR-196b was performed, and a protein–protein interaction network was
constructed. This study assessed an effective approach for identifying miRNAs as early diagnostic
markers for OSCC of the tongue.

Keywords: oral squamous cell carcinoma; microRNA; diagnosis; biomarker

1. Introduction

Oral squamous cell carcinoma (OSCC) of the tongue is the most common cancer in
the squamous cells of the tongue and is marked by an insidious nature [1]. It represents a
significant portion of head and neck squamous cell carcinoma (HNSCC) cases and accounts
for approximately 31.9% of oral cavity cancers [2,3]. The main risk factors associated with
the development of tongue cancer are tobacco smoking and excessive alcohol consump-
tion. The early symptoms of OSCC are foreign body sensation or swallowing pain [4].
The treatment of tongue cancer is contingent upon the staging and anatomical site of
the tumor, typically necessitating an approach encompassing surgery, radiation therapy,
and chemotherapy. Persistent investigation into early detection modalities and precision
therapies is imperative for enhancing the therapeutic outcomes for individuals afflicted
with tongue cancer. OSCC is one of the most diagnosed malignancies and a prominent
contributor to mortality attributed to head and neck cancers [5]. OSCC has a poor prognosis
because of the lack of a strong barrier for preventing tumor propagation [6]. Anticipating
the prognosis of individuals diagnosed with OSCC holds importance in devising treatment
strategies. In the early stage of OSCC, which is marked by a favorable prognosis, cancer-
related mortality affects approximately 19% of patients [7]. The early detection of cancer
correlates with elevated survival rates and diminished healthcare expenditures among
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patients, owing to decreased dependence on aggressive therapeutic modalities [8]. Early
detection and treatment can greatly improve the prognosis for patients with OSCC [9].

MicroRNAs (miRNAs) are short noncoding RNAs that play crucial roles in the reg-
ulation of gene expression and comprise approximately 22 nucleotides [10,11]. miRNAs
operate by binding to messenger RNA molecules, thereby either inhibiting translation
initiation or degrading mRNA [12]. miRNAs exhibit differential expression, being ei-
ther upregulated or downregulated and are associated with the status and progression
of tumors [13]. Several miRNAs have enhanced potential as biomarkers for diagnosing
or monitoring specific cancers because they demonstrate cancer-specific expression pat-
terns [14]. miRNA plays a crucial role in understanding the biological processes of tumors
and developing treatment strategies.

The Cancer Genome Atlas (TCGA) resource serves as a platform for the diagnosis,
prognosis, and immunotherapy of cancer, including the exploration of potential miRNA-
based biomarkers [15–17]. Graphical representations such as heatmaps and volcano plots
facilitate the visualization of miRNA expression patterns and distinguish differential ex-
pression profiles. The objective of our study was to identify certain miRNAs essential
for diagnosing OSCC by employing a methodology based on TCGA data. This approach,
which includes diagnostic tools, discriminates between malignant and adjacent nontu-
morous tissues with remarkable sensitivity and specificity. Among the myriad candidates
scrutinized, five miRNAs emerged as promising contenders for OSCC diagnosis, empha-
sizing their potential as biomarkers to augment the clinical management of tongue cancer,
particularly in the early stages. Our investigation prioritized the exploration of biomarkers
aimed at discerning OSCC. Utilizing bioinformatics, we performed a comprehensive analy-
sis of OSCC transcriptome data, aiming to elucidate the molecular mechanisms underlying
OSCC development and to identify specific molecules critical for its progression.

2. Materials and Methods

2.1. Acquisition of TCGA Data

The miRNA expression profiles of OSCCs were downloaded from the TCGA data
portal (http://firebrowse.org/, accessed on 3 May 2024), comprising 128 tumor samples
and 13 adjacent nontumorous tissue samples. OSCC expression profiles were extracted
from the TCGA HNSCC dataset, with the primary tumor site filtered to include only those
of the tongue within the HNSCC dataset. Each sample comprised 1046 miRNA expression
values obtained through the Illumina HiSeq platform. The miRNA expression profiles
were generated using miRNA sequencing data, which represented a record of the reads per
million miRNAs that were mapped. Clinical information regarding OSCC was sourced
from the TCGA data portal. Table 1 presents comprehensive characteristics of the study,
including genders, ages, pathologic stages, and tumor-node-metastasis classifications.

Table 1. Clinical data of patients with oral squamous cell carcinoma of the tongue from The Cancer
Genome Atlas.

Characteristic Overall

Gender, n (%)
Male 82 (64.1)

Female 46 (35.9)
Age (years)
Mean ± SD 58.17 ± 13.27

NA 1
Pathologic stage, n (%)

Stage I 15 (11.72)
Stage II 22 (17.19)
Stage III 30 (23.44)
Stage IV 51 (39.84)

Not Available 10 (7.81)
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Table 1. Cont.

Characteristic Overall

Pathological, T, n (%)
T1 22 (17.19)
T2 45 (35.16)
T3 34 (26.56)
T4 19 (14.84)
TX 6 (4.69)

Not Available 2 (1.56)
Pathological, N, n (%)

N0 53 (41.41)
N1 18 (14.06)
N2 44 (34.38)
NX 11 (8.59)

Not Available 2 (1.56)
Pathological, M, n (%)

M0 43 (33.59)
MX 13 (10.16)

Not Available 72 (56.25)
Data are expressed as either frequency with percentages or means ± standard deviations; T: tumor; N: node;
M: metastasis.

2.2. Selection of Candidate Diagnostic miRNAs

Identifying miRNAs as candidate biomarkers provides an important approach for
advancing cancer diagnosis. Due to their stability and specificity, miRNAs are excellent
diagnostic tools. Their utilization can lead to the development of accurate and sensitive
diagnostic assays. By identifying cancer-specific miRNAs, researchers can improve early
detection and treatment strategies for individual cancer patients. Heatmap analysis and
volcano plots serve as valuable tools in elucidating discernible patterns of miRNA expres-
sion [18,19]. The receiver operating characteristic (ROC) curves can provide evaluations
of the accuracy of the predictive model selection of biomarkers [20]. The area under the
curve (AUC) is a fundamental metric obtained from the ROC curve, offering a holistic
evaluation of a diagnostic test’s performance. It quantifies the ability of a diagnostic test
to discriminate between disease cases and non-cases [21]. A higher AUC indicates better
diagnostic performance [22]. In studies evaluating diagnostic value, an AUC exceeding
0.90 indicates excellent diagnostic performance of the test [23]. We selected differentially
expressed miRNAs, which were analyzed using a heatmap and a volcano plot. Subse-
quently, ROC curves were generated, and the AUC was calculated with a 95% confidence
interval (95% CI). ROC analysis identifies the optimal cutoff point, where sensitivity and
specificity are maximized, for diagnostic biomarker values [24]. The point on the curve
that maximizes the Youden Index is selected as the optimal threshold [24]. Diagnostic
sensitivity and specificity were computed using GraphPad Prism software 6.0. miRNAs
exhibiting an AUC > 0.9 were identified as potential diagnostic biomarkers.

2.3. Prediction of microRNA Targets

Predicting the target genes of miRNAs is crucial for regulating gene expression within
cells and comprehending their involvement in the progress of cancers [25]. Studying
miRNA–target interactions could reveal the biological function of certain miRNAs. We
identified potential target mRNAs through the online miRNA prediction database miRDB
(https://mirdb.org/, accessed on 8 May 2024). miRDB is a database for miRNA target
prediction and functional annotation [26].

2.4. Functional Enrichment Analysis

Functional enrichment analysis is a bioinformatics computational method utilized for
the interpretation of large-scale omics data, such as gene expression profiles or genomic
datasets. Functional enrichment analysis assists researchers with uncovering the underlying
biological mechanisms associated with observed experimental results. Gene ontology (GO)-
based approaches utilize functional annotations to predict cancer driver genes [27]. The GO
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provides a hierarchical framework of terms organized into three main categories, including
biological process, molecular function, and cellular component. Each term within GO
represents a specific biological activity, contributing to a comprehensive understanding of
gene functions and cellular organization. GO analysis was conducted using the DAVID
online tool (https://david.ncifcrf.gov/, accessed on 10 May 2024). DAVID is a widely
used bioinformatics resource system, comprising a web service for functional enrichment
analysis and annotation [28]. The Kyoto Encyclopedia of Genes and Genomes (KEGG) is
a comprehensive database and resource that links genomic information to higher-order
functional information [29]. A p < 0.05 was considered to indicate statistical significance.
KEGG provides a suite of tools dedicated to pathway enrichment analysis, facilitating the
identify of biological pathways related to a set of genes or proteins.

2.5. Protein–Protein Interaction Network

Protein–protein interaction (PPI) networks facilitate the identification of diagnostic
and prognostic biomarkers in cancer research by elucidating altered protein interactions
within cancer cells [30]. PPI network exploration utilized the Search Tool for Retrieval
of Interacting Genes/Proteins (STRING) database, a widely acknowledged resource for
protein interaction data analysis (https://string-db.org/, accessed on 27 May 2024) [31].
Visualization of the network analysis was accomplished using Cytoscape software 3.9.1.
CytoHubba was used to score node genes using the maximum clique centrality (MCC)
algorithm [32].

2.6. Statistical Analyses

Data analysis and visualization were conducted using GraphPad Prism software 6.0
(GraphPad Software, San Diego, CA, USA). The independent samples t-test was used to
determine statistical differences between groups. ROC curve analysis was employed, and
the AUC was calculated to assess the diagnostic significance. A significance threshold of
p < 0.05 was applied for statistical interpretation.

3. Results

3.1. Identification of Differentially Expressed miRNAs in OSCC Patients from TCGA Database

A differential expression analysis was performed to identify miRNA expression levels
that exhibited significant differences between OSCC tissues and adjacent nontumorous
tissues (Figure 1). TCGA data were utilized for this analysis, which contrasted miRNA
expression patterns in OSCC patients with those in HNSCC patients. A total of 13 up-
regulated miRNAs were identified as differentially expressed through heatmap analysis,
with visualization facilitated by MultiExperiment Viewer 4.9.0 (Figure S1). Differentially
expressed miRNAs with a p-value less than 0.05 and significant log2 fold changes were
identified and visualized on the volcano plot [33]. The volcano plot was created using
GraphPad Prism 6.0. (Figure 2).

3.2. Evaluation of the Diagnostic Values of the Five Potential miRNAs

Among the thirteen upregulated miRNAs, the AUC values (with a 95% CI) of hsa-
miR-196a-1, hsa-miR-196b, hsa-miR-450a-2, hsa-miR-503, and hsa-miR-877 were 0.9447
(0.8991–0.9903), 0.9838 (0.9661–1.001), 0.9303 (0.8588–1.002), 0.9549 (0.9153–0.9946), and
0.9285 (0.8791–0.9779), respectively (Figure S2). These AUC values indicate the discrimina-
tive ability of each miRNA in distinguishing between OSCC tissues and adjacent nontu-
morous tissues, with higher values indicating better diagnostic efficacy. Notably, miR-196b
exhibited the highest diagnostic value among the miRNAs evaluated. Detailed diagnostic
values for five differentially expressed miRNAs are presented in Table 2.
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Figure 1. Relative expression levels of 13 differentially expressed miRNAs in oral squamous cell
carcinoma of the tongue tissue and non-tumor tissue. (A) miR-31; (B) miR-196a-1; (C) miR-196b;
(D) miR-210; (E) miR-301a; (F) miR-450a-2; (G) miR-503; (H) miR-877; (I) miR-937; (J) miR-1269;
(K) miR-1293; (L) miR-3648; (M) miR-4326. *** p < 0.001.
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Figure 2. Volcano plot for the identification of differentially expressed miRNAs. A volcano plot
was used to indicate the log2 fold change in 13 differentially expressed miRNAs. Differentially
expressed miRNAs are ranked based on fold change and p-value. Adjustment for multiple testing
was performed using Bonferroni correction, with a significance threshold set at p < 0.01.

Table 2. The areas under the receiver operating characteristic curve and diagnostic values of five
differentially expressed miRNAs.

miRNAs AUC 95% CI Cutoff Sensitivity (%) Specificity (%) p-Value

miR-196a-1 0.9447 0.8991–0.9903 <2.319 84.62 92.97 <0.0001
miR-196b 0.9838 0.9661–1.001 <11.47 92.31 95.31 <0.0001

miR-450a-2 0.9303 0.8588–1.002 <1.284 84.62 93.75 <0.0001
miR-503 0.9549 0.9153–0.9946 <2.26 84.62 93.75 <0.0001
miR-877 0.9285 0.8791–0.9779 <0.8552 84.62 83.59 <0.0001

3.3. Gene Ontology and KEGG Pathway Enrichment Analysis

We conducted a custom prediction search for the 369 target genes of miR-196b-5p
and the 48 target genes of miR-196b-3p using miRDB. The results of the target genes for
miR-196b-5p and miR-196b-3p are presented in Table S1. Furthermore, we utilized the
DAVID database to identify potential biological functions of the target genes of miR-196b-
5p and miR-196b-3p through GO enrichment analyses. The biological process group of the
target genes of miR-196b-5p consisted of positive regulation of transcription from RNA
polymerase II (GO:0045944), embryonic skeletal system morphogenesis (GO:0048704), and
anterior/posterior pattern specification (GO:0009952). The biological process group of the
target genes of miR-196b-3p included RNA 3′ uridylation (GO:0071076), positive regulation
of 3′-UTR-mediated mRNA stabilization (GO:1905870), and a defense response to Gram-
negative bacteria (GO:0050829). The cellular component group of the target genes of miR-196b-
5p comprised nucleoplasm (GO:0005654), nucleus (GO:0005634), and cytoplasmic stress granule
(GO:0010494). The cellular component group of the target genes of miR-196b-3p included
cytoplasm (GO:0005737), cilium (GO:0005929), and cytosol (GO:0005829). The molecular
function group of the target genes of miR-196b-5p included transcriptional activator activity,
RNA polymerase II transcription (GO:0001228), DNA binding (GO:0003677), and chromatin
binding (GO:0003682). The molecular function group of the target genes of miR-196b-5p
consisted of calcium ion binding (GO:0005509) and lipopolysaccharide binding (GO:0001530).
GO analysis of target genes is shown in Table S2. The KEGG pathway was mainly enriched
in axon guidance (hsa04360), spinocerebellar ataxia (hsa05017), the MAPK signaling pathway
(hsa04010), the Ras signaling pathway (hsa04014), the mRNA surveillance pathway (hsa03015),
mitophagy (hsa04137), and protein digestion and absorption (hsa04974). The results of KEGG
enrichment analysis are shown in Table S3.
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3.4. Identification of the Hub Genes

The identification of hub genes in cancer is essential for elucidating the intricate
molecular mechanisms that drive cancer development, progression, and responses to
treatment. Hub genes serve as nodes within gene regulatory networks and signaling
pathways implicated in cancer pathogenesis. The identification of hub genes plays a critical
role in advancing our understanding of cancer biology. The STRING database was utilized
to construct and analyze a PPI network, with the minimum correlation coefficient threshold
set at 0.400. The top five hub genes of miR-196-5p in the PPI network were identified
using the MCC algorithm implemented in CytoHubba. The identified hub genes include
Homeobox A5 (HOXA5), Homeobox A7 (HOXA7), Homeobox B6 (HOXB6), Homeobox B7
(HOXB7), and PBX Homeobox 1 (PBX1) (Figure 3A). The top five hub genes of miR-196-3p
were SMAD specific E3 ubiquitin protein ligase 1 (SMURF1), cullin 1 (CUL1), exportin 1
(XPO1), cytochrome P450 family 26 subfamily B member 1 (CYP26B1), and short-chain
dehydrogenase/reductase family 9C member 7 (SDR9C7) (Figure 3B).

Figure 3. A protein–protein interaction network of the top five hub genes. (A) The top five hub genes
of miR-196b-5p. (B) The top five hub genes of miR-196b-3p.

4. Discussion

Biomarkers represent a promising avenue for advancing personalized medicine and
optimizing therapy tailored to individual patients, while concurrently facilitating the ex-
ploration of novel drug targets and the development of novel treatment strategies [34].
Diagnostic biomarkers play a crucial role in either detecting or confirming the presence
of specific diseases or conditions [35]. In clinical applications, the effective utilization of
miRNAs as diagnostic biomarkers necessitates adherence to stringent criteria, notably high
sensitivity and specificity. Additionally, an ideal biomarker for a specific cancer type should
exhibit significant differential expression [36]. Ultimately, biomarkers hold the potential
to elevate standards of patient care and drive precision medicine initiatives forward [37].
miRNA profiling has garnered considerable attention as a valuable tool for tumor classi-
fication, early detection, disease prognosis, and therapeutic decision making. However,
despite notable advancements, the field of miRNA research encounters persistent technical
hurdles. The costs associated with miRNA profiling are still high and serve as a barrier to
adoption. However, the utilization of miRNAs as biomarkers offers several advantages,
including their manageable dimensionality, ease of testing, and clinical significance in dis-
ease diagnosis [38]. Detection of a select few miRNAs provides deeper insights into tumor
developmental lineage and differentiation compared to profiling numerous mRNAs [39].

Diagnostic biomarkers for tongue cancer include various molecular entities such as long
intergenic non-coding RNA, miRNAs, and metabolites. These biomarkers show promise
for the early detection and monitoring of oral cancer. In previous research, the miRNA ex-
pression profiles of oral squamous cell carcinoma (OSCC) were investigated [40,41]. Salivary
LINC00657 and miRNA-106a have been identified as potential diagnostic markers for
OSCC [42]. Additionally, N-acetyl-D-glucosamine, L-pipecolic acid, and L-carnitine have
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been investigated as the signature diagnostic biomarkers for OSCC [43]. In this study, we
identified 13 miRNAs that were differentially expressed in OSCC patients. The findings
from this research demonstrate a notable upregulation in the expression of hsa-miR-31,
hsa-miR-196a-1, hsa-miR-196b, hsa-miR-210, hsa-miR-301a, hsa-miR-450a-2, hsa-miR-503,
hsa-miR-877, hsa-miR-937, hsa-miR-1293, hsa-miR-3648, and hsa-miR-4326 within tissue
samples obtained from patients diagnosed with OSCC in comparison to control samples.
Subsequently, through ROC analysis, we identified these selected miRNAs as diagnostic
biomarkers of OSCC. Among these, five miRNAs demonstrated an AUC value of 0.9 or
higher, with miR-196b emerging as particularly noteworthy in terms of diagnostic signifi-
cance. The expression levels of miR-196a-1 are known to be markedly upregulated in tissue
and plasma samples derived from individuals diagnosed with colorectal cancer compared
with controls [44]. miR-450a-2 exhibited downregulation in both gastric cancer cells and
tissue [45]. The downregulation of miR-503 leads to an inhibition in the progression in
OSCC [46]. miR-877-3p targets vascular endothelial growth factor A (VEGFA), and the
positive expression of VEGFA has been associated with a significantly poor prognosis In
cases of OSCC [47]. miR-196b has been proposed as a potential biomarker for the manage-
ment of oral cancer, and its overexpression has been associated with enhanced oral cancer
cell migration, invasion, and lymph node metastasis [48]. Elevated expression levels of
miR-196a and miR-196b have been observed in saliva samples from patients diagnosed with
HNSCC. These findings highlight the potential of these miRNAs as diagnostic biomarkers
for detecting HNSCC at an early stage [49]. Additionally, the combined determination
of plasma miR-196a and miR-196b may be used as a diagnostic biomarker for the early
detection of oral cancer [50].

Identifying target genes can aid in the development of personalized therapies based
on genetic profiles. Predicted target genes of miR-196b were categorized based on their
biological processes, cellular components, and molecular functions using GO analysis.
Furthermore, analysis of enriched KEGG pathways has been conducted to elucidate the
involvement of target genes of miR-196b in oral cancer. The expression of axon guidance
genes is related to clinical features like pain and nodal status in oral cancer [51]. Clinical
studies have reported dysphagia in patients with spinocerebellar ataxia type 2, type 3,
type 6, and type 7 [52]. Dysphagia in oral cancer is commonly attributed to extensive
tissue destruction, limited excursion of the remaining tissue, and sensory paralysis of the
tongue [53]. The MAPK signaling pathway plays a crucial role in OSCC, where it interacts
extensively with miRNAs to regulate cellular processes involved in OSCC development
and progression [54]. The Ras signaling pathway is intricately linked to the pathogenesis of
OSCC and contributes to key oncogenic processes such as cell proliferation, invasion, and
metastasis [55]. The role of mRNA surveillance pathways, notably the nonsense-mediated
mRNA decay (NMD) pathway, have been implicated in the pathogenesis of cancer. Addi-
tionally, the NMD pathway functions as a post-transcriptional regulator [55]. Mitophagy
is a cellular process that selectively degrades dysfunctional mitochondria through au-
tophagy [56]. Targeting mitochondria may be a promising way to treat OSCC [57]. Protein
digestion and absorption are associated with oral cancer due to their role in nutrient up-
take and cellular metabolism [58]. The top five hub genes of miR-196b-5p were screened
using the MCC algorithm. These genes include HOXA5, HOXA7, HOXB6, HOXB7, and
PBX1. Altered expression patterns of homeobox-containing HOX genes have been impli-
cated in oral cancer [59]. The expression of HOXA5 was upregulated in OSCC samples
compared to non-tumor tissue and was associated with survival rates [60]. Expression of
HOXA7 in OSCC exhibited a substantial increase at both the mRNA and protein levels [61].
H3OXB6 was hypermethylated in OSCC cell lines (SCC4 and SCC9) derived from a human
HNSCC [62]. HOXB7 is implicated in abnormal proliferation in oral carcinogenesis [63].
Expression analysis demonstrated the expression of PBX1 mRNA and protein within OSCC
cells [64]. The top five hub genes of miR-196b-3p were SMURF1, CUL1, XPO1, CYP26B1,
and SDR9C7. While this study presents promising findings, it is important to acknowledge
several limitations. Conducting a larger cohort study is essential to further validate these
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findings. Additionally, investigating the functional roles of miRNAs through in vitro and
in vivo studies in future research would significantly deepen our understanding of their
biological mechanisms and signaling pathways. Nevertheless, our findings reveal a signifi-
cant upregulation of miR-196b in tissues from oral cancer patients, suggesting its potential
utility as a diagnostic biomarker.

5. Conclusions

A current method of diagnosing and screening OSCC of the tongue is the scalpel
biopsy, which is time consuming and requires considerable expertise. While advanced
imaging modalities such as computed tomography (CT) and magnetic resonance imaging
(MRI) technologies have advanced significantly in recent decades, CT scans can only detect
the presence of masses [65], thus underscoring the need for supplementary diagnostic tools.
The differential expression patterns of miRNAs in cancerous tissue samples and adjacent
nontumorous tissue samples serve as valuable biomarkers for diagnostic purposes [66]. In
conclusion, this study elucidated a five-miRNA diagnostic model associated with patients
diagnosed with OSCC of the tongue. Our findings highlighted the remarkable diagnostic
potential of miR-196b. Additionally, five hub genes were selected among the target genes of
miR-196b. Ensuring the stability and reproducibility of biomarkers is crucial for augmenting
their clinical applicability. Further research will prioritize the standardization of biomarker
measurement methodologies and validation of biomarker performance.
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Abstract: Head and neck squamous-cell carcinoma (HNSCC) is associated with aggressive local
invasiveness, being a main reason for its poor prognosis. The exact mechanisms underlying the strong
invasive abilities of HNSCC remain to be elucidated. Therefore, there is a need for in vitro models to
study the interplay between cancer cells and normal adjacent tissue at the invasive tumor front. To
generate oral mucosa tissue models (OMM), primary keratinocytes and fibroblasts from human oral
mucosa were isolated and seeded onto a biological scaffold derived from porcine small intestinal
submucosa with preserved mucosa. Thereafter, we tested different methods (single tumor cells, tumor
cell spots, spheroids) to integrate the human cancer cell line FaDu to generate an invasive three-
dimensional model of HNSCC. All models were subjected to morphological analysis by histology
and immunohistochemistry. We successfully built OMM tissue models with high in vivo–in vitro
correlation. The integration of FaDu cell spots and spheroids into the OMM failed. However, with
the integration of single FaDu cells into the OMM, invasive tumor cell clusters developed. Between
segments of regular epithelial differentiation of the OMM, these clusters showed a basal membrane
penetration and lamina propria infiltration. Primary human fibroblasts and keratinocytes seeded
onto a porcine carrier structure are suitable to build an OMM. The HNSCC model with integrated
FaDu cells could enable subsequent investigations into cancer cell invasiveness.

Keywords: head and neck squamous-cell carcinoma; tissue engineering; oral mucosa; 3D tissue model

1. Introduction

Head and neck squamous-cell carcinoma (HNSCC) occurs in the cell lining of the oral
cavity, pharynx, and larynx. According to estimates from the Global Cancer Observatory
(GLOBOCAN), HNSCC is the sixth most prevalent cancer globally, with approximately
890,000 new cases and 450,000 deaths each year, posing a significant public health chal-
lenge [1]. Major risk factors for HNSCC include tobacco and alcohol consumption [2], as
well as human papillomavirus (HPV) and Ebstein–Barr virus (EBV) infection. Betel quid
chewing [3], poor oral hygiene [4], and chronic traumatism [5] are additional factors that
contribute to an increased risk of developing this cancer. Treatment for HNSCC primarily
involves a combination of surgery, radiotherapy, and chemotherapy, based on the tumor
stage and pathological diagnosis. Further treatment options include immunotherapy and
targeted therapy. The local recurrence rate of HNSCC varies widely, depending on several
factors such as the location of the tumor, the stage at diagnosis, and the treatment meth-
ods used. Despite the use of multimodal therapy, the local–regional recurrence rate for

Curr. Issues Mol. Biol. 2024, 46, 4049–4062. https://doi.org/10.3390/cimb46050250 https://www.mdpi.com/journal/cimb



Curr. Issues Mol. Biol. 2024, 46

advanced HNSCC can be as high as 50% [6]. Notably, recurrent and metastatic disease
emerges as a major cause of mortality in HNSCC [7]. Despite remarkable advances in
surgery, radiation, and medical therapy over the past few decades, the prognosis for HN-
SCC remains poor, with a 5-year overall survival rate ranging from 25% for hypopharyngeal
cancer to 59% for laryngeal cancer [8].

An in-depth understanding of HNSCC biology is critical to improve the prognosis.
One challenge in achieving this is the development of suitable cancer models. So far, several
in vitro cancer studies have been carried out using two-dimensional (2D) monolayer cell
cultures. Although such models are easy to handle and reproducible, they fail to include
the complex interplay between cancer cells, non-malignant cells, and acellular compo-
nents within the tumor microenvironment (TME) [9]. For example, gene expression differs
between 2D monolayer culture and three-dimensional (3D) cancer models, emphasizing
the role of cell–cell interaction in cancer [10]. Furthermore, 3D cancer models have been
shown to be more resistant to anticancer drugs compared to 2D models [11]. In addition,
there is compelling evidence highlighting the importance of non-malignant cells in tumor
progression [12]. Additionally, acellular components, including molecules of the extra-
cellular matrix (ECM), have been shown to influence the phenotype of cancer cells [13].
Organoids represent an advanced 3D culture technology to mimic the complex physiology
within human organs and tumors. However, organoids fail to integrate the whole TME [14]
and have limitations in terms of studying cancer cell invasiveness and metastasis [15].
Conventional and patient-derived xenograft animal models are acknowledged as sophis-
ticated tools for cancer research. They allow for detailed study of cancer metastasis [16]
and the TME [17,18], and enable in vivo drug testing [19–21]. However, their informative
value is also limited: in addition to ethical issues, costs, and availability [22], there are
genetic [23], immunological [24], and stromal [25] differences between human, grafted, and
experimental animal tumors. All the mentioned models make valuable contributions to
preclinical cancer research. Nevertheless, all platforms have specific disadvantages that
limit their use as cancer models. Thus, there is an unmet need for further cancer models to
study HNSCC.

Compared to 2D in vitro models, tissue-engineered 3D models represent a complex
culture format more closely resembling the physiological conditions of human tumors [26].
With the integration of TME components, cancer cells can be subjected to cellular, stromal,
and biophysical stimuli. A suitable cell carrier is crucial for the generation of such 3D tissue
models. This carrier represents a scaffold of ECM, which ensures the 3D structure of the
model and allows cell-to-ECM interactions. A distinction is made between natural and
synthetic cell carriers [27]. Advantages of natural cell carriers include low antigenicity [27],
abundance in structural and functional proteins, and the fact that they allow for better
epithelial cell attachment compared to synthetic cell carriers [28]. An example of a natural
scaffold is the acellular carrier structure of porcine small intestinal submucosa with pre-
served mucosa (SIS/MUC), which consists of cross-linked collagen and elastin fibers [29].
It has previously been used to study the drug responses of tumor cell lines in human
2D and 3D lung cancer models [30]. In addition to providing a biologically intact ECM,
SIS-based scaffolds enable fibroblast migration, epithelial differentiation, and the formation
of a basement membrane [31]. The latter is essential for generating an HNSCC model
adequately able to study tumor cell invasiveness—a major driver of tumor metastasis
and recurrence.

Such a model could provide an ideal basis to elucidate specific interactions within
the TME and to gain more insights into the interplay between cancer cells and normal
adjacent tissue at the invasive tumor front. Therefore, the aim of this study was to gen-
erate a 3D tissue model of invasive HNSCC in which tumor cells are integrated into a
healthy oral mucosal model (OMM) consisting of epithelium, basement membrane, and
connective tissue.
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2. Materials and Methods

Patients and specimens: This study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the local ethic committee (Institutional
review board number: 182/10). After written informed consent was obtained from each
subject, fresh oral mucosa was obtained exclusively from donors with intact oral mucosa
who underwent elective surgery (e.g., oral surgical repositioning osteotomies, trauma
surgery, or metal removal). Exclusion criteria included a history of radiotherapy to the
head and neck, inflammatory or malignant oral diseases, smoking, and high-risk alcohol
consumption. Samples were collected from eight participants aged between 18 and 73 years.

Primary cell isolation: Following intraoperative collection, oral mucosa tissue was cut
into 2 mm slices and then incubated in dispase (Life-Technologies, Carlsbad, CA, USA)
at 4 ◦C for 16 h. Thereafter, the epithelium and lamina propria were detached from one
another. The epithelium was then processed into a single-cell suspension of keratinocytes by
mechanical and brief enzymatic disaggregation with trypsin (Life-Technologies). Thereafter,
keratinocytes were transferred into a culture flask. The remaining tissue pieces consisting of
lamina propria were placed into a T25 cell culture flask, allowing fibroblasts to spread out
of the tissue and further proliferate. Once keratinocytes and fibroblasts reached confluency,
they were cryopreserved until further usage.

Cell culture: Fibroblasts were grown in DMEM (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal calf serum (FCS) (Bio&Sell, Feucht, Germany)
and keratinocytes in E1-Medium consisting of EpiLife®Medium (Life Technologies) sup-
plemented with 60 μM calcium chloride, 5 mL human keratinocyte growth supplement
(Life Technologies), 0.2% bovine pituitary extract, 1 μg/mL insuline-like growth factor-I,
0.18 μg/mL hydrocortison, 5 μg/mL transferrin, and 0.2 ng/mL epidermal growth fac-
tor. For co-culture experiments under submerged and air–liquid interface (ALI) culture,
E2 and E3-Media were used. E2-Medium consisted of E1-Medium supplemented with
2.4 mL 300 mM calcium chloride, and E3-Medium was further supplemented with 500 μL
keratinocyte growth factor (Sigma Aldrich, St. Louis, MS, USA) and 500 μL ascorbyl
phosphate. The hypopharyngeal squamous cell cancer cell line FaDu [32] was obtained
from the American Type Culture Collection. Cells were grown in RPMI (Life Technologies)
supplemented with 10% FCS. All cell culture media contained 0.1 mg/mL streptomycin
and 100 U/mL penicillin (Life Technologies). All cells were tested for mycoplasma using
the Venor®GeM Classic Kit (Minerva Biolabs, Berlin, Germany) every 4 weeks to ensure
that they were free of contamination. For the generation of multicellular tumor spheroids,
50 μL of 0.5% agarose was added to each well of a 96-well plate and incubated overnight
at 4 ◦C. 5000 FaDu cells in 100 μL were seeded into each well and incubated for 4 d. For
microscopic detection, FaDu cells were transduced lentivirally to constitutively express
red fluorescent protein (RFP). Therefore, FaDu cells were incubated overnight with RFP
lentivirus and polybrene (Sigma Aldrich). Next, 2 mL of cell-specific medium was added.
On the third day, the medium along with viral particles was changed and rinsed, and the
culture was continued until the twenty-sixth day. Next, selection of RFP expressing cells
was performed by adding 0.25 μg/mL puromycin (InvivoGen, Toulouse, France), increas-
ing the dose to 0.5 μg/mL on day 31 and 1 μg/mL on day 36. Successful transduction was
confirmed by fluorescence microscopy with the detection of more than 90% RFP-expressing
FaDu cells.

Three-dimensional human oral mucosal model: Animal experiments were performed
after previous approval by the ethical committee of the local government (approval number:
55.2-2532-2-256). All procedures conformed to the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for scientific purposes. After
obtaining porcine small intestine as the carrier structure for our HNSCC model, the scaffold
was prepared according to methods outlined in prior studies [29]. As a 3D scaffold for tissue
model generation, decellularized porcine SIS/MUC was used, as previously described [31].
Briefly, pieces of the scaffold were mounted into cell crowns 13 mm in diameter. After
preincubation, 50,000 fibroblasts were seeded in E1-Medium from the apical side to the cell
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crown. After incubation for seven days, 25,000 keratinocytes from the same donor were
seeded on the apical side as well. Fibroblasts were used at passage 4, and keratinocytes at
passage 2. The cells were cultured under submerged conditions with E2-Medium for 24 h,
and subsequently as an ALI culture with E3-Medium for 12 d (Figure 1a). Eleven OMMs
from eight different donors were generated. For each model, three technical replicates
were generated.

Figure 1. (a) Experimental design used to generate an oral mucosal model (OMM) and (b–d) different
methods of integrating FaDu tumor cells into the OMM. (b) Integration of multicellular tumor cell
spots. (c) Integration of multicellular tumor spheroids. (d) Integration of single tumor cells. Oral
mucosal model (OMM), head and neck squamous-cell carcinoma (HNSCC).

Three-dimensional human head and neck squamous-cell carcinoma model: FaDu
tumor cells were integrated into the human OMM in three different ways (Figure 1b–d).
(i) Integration of multicellular tumor cell spots: On day 5 of ALI cultivation, medium was
removed and 10,000 FaDu cells were seeded in 2 μL of RPMI medium from the apical
side onto the OMM. After adding E3 media, ALI culture was continued for 9 more days.
(ii) Integration of multicellular tumor spheroids: On day 5 of ALI cultivation, medium
was removed and tumor cell spheroids were placed in the center of the apical side of the
OMM. The culture was continued in the same way as in (i). For tumor cell detection,
RFP-expressing FaDu cells were used. (iii) Integration of single tumor cells: On day 8 after
incubation of fibroblasts within the SIS/MUC, a mixed suspension consisting of different
ratios of FaDu cells and keratinocytes were seeded on the apical side into the cell crowns.
For each method, three HNSCC models from two different donors were built. For each
model, three technical replicates were generated. As in the OMM, the cells were cultured
under submerged conditions with E2 medium for 24 h, and subsequently as an ALI culture
with E3 Medium for 14 d.

Histology and immunohistochemistry: Immunohistochemistry (IHC) was performed
as previously described [33]. Briefly, samples were fixed in 4% formalin for 3 h, then
embedded in paraffin and sectioned at 5 μm thickness using a Leica SM2010 R Sliding
Microtome (Leica, Wetzlar, Germany). Following antigen retrieval using sodium citrate
buffer and blocking of endogenous peroxidases using 3% H2O2, primary antibodies were
diluted with antibody dilution buffer (DCS, Hamburg, Germany) in the mixing ratio
specified below, added following the provider’s instructions, and incubated for 60 min at
room temperature: Cytokeratin (CK) 10 1:100 (M7002, DAKO, Eching, Germany), CK14
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1:2000 (HPA023040, Sigma-Aldrich, St. Louis, MO, USA), Ki67 1:100 (ab16667, Abcam,
Cambridge, MA, USA), Collagen IV 1:500 (ab6586, Abcam), p53 1:50 (M7001, DAKO), and
Vimentin 1:2000 (ab92547, Abcam). Primary antibody detection, signal enhancing, and
chromogenic visualization were performed using the DCS Super Vision 2 HRP-Polymer-
Kit (DAKO) according to the provider’s instructions. Negative controls were utilized for
each experiment by omission of primary antibodies. Mayer’s hemalum solution (Merck,
Darmstadt, Germany) was used for nuclear counterstain. H&E staining was performed
using the following protocol. Tissue sections were stained for cell nuclei with Mayer’s
hemalum solution, followed by a ten-minute flush with tap water. Then, the sections were
stained with eosin for three minutes and subsequently rinsed under running tap water for
30 s to eliminate excess dye. After staining, the tissue underwent dehydration through an
ascending series of alcohol concentrations, followed by immersion in xylene. Sister slides
were used for all histology and IHC staining. Images were acquired using the BZ-9000
BIOREVO System (Keyence, Neu-Isenburg, Germany) and processed with BZ-II Analyzer
and BZ-II Viewer software (Version 2.1, Keyence). Figures were illustrated with Microsoft
Paint (Redmond, WA, USA) and compiled with Microsoft PowerPoint (Version 2312).

3. Results

Generation of a reproducible 3D human oral mucosal model: The first step in estab-
lishing a human HNSCC model was the generation of a healthy OMM, which resembled
the human oral mucosa. The aim was to evaluate the suitability of primary fibroblasts
and keratinocytes from the oral cavity to generate such OMM. The growth pattern and
properties of the OMM were assessed via H&E staining and IHC. A decellularized porcine
SIS/MUC was used for the generation of the OMM. SIS-based scaffolds have already
proved to be a suitable basis on which to build human cancer tissue models [30,31,34].

In all models, H&E staining showed a regular formed, keratinized, stratified squamous
epithelium without any histological features of dysplasia. The epithelium of the OMM
consisted of 10–15 cell layers with a thickness of around 100–120 μm and a regular stratifi-
cation (Figure 2a). The thickness of the epithelium and lamina propria was comparable
between different donors. However, in comparison to oral mucosa, the OMM exhibited
a lower mucosal thickness. The overall thickness of the model, including the scaffold,
was around 350 μm, with a diameter of 13 mm. IHC allowed us to further analyze the
morphology and cell composition of the OMM (Figure 2b). In both the OMM and in oral
mucosa, Vimentin-positive fibroblasts were exclusively found within the lamina propria,
and collagen IV was expressed within the basal membrane and lamina propria. Further-
more, a continuously formed basal membrane was clearly identifiable by more intense
collagen IV staining. Laminin V stained the basal membrane in oral mucosa. An identical
Laminin V staining pattern was detectable in the OMM, providing further evidence for
the formation of a basal membrane in the OMM. CK14 is a marker for keratinocytes of
the basal layer [35]. Compared to oral mucosa, CK14 staining was more intense in OMM,
but also decreased towards the apical surface. As in oral mucosa, suprabasal cells in the
OMM stained positive for CK10. A matching staining was found in the OMM. All layers of
oral mucosa stained moderately positive for CK5/6. Similarly, all layers of the OMM were
positive for CK5/6, though with more intense staining. Proliferating Ki67 cells were found
in the basal epithelial layer and occasionally within the lamina propria.

Overall, 11 OMM from eight different donors were generated and evaluated. The
success in establishing the OMM indicates the suitability of primary oral fibroblasts and
keratinocytes. Furthermore, the comparable properties between each OMM indicate the
reproducibility of the model.

Failed integration of multicellular tumor cell spots and tumor spheroids into the 3D
human oral mucosal model: Next, we aimed to use the OMM as a basis to generate human
HNSCC models. Therefore, we tested different ways of integrating FaDu hypopharyngeal
squamous cell carcinoma cells into the OMM. One way was the seeding of FaDu tumor
cell spots onto the OMM (Figure 1b). The histological analysis of H&E staining revealed a
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regular formed, keratinized, stratified squamous epithelium, as seen in the OMM. There
were no signs of either malignancy or tumor cells. A further characterization was performed
by IHC, which revealed a morphology similar to the OMM (Figure 3a).

Figure 2. Generation of a 3D bioequivalent oral mucosa model (OMM). (a) Comparison of human oral
mucosa with the OMM by H&E staining. The red dotted line separates the stratified squamous ep-
ithelium from the underlying lamina propria. The black dotted line separates the lamina propria from
residual SIS/MUC. (b) Comparison of human oral mucosa with the OMM by immunohistochemistry.
Scale bars represent 100 μm. Oral mucosa model (OMM), cytokeratin (CK), control (ctrl).
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Figure 3. Failed integration of (a) FaDu tumor cell spots (b) and tumor spheroids into the oral mucosa
model (OMM). FaDu cells were transduced lentivirally to constitutively express red fluorescent
protein (RFP). Analysis by H&E staining and immunohistochemistry showed a keratinized stratified
squamous epithelium, similar to the OMM. While, in (a), no tumor cells could be detected, in (b), RFP-
positive tumor cells appeared on the stratum corneum as remnants of the spheroid. The arrowhead
indicates tumor cells atop the stratum corneum, which are strongly eosinophilic with fragmented
nuclei. Scale bars represent 100 μm. Head and neck squamous-cell carcinoma (HNSCC), cytokeratin
(CK), red fluorescent protein (RFP).

Another method was the seeding of multicellular tumor spheroids (Figure 3b) onto
the OMM on day 5 of ALI culture (Figure 1c). Histological analysis after nine more days
showed tumor cells located on top of the stratum corneum, as seen with H&E staining
and RFP-positive cells. The tumor cells were strongly eosinophilic with fragmented nuclei,
possibly indicating apoptotic cells. All epithelial layers below, as well as the lamina propria,
had regular morphology without any signs of malignancy, as seen in the OMM. This
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was further supported by IHC, showing a similar morphology compared to the OMM
(Figure 3b).

Generation of a human head and neck squamous-cell carcinoma model through early
integration of single tumor cells: Another way to transform the OMM into a human HNSCC
model was the early integration of single tumor cells as a mixed suspension consisting
of FaDu cells and keratinocytes (Figure 1d). For this purpose, different suspension ratios
were seeded into the cell crowns eight days after the incubation of fibroblasts into the
SIS/MUC. After a further 13 days in culture, the histological analysis revealed remarkable
morphological differences between the cell ratios utilized compared to the previous models
(Figure 4).

Figure 4. Integration of single tumor cells as a mixed suspension consisting of FaDu cells and
keratinocytes. Depending on the mixing ratio, sections of normal stratification could still be detected
at ratios up to 1:33. This was no longer the case at a ratio of 1:25. From a ratio of 1:33, there were clear
signs of invasive tumor growth with basement membrane penetration and invasion into the lamina
propria (arrowhead and arrows). Horn beads (asterisk), as another sign of malignancy, could be seen
at ratios of 1:25 and 1:10. Scale bars represent 100 μm. Head and neck squamous-cell carcinoma
(HNSCC), cytokeratin (CK).

When using a tumor cell-to-keratinocyte ratio of 1:50, we could still observe signs
of stratification, as supported by regular upper cell layers and a continuously formed
stratum corneum. The cells within the basal layers appeared to be irregular, with a nuclear
pleomorphism and differences in size, indicating the formation of tumor cell clusters. This
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observation was further supported by local accumulations of Ki67- and p53-positive cells
within these clusters. However, a penetration of the basal membrane with invasion into the
lamina propria was not detected.

In contrast, at a ratio of 1:33, some segments of the model showed a disturbed epithelial
architecture and invasive tumor growth. The arrowhead in Figure 4 highlights a segment
of penetration of the basal membrane with invasion into the lamina propria. However,
other segments of the model showed regular architecture, with organized stratification and
a continuously formed stratum corneum. Basal membrane penetration was also detected at
the ratios of 1:25 and 1:10. The arrows in Figure 4 show examples of tumor cell clusters
invading into the lamina propria. In addition, most of the epithelial cells were positive
for the proliferation marker Ki67 and the tumor suppressor p53. A regular epithelial
architecture and an equal distribution of fibroblasts were no longer detectable. Instead,
atypical cornification was found (Figure 4, asterisk).

In summary, integrating multicellular tumor spots and tumor spheroids into the OMM
on day 5 of ALI culture failed. In contrast, early seeding of a mixture of keratinocytes and
FaDu during the formation of the OMM enabled the establishment of a human HNSCC
model. Depending on the ratio of keratinocytes and FaDu tumor cells, penetration of the
basal membrane as well as a disrupted epithelial architecture could be detected. Table 1
provides a comparison of the results obtained from the different seeding approaches.

Table 1. Comparison of the epithelial characteristics and tumor formation observed from the different
seeding approaches.

Oral Mucosa Model Tumor Formation

Tumor spots Regularly formed epithelium No signs of malignancy or tumor formation

Tumor spheroids Regularly formed epithelium Tumor cells located on top of
stratum corneum

Single tumor cells 1:50
Continuously formed stratum corneum, cells
in the basal layers appeared irregular with

nuclear pleomorphism and differences in size

Formation of tumor cell clusters; no
invasion into lamina propria

1:33 Disturbed epithelial architecture Invasive tumor growth

1:25 No regular epithelial structure,
atypical cornification Invasive tumor growth

1:10 No regular epithelial structure,
atypical cornification Invasive tumor growth

4. Discussion

The aim of the present study was to generate a 3D model of HNSCC that mimics
the crosstalk at the invasive tumor front of human HNSCC by enabling cellular and
stromal interactions. Our model is based on invasive cancer cells within an OMM which
was established from primary human cells seeded on a porcine SIS/MUC. The focus of
the study was set on morphological analysis based on histology and IHC. In summary,
we showed that (1) an OMM could be generated from primary human fibroblasts and
keratinocytes seeded onto a porcine SIS/MUC; (2) this OMM was reproducible, showed
a regular pattern of differentiation, and therefore shared relevant properties with oral
mucosa; and (3) HNSCC cells could be integrated into this model, which ultimately led to
the generation of a 3D HNSCC model with features such as basal membrane penetration
and cancer cell invasion into the lamina propria.

An OMM was generated as a first step to serve as a basis for the HNSCC model. In
line with other studies, we were able to show that primary keratinocytes and fibroblasts
were suitable for the generation of a reproducible OMM [36–38]. As in the oral mucosa, we
detected a keratinized stratified squamous epithelium in the OMM, which was separated
from the lamina propria by a continuously formed basal membrane. IHC for the basal
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membrane marker collagen IV stained the entire lamina propria. This was most likely due
to the natural occurrence of collagen IV in the SIS/MUC [39]. However, a continuous basal
membrane was clearly visible by IHC. This, as well as the regular distribution of fibroblasts
within the lamina propria, indicate the bio-similarity of the OMM. In addition to a suitable
cell carrier, the presence of fibroblasts is particularly important in the establishment of
an OMM and HNSCC model. For example, fibroblasts were shown to be significantly
involved in the deposition of bioactive molecules within the ECM and in the formation
of a basal membrane [40]. In the OMM, fibroblasts were evenly distributed and arranged.
Interestingly, this was not the case in the HNSCC model, indicating cross-talk between
cancer cells and fibroblasts. In addition to directly promoting tumor cell motility [41],
fibroblasts can further support tumor cell invasion by modifying the ECM [42]. Aptly,
we showed tumor cell penetration of the basal membrane with invasion into the lamina
propria in our HNSCC model, generated by application of a cell mixture of FaDu cells
and primary keratinocytes. In contrast, other models of oral dysplasia [43] and squamous
cell carcinoma [44] failed to demonstrate this feature. Therefore, our HNSCC model
succeeds in mimicking these crucial processes of HNSCC biology. We further showed the
formation of tumor cell clusters with an increased number of Ki67 and p53 cells, indicating
ongoing cancer cell proliferation. Cancer cell distribution and epithelial differentiation
were dependent upon the ratio of FaDu tumor cells to keratinocytes. In our opinion, the
optimal ratio seems to be 1:33, as tumor cell clusters with basal membrane penetration can
be detected along with segments of regular epithelial differentiation. This was not the case
for the other ratios used in this study.

The integration of multicellular tumor spots and tumor spheroids into our OMM on
day five of ALI culture did not succeed. However, Colley et al. were able to establish
an oral carcinoma in situ model by applying FaDu spheroids onto a 3D OMM generated
from normal oral keratinocytes and fibroblasts transferred onto a de-epidermized acellular
dermis [38]. Compared to our study, Colley et al. had seeded spheroids on their tissue-
engineered OMM already before raising the model to an ALI. In our OMM, a stratum
corneum and, thus, a horny layer developed shortly after raising the model to an ALI.
Therefore, it is likely that the tumor cells were not able to penetrate this horny layer, thus
leading to a nutritional deprivation and cell death. This discrepancy indicates that tumor
cells and tumor cell spheroids should be seeded onto the models before a stratum corneum
is formed, thus enabling their integration. A potentially optimal time point might be
the transition from a submerged to an ALI culture. Comprising tissue-specific primary
human keratinocytes and fibroblasts, an OMM served as the basis for our HNSCC model.
Importantly, the OMM closely approximated the in vivo situation from a histological and
immunohistochemical point of view, enhancing the model's biological relevance and its
suitability as a basis for our HNSCC model. This model stands out by replicating the
stroma through the use of a bioactive 3D cell carrier which mimics the tissue-specific ECM
composition and features a basal membrane. Furthermore, our SIS/MUC-based models
gain significance from the considerable preservation of extracellular matrix (ECM) proteins
across the evolutionary development of porcine and human organisms [45], suggesting
that our porcine-derived scaffold is apt for developing an HNSCC model. Interestingly, it
even becomes possible to implant porcine scaffold-based constructs into patients following
the scaffold recellularization with human cells [46]. In summary, key aspects of our model
are a biosimilar composition of the ECM as well as invasive tumor cell clusters with basal
membrane penetration and lamina propria infiltration between segments of regular epithe-
lial differentiation, based on an OMM from primary human fibroblasts and keratinocytes.
This model might help to enable further studies on tumor cell invasion as well as on the
cellular and stromal interactions at the invasive tumor front. However, limitations need to
be addressed. Our study aimed to develop a cancer model to elucidate general aspects of
HNSCC pathophysiology, utilizing the hypopharyngeal cancer cell line FaDu integrated
into an OMM. This approach is supported by literature that identifies commonalities in the
disease process across various sites within the head and neck region. However, it is also
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crucial to acknowledge that squamous cell carcinomas can exhibit significant variations
depending on their anatomical origin [47,48]. Therefore, there is a need for subsequent
studies to validate these findings using further cancer cell lines from other locations of
the head and neck, aiming to enhance the translatability of the results to HNSCC. Our
HNSCC model does not necessarily correspond to the in vivo conditions within the TME,
as it lacks key features of the natural environment. Achieving full biological relevance is
difficult due to the inherent complexity of the in vivo TME, containing diverse cell types
and extracellular matrix components. Our model lacks important cell types of the TME such
as inflammatory and further mesenchymal cells. However, as already demonstrated by
others, additional cell types such as endothelial cells [49] can be integrated into ECM-based
biological scaffolds. Cell lines that have been immortalized undergo manipulation to enable
indefinite proliferation. An extended period in an in vitro setting can lead to alterations
in the inherent characteristics of the cell population [50]. In addition to the integration of
an immortalized cell line, as was performed in our work, further approaches such as the
integration of patient-derived primary tumor explants proved to be feasible in another 3D
model of head and neck cancer consisting of fibroblasts seeded on a viscose fiber fabric.
In contrast to cell lines, tumor explants offer the benefit of maintaining key characteristics
of the cancer lesion crucial for replicating the TME, such as leukocyte infiltration [51].
Isolating primasry tumor cells directly from patient samples would better replicate patient-
specific conditions, potentially increasing the model's relevance in clinical settings. In the
future, such approaches might enable testing treatment responses to various anticancer
drugs, assessing the tumor’s sensitivity to radiotherapy, or correlating the models to clinical
histopathological characteristics like invasion and tumor growth. All in vitro models are
exposed to certain microenvironmental factors, such as gradients of oxygen, nutrients,
signaling molecules, and biophysical stimuli. The use of patient-derived serum, rather
than calf serum, in the model could better mimic the natural tumor microenvironment,
thereby providing more physiologically relevant data. However, these factors can only
be controlled partially and do not exactly represent the in vivo environment of human
tumors. Future efforts in HNSCC model development should focus on addressing these
limitations by advancing models that incorporate primary HNSCC tumor tissue alongside
various non-malignant cell types, aiming for a more comprehensive representation of the
TME. By bridging the gap between basic in vitro conditions and the in vivo TME, such a
model could additionally contribute to TME research and ultimately serve as platform for
anti-cancer drug testing.

5. Conclusions

Primary human fibroblasts and keratinocytes seeded onto a porcine SIS/MUC formed
a bioequivalent OMM. Cancer cells could be integrated into this OMM to generate an
HNSCC model, which showed features of tumor cell invasiveness. Future work should
focus on the integration of further components of the TME.
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Świętek, A.; Miśkiewicz-Orczyk, K.;

Koniewska, A.; Misiołek, M.;

Strzelczyk, J.K. Sequencing Analysis

of MUC6 and MUC16 Gene

Fragments in Patients with

Oropharyngeal Squamous Cell

Carcinoma Reveals Novel Mutations:

A Preliminary Study. Curr. Issues Mol.

Biol. 2023, 45, 5645–5661. https://

doi.org/10.3390/cimb45070356

Academic Editors: Violeta Popovici

and Emma Adriana Ozon

Received: 7 June 2023

Revised: 29 June 2023

Accepted: 2 July 2023

Published: 4 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Communication

Sequencing Analysis of MUC6 and MUC16 Gene Fragments
in Patients with Oropharyngeal Squamous Cell Carcinoma
Reveals Novel Mutations: A Preliminary Study
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Abstract: The growing incidence of oropharyngeal squamous cell carcinoma (OPSCC) calls for
better understanding of the mutational landscape of such cases. Mucins (MUCs) are multifunctional
glycoproteins expressed by the epithelial cells and may be associated with the epithelial tumour
invasion and progression. The present study aimed at the analysis of the sequence of selected MUC6
and MUC16 gene fragments in the tumour, as well as the margin, samples obtained from 18 OPSCC
patients. Possible associations between the detected mutations and the clinicopathological and
demographic characteristics of the study group were analysed. Sanger sequencing and bioinformatic
data analysis of the selected MUC6 and MUC16 cDNA fragments were performed. Our study found
13 and 3 mutations in MUC6 and MUC16, respectively. In particular, one novelty variant found that
the MUC6 gene (chr11:1018257 A>T) was the most frequent across our cohort, in both the tumour and
the margin samples, and was then classified as a high impact, stop-gain mutation. The current study
found novel mutations in MUC6 and MUC16 providing new insight into the genetic alternation in
mucin genes among the OPSCC patients. Further studies, including larger cohorts, are recommended
to recognise the pattern in which the mutations affect oropharyngeal carcinogenesis.

Keywords: oropharyngeal squamous cell carcinoma (OPSCC); mutation; MUC6; MUC16

1. Introduction

Mucins are multifunctional glycoproteins expressed by epithelial cells in a variety
of tissues [1] and classified as membrane-bound or secreted mucins, the latter further
divided into gel-forming and non-gel-forming ones [2]. Membrane-bound mucins are
important in numerous biological processes, including molecular cell signalling [3]. Act-
ing like receptors, they can conduct signals from the environment to the cell, therefore
influencing proliferation, differentiation or apoptosis [4]. Some studies suggest an associa-
tion between mutations in MUC16 and the immune response and the cell cycle in cancer
patients [5,6]. MUC16 has a role in the maintenance of the mucosa and acts as a barrier
against external agents [7], such as bacterial adherence [8,9]. On the other hand, secreted
mucins (e.g., MUC6) play a key role in the protection of the epithelium against infection
agents, chemical injury or dehydration by forming a mucus layer [10]. MUC6 expresses
O-glycans, which may take an important part in bacterial growth control [11]. Importantly,
during carcinogenesis mucins may have an important role in cancer cell differentiation and
metastasis [12].
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In 2020, oropharyngeal cancer was diagnosed in 98,412 patients worldwide and
caused the death of 48,143 people [13]. Most oropharyngeal cancers are squamous cell
carcinomas (OPSCCs), arising from the mucosa epithelium of the oropharynx. As for all
other types of head and neck squamous cell carcinomas (HNSCCs), multiple risk factors are
known for OPSCCs: use of tobacco and alcohol, poor oral hygiene, ageing, environmental
pollutants and viral infection, such as human papillomavirus (HPV) [14]. Favourably,
HPV vaccines are effective against the virus, especially for genotypes HPV-16 and HPV-18,
associated with OPSCC [15]. The median age for HPV-positive OPSCC is 53 and 58 years
for HPV-negative [16]. OPSCC patients with HPV infection, whose number is increasing
worldwide [17], have more favourable prognoses [18,19]. HPV-negative tumours located
in the head and neck demonstrated different somatic mutations compared to HPV-positive
HNSCC [20]. Sequencing analysis of HNSCC from different anatomic sites, with or without
HPV, revealed a markedly diverse landscape of mutations [21]. Comparison of HPV-
positive tonsillar OPSCC and HPV-negative oral squamous cell carcinoma (OSCC) revealed
a mutation in MUC12 shared by both types of cancers, and a higher number of mucin genes
with mutations were noticed in HPV-positive OPSCC patients [22].

The present study aimed to analyse the sequence of some selected fragments of MUC6
and MUC16 genes in the tumour and the margin samples obtained from the OPSCC patients.
Some possible associations between the detected mutations and the clinicopathological
or demographic characteristics of the study group were also analysed. Moreover, the
identified variants in MUC6 and MUC16 genes were evaluated in relation to their HPV
status. Figure 1 presents the study flow chart.

Figure 1. Flow chart of the study.
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2. Materials and Methods

2.1. Patients and Samples

The study population comprised 18 OPSCC patients recruited at the Department of
Otorhinolaryngology and Oncological Laryngology in Zabrze, Medical University of Silesia
in Katowice (Poland). The main inclusion criterion was the diagnosis of primary OPSCC,
while the exclusion criteria included preoperative chemotherapy and radiotherapy. All
of the cases derived from a Polish, white population. The key data (age, sex, medical
history and use of tobacco and alcohol) were collected through an ad hoc questionnaire.
The study was approved of by the Ethics Committee of the Medical University of Silesia
(no. KNW/0022/KB1/49/16 and KNW/0022/KB1/49/II/16/17). Informed consent was
obtained from all the patients enrolled in the study. This work was supported by a grant
from the Medical University of Silesia (KNW-2-O07/N/9/N).

Two tissue samples were obtained from each of the OPSCC patients: a tumour sample
and a histologically normal surgical margin sample. All samples were collected during the
surgical resection. The anatomical location of the OPSCC samples comprised the palatine
tonsils only. The tumour samples contained the histopathologically proven primary OPSCC
cells. An R0 resection (microscopically margin negative resection) was performed in all the
patients and the margin samples were histopathologically confirmed as free of cancerous
cells and dysplasia. The tumour stage was categorised according to the International Union
Against Cancer (UICC) classification of head and neck tumours (7th Edition) [23]. After
resection, all specimens were immediately immersed in RNAlater® (Sigma-Aldrich, Saint
Louis, MO, USA) and frozen at −80 ◦C pending RNA extraction. Figure S1 shows the
detailed procedures of our laboratory work.

2.2. MUC 6 and MUC16 Sequencing
2.2.1. RNA Extraction

Homogenisation of each tumour and of the margin sample was the first step preceding
RNA extraction and use of ceramic beads Lysing Matrix D (MP Biomedicals, Irvine, CA,
USA) in FastPrep®-24 homogeniser (MP Biomedicals, Irvine, CA, USA). RNA extraction
was performed with the use of an RNA isolation kit (BioVendor, Brno, Czech Republic)
according to the manufacturer’s protocol. Estimation of the quality and quantity of the
extracted RNA was performed on a NanoPhotometer® Pearl spectrophotometer (IMPLEN,
Munich, Germany).

2.2.2. Complementary DNA (cDNA) Synthesis

A total of 5 ng RNA was reverse-transcribed into complementary DNA with the High
Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems™,
Waltham, MA, USA) according to the manufacturer’s instructions. The reaction was run
in a 20 μL volume. Briefly, 10 μL of the previously extracted RNA was added to 2 μL of
10× Buffer RT, 2 μL of 10× RT Random Primers, 0.8 μL of 25× dNTP mix (100 mM), 1 μL
of MultiScribe™ Reverse Transcriptase, 1 μL of RNase inhibitor, and 3.2 μL of nuclease-free
H2O. The thermal parameters of the reaction were as follows: 25 ◦C for 10 min, 37 ◦C
for 120 min, 85 ◦C for 5 min and cooldown to 4 ◦C–∞. The reaction was performed in
Mastercycler personal (Eppendorf AG, Hamburg, Germany).

2.2.3. Amplification of Selected Fragments of MUC6 and MUC16 Genes

Both sets of primers were designed using Primer-BLAST 3 (NCBI, Bethesda, MD, USA)
to target all mRNA sequences of MUC6 and MUC16 genes. The primers were synthesised
by Genomed (Genomed Joined-Stock Company, Warsaw, Poland), and their sequences are
listed in Table 1. The first criterion for the amplified product selection was the presence of
known variants in the central part of the amplified sequence. The secondary condition was
the presence of the amplified fragment throughout all the known transcription variants of
the gene.
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Table 1. Primer sequences for the MUC6 and MUC16 transcripts fragments.

Gene Forward Primer 5′—3′ Reverse Primer 5′—3′

MUC6 fragment (606 bp) GAAGGATGTTGCCGTCATGG ACTGAATACACAACGCCCCA
MUC16 fragment (653 bp) ACAGGCTGGGTCACAAGTTC GGCGAGGTTGTAGCATGGAT

The PCR reaction was run in a 20 μL volume. The amplification reaction was accom-
plished with Platinum™ II Hot-Start PCR Master Mix (2X) (Invitrogen, Waltham, MA,
USA), according to the manufacturer’s protocol. Briefly, 10 μL of Platinum™ II Hot-Start
PCR Master Mix was mixed with 0.4 μL 10 μM forward primer, 0.4 μL 10 μM reverse
primer, 1 μL cDNA and 8.2 μL nuclease-free water. The PCR conditions were as follows:
denaturation at 94 ◦C for 2 min, and 35 cycles of 94 ◦C for 15 s, 60 ◦C for 15 s and 68 ◦C for
15 s.

2.2.4. Purification of the Selected MUC6 and MUC16 Gene Amplificated Fragments

Purification of the amplification products was performed with ExoSAP-IT™ Express
PCR Product Cleanup Reagent (Applied Biosystems™, Waltham, MA, USA), according to
the manufacturer’s instructions. Briefly, 5 μL of each PCR product was mixed with 2 μL
ExoSAP-IT™ Express PCR Product Cleanup Reagent, vortex and incubated at 37 ◦C for
4 min and 80 ◦C for 1 min.

2.2.5. Cycle Sequencing Reaction

The cycle sequencing reaction was performed with BigDye™ Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems™, Waltham, MA, USA), according to the manufac-
turer’s protocol. The 3 μL of the purified PCR product was added to the reaction mixture
containing 2 μL BigDye™ Terminator v3.1 Ready Reaction Mix, 1 μL of 5 × Sequencing
Buffer, 3 μL deionised water and 1 μL forward/reverse primer (3.2 μM). The sequencing
reaction was run in the following conditions: 96 ◦C for 1 min, and 25 cycles of 96 ◦C for
10 s, 50 ◦C for 5 s and 60 ◦C for 4 min. The reaction was run in QuantStudio 5 Real-Time
PCR system (Applied Biosystems™, Waltham, MA, USA).

2.2.6. Purification of the Templates and Capillary Electrophoresis

BigDye XTerminatorTM Purification Kit (Applied Biosystems™, Waltham, MA, USA)
was used to purify the DNA sequencing reaction and prepared according to manufacturer’s
protocol. Briefly, 55 μL of SAM/BigDye XTerminatorTM bead working solution was added
to each sample on the sequencing plate and vortexed for 30 min at 2000 rpm (IKA MS3
Digital, IKA Werke GmbH&Co. KG, Staufen, Germany). The last step was to centrifuge the
plate at 1000× g for 2 min. The supernatant of each sample was analysed in a 3130 Genetic
Analyzer (Applied Biosystems™, Waltham, MA, USA) using 3130 POP-7TM Performance-
Optimized Polymer (Thermo Fisher Scientific, Waltham, MA, USA). The results were saved
in the 3130 Genetic Analyzer software (Applied Biosystems™, Waltham, MA, USA).

2.3. Bioinformatic Analysis

Analysis of the Sanger sequencing data (AB1 files), including base calling, alignment
to the human reference sequence (genome assembly GRCh38.p13), variant identification
and deconvolution of heterozygous mutations, were performed using Tracy [24]. BCFtools
(version 1.8) was used to handle VCF/BCF files, whereas all downstream functional anno-
tations and predictions, including the variant impact on protein, SIFT (version sift5.2.2) [25]
and PolyPhen-2 (version 2.2.2) scores [26], were determined using Variant Effect Predictor
(VEP v103) [27]. All the acquired traces were manually inspected before the analysis to
reject those showing very short sequences (fewer than 200 base pairs) using Chromatogram
Explorer Lite (version v5.0.2, Heracle BioSoft, Pitesti, Romania).
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2.4. Statistical Analysis and Data Visualisation

A comparison between the tumour and of the corresponding margin samples was
performed using the Kruskal–Wallis test for age, TNM staging and histological grad-
ing, and MUC6 and MUC16 mutation occurrences. Fisher’s exact test was used to com-
pare the tumour and the margin samples in regard of sex, smoking, alcohol drinking,
MUC6 and MUC16 mutation occurrences and HPV status. Lollipop plots of mutation
locations in MUC6 and MUC16 cDNA fragments were generated using the TrackViewer
R library [28]. Hierarchical clustering using Euclidean distance calculation and its visu-
alisation as heatmaps with dendrograms was performed using the gplots R library [29].
Analyses were performed with the use of R 4.2.2 in RStudio version 2022.12.0 build 353
(PBC, Boston, MA, USA) using the stats R library [30].

3. Results

3.1. Study Group

The study group included 18 patients, 4 of whom (22.22%) were women and 14
(77.78%) men, with a mean age of 62.83 ± 8.13. Seven of the patients (38.89%) were
smokers. Ten cases (55.56%) admitted consuming alcohol; five (27.78%) consumed alcohol
occasionally, and five (27.78%) drank alcohol on a regular basis. Our previous study
delivered information about the HPV status of the cohort [31], where there were 12 (66.67%)
HPV-positive patients, 5 (27.28%) HPV-negative individuals with only 1 case (5.56%) on
which no information was available. Clinical data of the patients are presented in Table 2.

Table 2. Detailed clinical data of the patients.

Parameter n %

T1 3 16.67
T2 6 33.33
T3 9 50.00

N0 7 38.89
N1 1 5.56
N2 9 50.00
N3 1 5.56

G1 4 22.22
G2 8 44.44
G3 6 33.33

3.2. Sequencing Analysis

The analysis excluded samples with poor Sanger data quality and the final dataset was
composed of 30 samples: 16 (53.33%) with OPSCC tumour and 14 (46.67%) margin samples.
We obtained 25 sufficient quality traces of the MUC6 fragment and 22 of the MUC16
fragment. The list of used and rejected (based on quality) traces of the sequencing samples
is shown in Table S1, along with the tumour and the margin sample ID for each patient.

A total of 30 different mutations were found across the cohort in the MUC6 cDNA
fragment. Similarly, 15 mutations were detected in the MUC16 cDNA fragment. Af-
ter evaluation and removal of the low-quality variants, the changes narrowed down to
13 mutations in the MUC6 fragment and 3 variants the MUC16 fragment. The example
electropherograms of Sanger sequencing traces for MUC6 and MUC16 fragments with
mutations are presented in Figure S2.

3.2.1. Sequencing Analysis of MUC6

Analysis of the sequencing results for MUC6 reported a total of 30 variants, 17 of
which had low quality (hence, not used for further analyses) and the remainder 13 with good
quality. Most single nucleotide variations (SNVs) were missense variants with transversion
C>T. All mutations found in the MUC6 fragment are presented in Table 3, while more detailed
information is gathered in Table S2.
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We observed similar occurrences of mutations in the tumour and the margin samples
(p = 0.568). The highest number of variants in a single tumour sample was three, while in a
single margin sample it was two. Moreover, we reported that all of the detected variants in
MUC6 corresponded to amino acidic changes. The mutation occurrences are summarised
in Table 4.

Table 4. The occurrences of mutations detected in the fragments of MUC6 and MUC16.

Fragment Sample n (%) Mean SD Minimum Maximum p-Value

MUC6 cDNA
Tumour 10 (62.5%) 1.00 0.97 0 3 0.568
Margin 11 (78.57%) 1.14 0.77 0 2 0.568

MUC16 cDNA
Tumour 7 (43.75%) 0.75 0.93 0 2 0.946
Margin 8 (57.14%) 0.64 0.63 0 2 0.946

Interestingly, we found that most of the patients (16 cases) hosted the same stop-gained
mutation in the MUC6 gene (chr11:1018257 A>T; ENST00000421673.7:c.4544C>A), which
was present neither in The Genome Aggregation Database (gnomAD) [32] nor in The Single
Nucleotide Polymorphism database (dbSNP) [33]. This change was found in ten tumour
samples and ten margin samples. Moreover, four patients had this mutation in their tumour
and margin samples simultaneously. Furthermore, two of the known variants were found
within the MUC6 fragment: one had a moderate impact (COSV70139063) and the second
had a low impact (COSV70138702) (Table S2). Distribution of the detected mutations in the
MUC6 cDNA fragment is presented in Figure 2, while the distribution of the single amino
acid variants (SAVs), along with the MUC6 protein sequence, is presented in Figure 3.

Figure 2. Lollipop diagram demonstrating the nucleotide changes in the mutated MUC6 cDNA
(black: tumour; grey: margin).

Figure 3. Lollipop diagram demonstrating the amino acid changes in the MUC6 protein fragment
(black: tumour; grey: margin).
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We used the SIFT and PolyPhen prediction tools to analyse the effect of amino acid
changes upon the structure and function of mucin. Using the PolyPhen score, one of the
detected variants (c.4258G>C) was flagged as a probably damaging MUC6 protein structure.
The values of SIFT and PolyPhen score analysis were 0.06 and 0.921, respectively. Moreover,
SIFT predicted five variants as “tolerated” (two tolerated and three tolerated with low
confidence) and three with “deleterious effect” (one deleterious and two deleterious with
low confidence). PolyPhen predicted eight variants as “benign”. Detailed information on
the SIFT and PolyPhen analyses are presented in Table S2.

3.2.2. Sequencing Analysis of MUC16

Analysis of the sequencing results for MUC16 reported a total of 15 variants, 12 of
which had low quality (hence, not used for further analyses) and the remaining 3 had
good quality. Two of the three SNVs were missense variants and one was a synonymous
variant. Found in 12 patients, the most common variant type was a missense one located at
position 8,964,498 of chromosome 19 (ENST00000397910.8:c.12272T>A). Moreover, three
patients hosted this variant in the tumour and the margin samples simultaneously. Our
analysis reported that no known variants occurred in the selected fragment of MUC16. All
mutations identified in MUC16 are shown in Table 5, while detailed information is gathered
in Table S3.

All the detected mutations corresponded to protein alterations and no significant
difference in mutation occurrence was observed between the tumour samples and the
margin samples (p = 0.946). Distribution of the detected mutations in the MUC16 cDNA
fragment is shown in Figure 4, while the distribution of the mutations found in the MUC16
protein sequence is shown in Figure 5.

Figure 4. Lollipop diagram demonstrating the nucleotide changes in the mutated MUC16 cDNA
(black: tumour; grey: margin).

Figure 5. Lollipop diagram demonstrating the amino acid changes in the MUC16 protein fragment
(black: tumour; grey: margin).
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Additionally, the first detected variant (ENST00000397910.8:c.12272T>A) was pre-
dicted with SIFT tool as “tolerated” (tolerated with low confidence, value 0.09) be-
ing a replacement of isoleucine (Ile) with lysine (Lys). The second detected variant
(ENST00000397910.8:c.12143G>A) was predicted as “deleterious effect” (deleterious low
confidence, the value of the SIFT score analysis was 0.0), as a consequence of the change
from methionine (Met) to lysine (Lys). Analysis with the PolyPhen tool pointed to both
variants as “benign” (0.013 and 0.028, respectively).

3.3. HPV Presence and MUC6 and MUC16 Mutations

We analysed the potential association between the HPV status and mutations of the
mucin genes. No significant differences were found between the occurrences of mutations in
MUC6 or MUC16 in HPV-positive tumour, as compared to HPV-negative tumour samples.
Similarly, no significant results were observed in the margin samples.

3.4. Impact of the Common Occurrences of MUC6 and MUC16 Mutations on Clinicopathological
and Demographic Characteristics of the Study Groups

There were no significant differences in mutation occurrences of MUC6 between the
tumour and the margin samples. No significant correlation was found between the pa-
rameters (age, TNM staging and histological grading) and the MUC6 mutation frequency
observed throughout the study group. In addition, no significant differences were observed
between the mutation occurrence depending on demographic parameters (such as sex,
smoking status, alcohol drinking status: casual, regular or general) in tumour or margin
samples. Similarly, no significant differences were observed between mutation occur-
rences of MUC16 and the clinicopathological or demographic characteristics for tumour or
margin samples.

3.5. Mutation Clustering

The heatmaps and dendrograms presenting the mutations found in MUC6 and MUC16
are shown in Figures 6 and 7, respectively. Similarly, analyses for both genes, MUC6 and
MUC16, are presented in Figure 8. The hierarchical cluster analysis performed for the
identified variants revealed no significant similarities nor mutation patterns in the MUC6
coding sequence (Figure 6) or both MUC6 and MUC16 (Figure 8) corresponding to the
tumour or margin groups. The mutational patterns did not correspond to any of the
clustering data available in this study (TNM staging and histological grading, sex, alcohol
drinking or smoking).

MUC16 cDNA (Figure 7) mutations patterns showed that the presence of ENST0000039
7910.8:c.12272T>A and ENST00000397910.8:c.12143G>A together persisted frequently in
the tumour samples (four out of seven samples) but not in the margin tissue samples (one
out of eight samples). In one patient, both mutations were found in the tumour and the
margin samples (sample IDs 63 and 64). Another patient had both mutations in the tumour
sample but not in the corresponding margin sample (samples IDs 15 and 16).
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Figure 6. Heatmap and dendrograms presenting the mutations found in the selected fragment
of MUC6 coding sequence (CDS ENST00000421673.7). Tissue type shown as blue (tumour) or
green (margin).

Figure 7. Heatmap and dendrograms presenting the mutations found in the selected fragment of
MUC16 coding sequence (CDS ENST00000397910.8). The tissue type illustrated as blue (tumour) or
green (margin).
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Figure 8. Heatmap and dendrograms presenting the MUC6 coding sequence (CDS ENST000004
21673.7) and MUC16 coding sequence (CDS ENST00000397910.8) mutations. The tissue type shown
as blue (tumour) or green (margin).

4. Discussion

The growing number of OPSCC cases worldwide requires continuous research to
better understand the molecular pathogenesis and to find potential targets for the effective
cancer therapy. Mucins are glycosylated proteins known to facilitate tumour invasion and
metastasis [4]. In the present study, we conducted a sequencing analysis of the selected
fragments of MUC6 and MUC16 in 30 samples collected from the OPSCC patients. We
detected 13 and 3 somatic mutations in MUC6 and MUC16, respectively. The changes
were mostly missense mutations. The selection of genes for sequencing analysis based on
literature, which showed that mucin genes often mutated in HNSCC patients. However, the
potential impact of somatic mutations in these genes on OPSCC is still poorly understood.
Kannan et al. [34] detected numerous missense mutations in mucin genes, including MUC6
and MUC16, in tonsil samples obtained from HPV-16 positive patients with OPSCC. In
addition, Ährlund-Richter et al. [35] showed that MUC6 and MUC16 were mutated in
over 30% of primary HPV-positive tonsillar squamous cell carcinoma (TSCC) and base
of tongue squamous cell carcinoma (BOTSCC) with and without recurrence. In addition,
Haft et al. [36] found mutations in other mucin genes (MUC4 and MUC5B) in HPV-positive
OPSCC patients from The Cancer Genome Atlas database (TCGA). It has been found that
mutated MUC6 and MUC16 were involved in pathways associated with the extracellular
matrix and carbohydrates in patients with TSCC and BOTSCC [35]. It was shown that
nine out of nineteen mucin genes (including MUC6 and MUC16) were frequently mutated

125



Curr. Issues Mol. Biol. 2023, 45

in various cancer types, including HNSCC [37]. Overexpression of mucins is associated
with proliferation, migration and invasion in various epithelial cancers [38]. Moreover, the
frequency of mutations in mucins has been suggested to have an impact on cancer patients’
survival [39], indicating that mucins may be an important target of further analyses.

Our sequencing analysis of the MUC6 fragment revealed some known mutations,
confirmed also in COSMIC (Catalogue of Somatic Mutations in Cancer, version 96) [40]
and detected in different cancers. The somatic variant COSV70128702 has been previously
reported in colorectal cancer [41], while COSV70139063 was found in patients with basal
cell carcinoma [42]. Interestingly, we identified a novel stop-gained mutation in the MUC6
gene (ENST00000421673.7:c.4544C>A), which is not present in the gnomAD database [32]
or in dbSNP [33] and classified as one with a potentially high impact on the downstream
protein product. Detected in 16 patients, this somatic variant was the most common
in our study. Moreover, it was found in both: the tumour and the margin samples. It
suggests that it could be a population-specific polymorphism. However, further studies
are needed to confirm or reject this hypothesis. As predicted by PolyPhen, another variant
(ENST00000421673.7:c.4258G>C) may impact MUC6 protein structure in probably the
damaging ways. Further analyses are required to investigate the potential influence of
such changes on protein function or gene expression, especially in the case of the identified
stop-gain mutation in MUC6. Mutations in MUC6 were analysed in different cancers.
Rokutan et al. [43] observed MUC6 mutating in 20% of gastric dysplasia/intraepithelial
neoplasia samples. Moreover, MUC6 mutations were found in Epstein–Barr virus (EBV)-
associated lymphoepithelioma-like cholangiocarcinoma [44], and directly associated with
thyroid cancer [45]. On the other hand, the mutation status of MUC6 and three other genes
(ATR, ERBB3 and KDR) was obtained as a marker for the recurrence of non-small-cell lung
cancer (NSCLC) patients [46]. In addition, Shi et al. [47] identified that mutation in MUC6
in Chinese patients with hepatocellular carcinoma, was associated with early recurrence.
Interestingly, patients with stomach adenocarcinoma and mutated MUC6 had better overall
survival prognose, as compared to patients with wild-type MUC6 [37]. Our study reveals
no associations between MUC6 mutations and the clinicopathological or demographic
parameters of the OPSCC patients. However, the study group size was limited, therefore
we plan to conduct further studies and statistical analysis with a larger study group.

Our study identified a few mutations in the fragment of MUC16 cDNA. We found
that ENST00000397910.8:c.12272T>A was the most common missense variant detected in
MUC16 in the tumour and the margin samples of OPSCC patients, which suggests that it
could also be a population-specific polymorphism. Another variant ENST00000397910.8:c.
12143G>A was found mostly in the tumour samples. Interestingly, we observed that these
two mutations also occurred in one margin sample. The margin samples were verified
as histopathologically free of cancerous cells. However, this tissue might still contain a
minimal residual number of cancer cells, which are not detected by routine diagnostic
methods [48]. Further investigations are required to verify this hypothesis. However,
Kloss-Brandstätter et al. [49] detected mutation in mtDNA in OSCC patients and showed
that some mutations were observed in tumour and resection margin samples. Our analysis
revealed no association between mutation frequency in MUC16 and the clinicopathological
parameters, such as T or histological grading. Similarly, no significant associations were
observed between the detected SNVs of MUC16 and the demographic parameters. Inter-
estingly, some studies observed that mutated MUC16 influence on survival or prognosis
in various cancers; Liu et al. [5] found that MUC16 mutations were associated with better
overall survival in patients with hepatocellular carcinoma, whereas Wang et al. [50] found
that MUC16 mutations were associated with overall survival in patients with melanoma. In
addition, mutated MUC16 was shown to improve the survival prognoses in patients with
skin cutaneous melanoma [37], as well as in patients with gastric cancer [6,51]. Therefore,
we design further studies assuming the use of an expanded cohort to determine whether
such mutations could affect the OPSCC patient survival.
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It has been observed that HPV-positive HNSCC had a mutational landscape different
than HPV-negative tumours [22,52]. In our study, the frequencies of mutations in MUC6 or
MUC16 did not correlate with HPV presence, although that might probably be due to the
small size of our cohort. However, this could also be due to the location of the samples, all
collected from the tonsils. Similarly to our results, Plath et al. [53] observed no significant
differences in the total mutation counts and HPV-16 status in HNSCC patients, including
the oropharynx site. Nichols et al. [22] found more mutations in an HPV-positive OPSCC
patient than in an HPV-negative oral squamous cell carcinoma patient. In another study,
HPV-positive patients with TSCC and BOTSCC hosted significantly fewer mutations than
patients without HPV and the distribution of mutations was also different in the various
genes analysed [51]. On the other hand, Gillison et al. [54] found no different significant
mutation rates between HPV-positive HNSCC (mostly located in oropharyngeal) and HPV-
negative HNSCC (mostly oral cavity). However, they reported that the most significantly
mutated genes were different among patients with and without HPV, and suggested that
the viral-host interaction may have an influence on genome characteristic of HPV-positive
patients with oral and oropharyngeal squamous cell carcinoma [54].

The main limitations of the present study were small sample size and only one cDNA
fragment of the selected mucins investigated. Further studies on a larger group are neces-
sary to confirm the obtained results and to analyse the impact of the detected mutations on
5-year survival and recurrence.

5. Conclusions

The present study investigated multiple mutations identified from the selected frag-
ments of MUC6 and MUC16 in the tumour and the surgical margin samples collected from
the tonsillar tissue of OPSCC patients. We found that the most common stop-gain variant
across the cohort was a novel mutation, located in the exonic region of the MUC6 gene.

Our findings indicate that some of the investigated variants have a potentially delete-
rious impact on the structure of their protein products and will therefore require further
investigations. The current study provides a new insight into the genetic alternation in
mucin genes among the OPSCC patients. However, more extensive studies are needed to
understand how such mutations may affect oropharyngeal carcinogenesis and survival
and to verify whether they are polymorphisms specific to the Polish population.
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Abstract: Oral squamous cell carcinoma (OSCC) is a common and highly aggressive dog tumor
known for its local invasiveness and metastatic potential. Understanding the molecular mechanisms
driving the development and progression of OSCC is crucial for improving diagnostic and therapeutic
strategies. Additionally, spontaneous oral squamous cell carcinomas in dogs are an excellent model
for studying human counterparts. In this study, we aimed to investigate the significance of two key
molecular components, Cox-2 and EGFR, in canine OSCC. We examined 34 tumor sections from
various dog breeds to assess the immunoexpression of Cox-2 and EGFR. Our findings revealed that
Cox-2 was highly expressed in 70.6% of cases, while EGFR overexpression was observed in 44.1%.
Cox-2 overexpression showed association with histological grade of malignancy (HGM) (p = 0.006)
and EGFR with vascular invasion (p = 0.006). COX-2 and EGFR concurrent expression was associated
with HGM (p = 0.002), as well as with the presence of vascular invasion (p = 0.002). These data suggest
that Cox-2 and EGFR could be promising biomarkers and potential therapeutic targets, opening
avenues for developing novel treatment strategies for dogs affected by OSCC. Further studies are
warranted to delve deeper into these findings and translate them into clinical practice.

Keywords: oral squamous cell carcinoma; EGFR; COX-2; histological grade; canine

1. Introduction

With the rapid developments in the field of veterinary oncology, there is a great need
for a better understanding of the molecular alterations behind the development of animal
cancer [1]. Thus, the oral cavity is one of the most frequent sites of canine neoplastic
proliferation, accounting for around 5 to 7% of tumors in dogs [1].

In dogs, oral squamous cell carcinoma (OSCC) is the second most prevalent malignant
oral epithelial neoplasm (17% to 25%) [1]. Oral squamous cell carcinomas in dogs predomi-
nantly appear on the gingiva, affecting both the upper and lower areas, the tongue, and the
tonsils. These carcinomas are also found in the lips, hard or soft palate, and the pharynx.
Biological behavior depends on their location. Generally, oral tumors in dogs have a 15%
rate of metastasizing, while those on the tongue can exhibit a higher rate, up to 40%, of
metastasizing to nearby lymph nodes and the ones of tonsils 77–96% [2,3]. In humans, the
location of OSCC also plays a significant role in determining the prognosis. SCCs of the
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tongue tend to metastasize more rapidly than other parts of the oral cavity. This could be
attributed to the dense network of lymphatics in the tongue and the movement of tongue
muscles, which may facilitate the spread of cancerous cells [4].

In canine populations, oral squamous cell carcinoma (OSCC) is more commonly ob-
served in larger dog breeds, especially those older than seven years. Breeds like English
springer Spaniels, Shetland sheepdog, and German shepherds show a higher incidence
of OSCC [3]. OSCCs affecting the tongue seem more prevalent in breeds such as Poo-
dles, Labrador Retrievers, and Samoyeds [5] and those affecting the tonsils in German
Shepherds [6].

Dogs and cats, unlike laboratory rodents, manifest spontaneous cancers that closely
mimic the heterogeneity observed in human tumors. Notably, as household pets, dogs
cohabitate in shared environments with humans, displaying clinical manifestations, traits,
and biological patterns akin to human cancer. This hints at the potential existence of
common risk factors between humans and dogs. However, this relationship remains not
fully elucidated due to the limited number of specific studies within Comparative and
Evolutionary Oncology (CEO) [7,8]. Pets live integrated lives with their owners, thereby
encountering shared environmental and socio-economic elements that could predispose
them to cancer. Both pets and humans face similar environmental hazards, including toxins
and carcinogens like air pollutants or pesticides in food and water [7,9].

Human OSCC is primarily associated with risk factors such as alcohol consumption,
tobacco use, UV radiation exposure, and viral infections like HPV and EBV. Alcohol
and tobacco are the more geographically prevalent risk factors [10–12]. Additionally,
individuals with Fanconi anemia, a rare hereditary disease, display increased susceptibility
to OSCC [10–12]. OSCC is closely linked to the oral microenvironment, stemming from
contact with saliva, an acidic biological fluid derived from salivary gland secretions widely
employed in the diagnosis of oral tumors [10–12].

Studies in cats have shown that exposure to household tobacco smoke potentially
doubles the risk of them developing oral squamous cell carcinoma. Although a direct
statistical significance of this correlation has not been conclusively established, there is a
noticeable link between tobacco smoke exposure and high expression of p53 protein in
feline OSCCs [13]. In dogs, there is no concrete evidence linking oral SCC in dogs with
tobacco smoke exposure. Consequently, dogs are being considered as a comparative model
for researching OSCCs not linked to alcohol and tobacco, which are about 10–15% of the
total OSCC cases in humans [14].

The COX enzyme plays a crucial role in converting arachidonic acid into prostaglandins
(PGs) in the body. This enzyme has two forms: COX-1, constitutively expressed in most
cells, and COX-2, an inducible variant expressed at high levels in inflamed tissues [15–17].

The epidermal growth factor receptor (EGFR), also known as HER1 or erbB1, belongs
to the family of tyrosine kinase receptors. It can form heterodimers with other members of
the ErbB family, such as ErbB2, ErbB3, and ErbB4 [18,19]. These receptors play crucial roles
in fundamental cellular activities like cell proliferation, division, and differentiation. [20].

COX-2 and EGFR are frequently overexpressed in several malignant tumors asso-
ciated with various diseases [10,15–17,21]. When these molecules are overexpressed in
tumors, they share functions in several crucial steps, including angiogenesis, apoptosis
inhibition, immune response suppression, increased cell proliferation, invasive potential,
cell differentiation, and migration [10,15–17,21]. Its importance in oncology is remarkable,
with reports of its overexpression in various types of human cancer, including colon [22],
stomach, breast, lung, esophagus, pancreas, bladder, prostate, and OSCC [22–25]. In ad-
dition, its expression has also been identified in some canine epithelial tumors, such as
adenocarcinomas, mammary gland carcinomas, prostate and ovarian tumors, transitional
cell carcinoma, and squamous cell carcinoma [19,26]. Recent studies have highlighted an
interconnection between the EGFR and COX-2 pathways, with EGFR signaling inducing
COX-2 expression and increasing prostaglandin production [27]. Similarly, COX-2-derived
prostaglandin E2 (PGE2) can amplify EGFR signaling [26,28,29]. In addition, it has been
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observed that EGFR inhibition in canine squamous cell carcinomas reduces COX-2 expres-
sion, demonstrating the interdependence of these pathways [28,30]. COX-2 and EGFR are
promising pharmacological and chemopreventive targets for treating various pathological
conditions, including cancer [30].

Thus, they are promising future biomarkers in veterinary oncology due to the im-
portance of both molecules in progression and malignancy, decreased survival and poor
tumor prognosis [13,17]. Few studies have been carried out on the expression of these two
molecules in canine OSCC [19,28]. Therefore, in this study, we aimed to investigate the
importance of these key molecular components, Cox-2 and EGFR, in canine OSCC.

2. Materials and Methods

2.1. Animals and Tissue Specimens

We included 34 samples of canine tumors, histologically classified as Oral Squamous
Cell Carcinoma (OSCC), from the archives of the Histopathology Laboratory of the Univer-
sity of Trás-os-Montes and Alto Douro (UTAD). Portuguese veterinary clinics and hospitals
provided these samples. They were excised from 34 dogs and had been previously fixed in
10% formalin and embedded in paraffin.

Clinical data such as age, gender, and breed were recorded for each animal. Obtain-
ing clinical staging or follow-up information for the animals included in the study was
not possible.

For microscopic examination, 4 μm-thick tissue sections were stained with hematoxylin
and eosin. Each specimen was reviewed by two independent pathologists (IP and JP). Our
analysis included all slides and meticulously evaluated all the tumor sections.

The histopathologic diagnosis criteria were based on the internationally recognized
classification system for animal tumors established by the World Health [31].

Additionally, ten samples of normal canine oral mucosa were included, and collected
in the post-mortem routine examination.

2.2. Histopathological Evaluation

Histological grading was determined using a modified version of the multifacto-
rial system developed by Anneroth [32]. The assessed parameters included keratiniza-
tion/differentiation, nuclear pleomorphism, mitotic count, and the tumor–host relationship,
including the invasion pattern, invasion stage, and lymphoplasmacytic infiltration.

The levels of keratinization were stratified based on the proportion of tumor cells ex-
hibiting keratinization, yielding the following grades: I (>50% keratinized cells),
II (20–50% keratinized), and III (0–20% keratinized) [citations needed]. Nuclear pleo-
morphism was classified as I (minimal, >75% mature cells), II (moderate, 50–75% mature
cells), or III (marked nuclear pleomorphism, <50% mature cells). Mitotic count was mea-
sured across ten high-power fields (HPF) and classified as I (0 to 1 mitosis/HPF), II (2 to
3 mitoses/HPF), or III (≥four mitoses/HPF) [32,33].

The pattern of invasion was classified as I (well-defined with pushing borders), II (infil-
tration by solid cords, bands, and strands), and III (infiltration by small groups, strands, or
individual cells). The stage of invasion was categorized as: I (corresponding to carcinoma
in situ or questionable invasion), II (apparent invasion limited to the lamina propria), and
III (invasion beyond the lamina propria, involving muscle. Lymphoplasmacytic infiltration
was evaluated and categorized as I (marked), II (moderate), or III (mild to absent) [32,33].

The sum of these parameters was then used to classify the tumors into three grades:
Grade I (scores 5–10) for well-differentiated tumors, Grade II (scores 11–15) for moderately
differentiated tumors, and Grade III (scores > 16) for poorly differentiated tumors [32,33].
The presence or absence of emboli was also recorded.

2.3. Immunohistochemistry

For immunohistochemistry, sections 3 μm in thickness were used. The primary an-
tibodies included COX-2 (Clone SP21, Transduction Laboratories®, Lexington, Kentucky,
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USA; dilution 1:40; 24 h at 4 ◦C) and EGFR (clone 31G7, Invitrogen®, Paisley, Scotland,
UK; dilution 1:100; 45 min at room temperature). These antibodies have been validated in
canine tissues [34,35].

Visualization of the primary antibodies was achieved using the NovolinkTM Poly-
mer Detection System (Leica Biosystems®, Newcastle, UK), with 3,3′-diaminobenzidine
tetrachloride (DAB) as the chromogen, following manufacturer instructions. Subsequently,
tissue sections were counterstained with Gill’s hematoxylin and cover-slipped.

The specificity of the staining was confirmed using negative controls (omitting the
primary antibody) and positive controls (kidney samples for COX-2 and normal skin and
mammary tumor samples for EGFR).

2.4. Quantification of Immunolabeling

For Cox-2, immunolabeling was quantified using a semi-quantitative method adapted
from [36], based on the percentage of positive tumor cells (extension) and the intensity
of staining. The percentage of the positive cells was given scores ranging from 1 to 3
(1 for ≤10%, 2 for 11–50%, 3 for >51%), while the intensity of staining was also scored
from 1 to 3 (weak, moderate, and strong). These scores were combined to produce a final
score, calculated as the product of extension and intensity, categorizing the samples as Low
(score < 6), and high expression (score ≥ 6).

The immunoreactivity of the EGFR antibody was considered positive when membra-
nous staining above the background level in greater than 1% of tumor cells was detected.
The intensity of the staining was evaluated as previously described. High expression was
considered in cases where the staining of the membrane was of strong intensity [37].

All samples were independently evaluated by two observers (IP and JP), who were
blinded to clinical and pathological characteristics, using a Nikon Eclipse E600 microscope
coupled with a Nikon DXM1200 digital camera, provided by Nikon Instruments Inc.,
Melville, NY, USA. A third reviewer (LD) was consulted in cases of inconsistent findings.
A consensus discussion was then held to determine the final score.

2.5. Statistical Analysis

Statistical analysis was conducted using SPSS software (Statistical Package for the
Social Sciences), version 19.0 (IBM SPSS Statistics for Windows, IBM Corp®, Armonk, NY,
USA). Categorical variables were analyzed using the chi-square test and Fisher’s exact test.
A significance level of p < 0.05 was considered statistically significant for all associations.

3. Results

3.1. Clinical Information

Of the animals with tumors, 47.1% (16 cases) were female, while 52.9% (18 cases) were
male, with data missing for four animals. The age range of the animals was 1 to 17 years,
with a mean age of 10.600 and a standard deviation of 3.2660. The breeds were as follows:
18 cases (52.9%) were of non-specified breed, 2 cases were Poodles, 2 cases were Labrador
Retrievers, and there was 1 case each of the following breeds: Beagle, Boxer, Border Collie,
Siberian Husky, Pekingese, Pinscher, and Yorkshire Terrier.

3.2. Histopathological Classification of the Tumors

The classification, based on the criteria mentioned earlier, resulted in the following
distribution: 9 cases (26.5%) were categorized as well-differentiated tumors (grade I),
9 cases (26.5%) as moderately differentiated tumors (grade II), and 16 cases (47.1%) as
poorly differentiated tumors (grade III). Vascular emboli were present in 6 tumors.

3.3. COX-2 Immunoreactivity

Normal oral mucosa was negative for Cox-2 in all cases. In oral squamous cell
carcinomas, immunoreactivity for COX-2 was diffusely and uniformly present in the
cytoplasm of tumor cells, with some variability observed across the histological samples,
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being more intense in invasive areas. Three cases were negative for COX-2 expression.
Among the positive cases, 3 showed focal labeling, 12 had multifocal labeling, and 14
(48.3%) displayed diffuse labeling. Regarding labeling intensity, 4 (13.8%) cases showed
weak staining, 6 (20.7%) moderate staining, and 19 (65.5%) strong staining.

In well-differentiated tumors (grade I), most cases were either negative (n = 5) or
showed weak COX-2 intensity (n = 1). In contrast, moderately differentiated squamous cell
carcinomas (n = 9) predominantly had multifocal (22.2%) or diffuse labeling (55.6%), with
strong COX-2 expression observed in 6 cases (66.7%) and moderate reactivity in 2 cases
(22.2%). Higher-grade tumors, exhibited multifocal labeling (43.8%) or diffuse labeling
(50%), with strong intensity in 10 cases (62.5%). The differences in labeling extent (p = 0.003)
and intensity (p = 0.009) between histological grades were statistically significant. No
differences were observed in tumors with vascular invasion.

For data analysis, COX-2 expression was categorized as low in 10 (29.4%) cases and
high in 24 (70.6%) cases (Figure 1). When analyzing the association between COX-2 im-
munoreactivity and the histological grading of the tumors, a significant correlation was
found with higher tumor grading (poorly differentiated tumors) and COX-2 immunore-
activity (p = 0.006). Figure 2 shows Cox-2 immunoexpression in tumors with different
histological grades of malignancy.

 

Figure 1. Cox-2 immunoexpression in tumors with different histological grades of malignancy.

 

Figure 2. Cox-2 immunoexpression in tumors with different histological grades of malignancy.
(A) low score in well-differentiated tumors (grade I); (B) high score in moderately differentiated
tumors (grade II); (C,D) high score in poorly differentiated tumors (grade III).
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3.4. EGFR Immunoreactivity

In normal oral mucosa, EGFR was present in all cases with a moderate membranous
reaction. In OSSC, immunoreactivity for EGFR was observed in all cases, with cytoplasmic
patterns in 15 tumors (44.1%) and, more frequently, membranous patterns in 19 (55.9%).
The intensity of labeling varied, being weak in 8 cases, moderate in 11 cases (32.4%), and
strong in 15 cases (44.1%).

Most well-differentiated tumors exhibited a cytoplasmic pattern with weak intensity
(71.5%). In contrast, moderately and poorly differentiated squamous cell carcinomas
predominantly showed a membranous reaction with strong intensity. The differences
in labeling intensity among the histological grade groups were statistically significant
(p = 0.008). However, no significant differences were observed concerning the location of
immunoreactivity.

For data analysis, EGFR expression was categorized into low expression in 19 cases
(55.9%) and high expression in 15 cases (44.1%). Well-differentiated tumors predominantly
exhibited low labeling (85.7%). Moderately differentiated tumors had high labeling in 5 out
of 9 cases, and most poorly differentiated tumors displayed high labeling (56.3%) (Figure 3).
High EGFR expression tends to be more common in tumors with a higher histological
grade of malignancy, especially in grade 3.0. However, the differences between tumor
grade classes are not statistically significant. (p = 0.067). A significant association was noted
with vascular invasion (p = 0.006). Figure 4 shows EGFR immunoexpression in tumors
with different histological grades of malignancy.

 

Figure 3. EGFR immunoexpression in tumors with different histological grades of malignancy.

 

Figure 4. EGFR immunoexpression in tumors with different histological grades of malignancy.
(A) low score in well-differentiated tumors (grade I); (B) low score in a in moderately differentiated
tumors (grade II); (C,D) high score in poorly differentiated tumors (grade III).
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3.5. Concurrent Cyclooxygenase-2 (COX-2)/Epidermal Growth Factor Receptor
(EGFR) Expression

Of the 34 tumors analyzed, 12 exhibited high immunoreactivity for both COX-2 and
EGFR markers. Fifteen cases demonstrated a discordant expression pattern, with either
high EGFR and low COX-2 expression, or high COX-2 and low EGFR expression (Figure 5).
Furthermore, seven cases showed low immunoreactivity for both COX-2 and EGFR.

 

Figure 5. Concurrent expression COX-2 and EGFR in tumors with different histological grades
of malignancy.

Comparing the concurrent expression of COX-2 and EGFR in the histological groups,
as the histological grade increases, the number of cases with high expression of both COX-2
and EGFR also increases, with the most noticeable difference occurring in grade 3.0. The
absence of cases with low COX-2/low EGFR expression in grades 2.0 and 3.0 is also noted.
This association between the concurrent expression of COX-2 and EGFR and the histological
grade (p = 0.002) and with the presence of vascular invasion (p = 0.002) of the tumors is
statistically significant.

4. Discussion

Oral squamous cell carcinoma (OSCC) stands out as one of the most prevalent malig-
nant tumors of man, making up 1–2% of all malignant tumors worldwide [37,38]. Squa-
mous cell carcinomas (SCCs) are the second most common cancer of the canine oral cavity,
resulting in significant morbidity and mortality [39].

In this study, involving 34 cases of -OSCC in dogs, it was observed that the average age
of the affected dogs was 10.6 years. No specific gender was more prone to this condition,
which is consistent with similar studies [3]. Our study found a higher occurrence of
OSCC in mixed breed dogs, although it was also present in various pure breeds, including
Poodles, Labrador Retrievers, Beagles, Boxers, Border Collies, Siberian Huskies, Pekingese,
Pinschers, and Yorkshire Terriers. Despite the limited sample size, the prevalence of oral
cancers in mixed breeds has also been reported in other studies of dogs [14,40]. Contrary
to what is generally reported in the literature [3], our study noted that OSCC affected
purebred dogs of all sizes, from minor to medium and large. Nevertheless, it is challenging
to draw definitive conclusions due to the small sample size and insufficient data on tumor
locations and the possibility of mixed breeds being offspring of predisposed breeds.

The main aim of this study was to explore the immunohistochemical expression of
COX-2 and EGFR in canine OSCC and assess their correlation with the histological grade of
malignancy, as well as to investigate any potential association between these two molecules.

COX-2, an inducible isozyme that plays a crucial role in inflammatory processes, has
been associated with malignant diseases [41]. Its overexpression is associated with greater
cancer cell growth, increased cell invasion, and an unfavorable prognosis, particularly in
canine mammary carcinoma [42]. Our results showed high expression in 70.6% of cases
and an association between the histological grade of malignancy and the intensity of Cox-2.
These results align with other studies on canine [43,44] and feline [45,46] squamous cell
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carcinomas. Similar results have also been observed in several other canine tumors, such
as mammary tumors [47], melanocytic tumors [48], and rectal and bladder tumors [49],
including transitional cell carcinoma [50]. Further research is essential to deepen the
relationship between COX-2 expression and indicators of SCC aggressiveness.

Furthermore, in humans, COX-2 has also been implicated in malignancy in several
types of cancer, including urothelial tumors [51], laryngeal carcinoma [52], esophageal
carcinoma [53] and OSCC [54,55]. Previous studies have highlighted the association COX-
2 with angiogenesis and blood vessel formation, and overexpression of COX-2 has been
associated with inhibition of apoptosis in tumor cells [56]. The generation of PGE2 by COX-2
has immunosuppressive properties, facilitating the evasion of surveillance mechanisms [57].
The potential use of inhibitors is promising for attenuating resistance to chemotherapy [57].

Thus, our results could suggest that COX-2 inhibitors can treat and increase survival
in animals with OSCC. The inhibition of COX-2 activity presents itself as a promising
strategy in treating malignant diseases, given the availability of selective and non-selective
inhibitors that have exhibited positive effects in high COX-2-expressing cancers. These
inhibitors can shift the immune response from supporting tumor growth to destroying
it, thereby transforming the tumor microenvironment [58,59]. Piroxicam, a nonsteroidal
anti-inflammatory drug (NSAID), has proven beneficial in treating OSCC in dogs. Other
potential options, some already licensed for managing pain and inflammation in canines,
include mavacoxib [60,61], celecoxib, firocoxib, and enflicoxib [62], among others. However,
it is crucial to carefully consider various factors, like the specific subtype of carcinoma, the
exact nature and dose of the COX-2 inhibitor, the stage of the tumor, and the effectiveness
and practicality of combining these inhibitors with other treatments [63]

EGFR is a cell surface tyrosine kinase fundamental in cell proliferation, angiogenesis,
and metastasis—a factor in tumor growth [26,64]. In our study, we observed EGFR over-
expression in 56.3% of cases, and we also showed that high EGFR expression tends to be
associated with tumors with grade III of malignancy. This aligns with research in human
oral [65–67] and cutaneous squamous cell carcinomas [68]. The association between EGFR
immunoexpression and the degree of malignancy is also consistent with previous studies
on several canine cancer [69,70].

In human cancers, EGFR has been associated with a poor prognosis in gastric carci-
noma and head and neck SCC [71,72]. Studies in canine cutaneous squamous cell carcino-
mas have highlighted the role of EGFR in promoting the growth and survival of tumor
cells [73]. It is suggested that EGFR may influence prognosis through its direct expression
and the modulation of other regulatory molecules that drive tumor growth [74].

In the field of human medicine, anti-EGFR therapies are promising in the treatment
of squamous cell carcinoma [71,75,76]. The application of anti-EGFR therapies, including
monoclonal antibodies target at the receptor’s surface or tyrosine kinase inhibitors targeting
its intracellular domain, has shown encouraging results in canine tumors [77–80] and oral
squamous cell carcinoma in cats, particularly with Cetuximab [77]. However, conclusive
evidence regarding their absolute efficacy is still lacking. Our findings underscore the
importance of focusing scientific research on developing targeted molecular therapies in
veterinary medicine, specifically utilizing tyrosine kinase inhibitors (TKIs) and anti-EGFR
monoclonal antibodies. Recent strides in comparative oncology have been promoting
the transfer of these small molecule inhibitors and monoclonal antibodies from human to
veterinary applications [78]. Despite the potential risk of triggering an immune response
against these antibodies, leading to adverse effects and reduced treatment efficacy, research
in canine mammary cancer suggests that adaptation is viable. The antibodies retain their
affinity for EGFR and their anticancer properties in tumor cell lines, thus addressing this
challenge. This assertion is supported by our protein alignment data and the significant
similarity between canine and human EGFR genes [77,79–81].

In our study, in addition to examining the expression of these two molecules in relation
to histopathological characteristics, we investigated the correlation between COX-2 and
EGFR in canine OSCC. Our results showed a statistically significant association (p = 0.002),
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and we also showed that the expression of these molecules increased along with the
histological grade, in line with previous research in human SCC [82] and canine mammary
cancer [35]. Furthermore, we have established a link between these two molecules and
vascular invasion, underlining their role in tumor malignancy [83].

A definitive therapy for oral squamous cell carcinoma (OSCC) in dogs remains elusive;
directing efforts toward targeting EGFR and COX-2 in veterinary clinical oncology holds
promise in unveiling fresh perspectives on cancer biology and the efficacy of advanced
targeted therapies.

In summary, the emerging roles of COX-2 and EGFR as promising biomarkers in
predicting tumor progression suggest potential avenues for future therapies. Utilizing
canine models provides a fresh strategy for advancing cancer treatment. Since dogs
encounter cancer at rates similar to humans, share mutual risk factors with their human
companions, and exhibit remarkably comparable immune systems, they serve as valuable
models for investigating human malignancies and novel biomarkers. This underscores
their promising role in cancer research.

The signaling pathways involving COX-2 and EGFR remain inadequately understood
in canine OSCC, underscoring the necessity for further research. Future studies should
explore additional biomarkers and incorporate methodologies like quantitative PCR (qPCR)
to analyze COX-2 and EGFR gene expression and Western blot analysis for protein expres-
sion. Additionally, incorporating prognostic studies will provide deeper insights into the
clinical relevance of our findings.

5. Conclusions

These findings revealed the association of COX-2 and EGFR with malignancy and
established a correlation between these two molecules. This study proves pivotal in
advancing our understanding of new biomarkers in OSCC. In the future, exploring the
expression of these two molecules in relation to dog survival holds promise for further
insights. Studying the relationship between risk factors impacting humans and those
impacting dogs is crucial. This investigation seeks to uncover potential treatments that
could simultaneously address issues in both species. Furthermore, understanding the
pathways involved in both can aid in utilizing suitable therapies for these shared conditions.
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Hudy, D.; Złotopolska, Z.;

Dawidek, M.; Wiczkowski, K.;

Strzelczyk, J.K. The Potential

Association of CDKN2A and Ki-67

Proteins in View of the Selected

Characteristics of Patients with Head

and Neck Squamous Cell Carcinoma.

Curr. Issues Mol. Biol. 2024, 46,

13267–13280. https://doi.org/

10.3390/cimb46110791

Academic Editors: Madhav Bhatia,

Arumugam R. Jayakumar and

Violeta Popovici

Received: 27 September 2024

Revised: 7 November 2024

Accepted: 18 November 2024

Published: 20 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Potential Association of CDKN2A and Ki-67 Proteins in
View of the Selected Characteristics of Patients with Head and
Neck Squamous Cell Carcinoma
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Abstract: Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent type of
cancer worldwide. Not all mechanisms associated with cell cycle disturbances have been recognized
in HNSCC. The aim of this study was to examine the concentration of CDKN2A and Ki-67 proteins
in 54 tumor and margin samples of HNSCC and to evaluate their association with the clinical and
demographic variables. The ELISA method was used to measure concentrations of CDKN2A and
Ki-67 in the tissue homogenates. A significantly higher CDKN2A concentration was found in OSCC
tumor samples as compared with OPSCC+HPSCC+LSCC. An inverse correlation was observed
for Ki-67. We showed an association between the CDKN2A level and the clinical parameters N in
tumors. The patients with concomitant diseases had significantly higher levels of Ki-67 as compared
with patients with no concomitant diseases. An analysis of the effect of drinking habits on Ki-67
level demonstrated a statistical difference between regular or occasional users of stimulants and
patients who do not use any stimulants in the tumor and margin samples. Moreover, we found an
association between CDKN2A and Ki-67 concentrations and the HPV status in tumor and margin
samples. The levels of the proteins tested may be dependent on environmental factors. Our results
showed that changes in protein levels in HNSCC subtypes may reflect different molecular pathways
of tumor development or may also be responsible for the involvement of CDKN2A and Ki-67 in the
carcinogenesis process.

Keywords: HNSCC; carcinogenesis; protein level; tumor; surgical margin; CDKN2A; Ki-67

1. Introduction

Head and neck cancer is the sixth most prevalent type of cancer worldwide where
more than 90% of cases represent squamous cell carcinoma [1]. The average age upon
diagnosis is 60 years, yet the incidence of such cancers in adults younger than 45 years has
increased over the last years due to the higher numbers of oropharyngeal cancers associated
with oncogenic human papillomavirus [1,2]. The prognosis for HNSCC prepared by the
Polish Ministry of Health projects the growth in incidence by another 10% before 2025 [3].
The main risk factors are HPV infection (especially type 16 and 18), use of tobacco and
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alcohol abuse, leading particularly to the development of squamous cell carcinoma [1,4].
EBV infection has a role in the development of nasopharyngeal cancers with the greatest
carcinogenesis potential upon concomitant infection with HPV [5]. Due to non-specific
symptoms, such as xerostomia, dysphagia, gingival bleeding, inflammation of the oral
cavity mucous tissue as well as poor social awareness of head and neck cancers, the vast
majority of patients are diagnosed at stages III and IV while HNSCC overall survival (OS)
is around 1.5 years [6]. A total of 58% of patients with HNSCC show a 5-year survival
rate [7]. Better clinical outcomes strongly demand the personalization of treatment as well
as risk stratification among patients [8].

Ki-67 is a nuclear antigen showing a role in cell proliferation. The protein is present
during the active phases of the cell cycle (G1, S, G2, M) and reaches its peak value during
mitosis. During the cell resting phase (G0), no activity of Ki-67 is observed [9]. This protein
is considered an important indicator of the cell division rate and used as a diagnostic and
prognostic marker in some cancers. Moreover, it is particularly helpful in determination of
the tumor’s mitotic activity [10–13].

The CDKN2A (cyclin-dependent kinase inhibitor 2A) gene encodes p16INK4A (p16,
CDKN2A) and p14ARF (ARF) proteins, expressed in multiple cell types. The p14ARF protein
plays the role of a tumor suppressor, regulating the cell cycle during G1 and G2 phase
transition through HDM2 inhibition [14]. The p16INK4A protein takes part in multiple cellu-
lar processes, including promotion of proliferation, inhibition of apoptosis and inducing
angiogenesis in the cancer cells [15]. Its role is to inhibit the cyclin-dependent kinases
(CDK4 and CDK6), thereby activating the retinoblastoma (Rb) family of proteins. This
results in suppression of the cell transition from the G1 to the S phase of the cell cycle [14].
Changes in expression of CDKN2A gene are associated with the disruption of the normal
cell cycle functions, leading to uncontrolled cell proliferation and therefore the implication
of neoplastic transformation, so far described in a wide range of cancer types, including
melanoma, lymphoma, head and neck squamous cell carcinoma, esophageal squamous
cell carcinoma, oral cavity cancer, epithelial ovarian cancer, pancreatic adenocarcinoma,
gastric cancer, colorectal cancer, non-small cell lung cancer, prostate cancer and many
others [16–22].

Given the role of CDKN2A and Ki-67 proteins in important cellular processes, includ-
ing the proliferation and regulation of the cell cycle, it was hypothesized that the levels
of those proteins would be changed in the tumor samples as compared with the margin
samples depending on selected demographic and clinical–pathological characteristics in
our study group with head and neck squamous cell carcinoma (HNSCC). This study aimed
at the evaluation of CDKN2A and Ki-67 concentrations and the possible association of the
clinical and demographic variables in tumors and the resected surgical margin samples
from patients with primary HNSCC.

Based on our knowledge (PubMed, Medline databases), this has been the first study
to analyze the concentrations of CDKN2A and Ki-67 proteins in tumor and surgical margin
homogenates obtained from patients with HNSCC by immunoassay (ELISA).

This study aimed at the evaluation of CDKN2A and Ki-67 concentrations and the
possible association of the clinical and demographic variables in tumors and the resected
surgical margin samples from patients with primary HNSCC.

2. Materials and Methods

2.1. Study Population

This study comprised 108 samples (54 tumor samples and 54 samples of the corre-
sponding margin) from patients diagnosed with HNSCC. The HNSCC group included 30
cases of oral squamous cell carcinoma (OSCC), 2 cases of oropharyngeal squamous cell
carcinoma (OPSCC), 17 cases of laryngeal squamous cell carcinoma (LSCC), 2 cases of hy-
popharyngeal squamous cell carcinoma (HPSCC), 2 cases of nasal squamous cell carcinoma
(NCSCC) and 1 case of skin squamous cell carcinoma (SSCC). The cancer samples and the
corresponding margins were collected after surgical resection and were histologically diag-
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nosed by a pathologist. The samples collected were histologically assessed and classified as
primary HNSCC. The histologically confirmed cancer-free specimens were taken from the
surgical margin at a distance of at least 10 mm from the tumor margin. All the patients were
diagnosed, and samples were collected at the Department of Otolaryngology and Maxillary
Surgery, St. Vincent De Paul Hospital, Gdynia. The tumor and margin samples were
divided into two parts. DNA was first isolated from the samples intended for HPV analysis
and then frozen at −80 ◦C. Samples intended for protein analyses were immediately frozen
at −80 ◦C until further analyses. The study was approved by the Bioethical Committee,
Regional Medical Chamber in Gdansk (no. KB-42/21). The laboratory analyses were all
carried out in the Department of Medical and Molecular Biology, Faculty of Medical Sci-
ences in Zabrze, Medical University of Silesia. The main inclusion criteria for the HNSCC
group included diagnosis of primary squamous cell carcinoma and no preoperative radio-
or chemotherapy. All the participants delivered their written informed consent to take part
in the study which was also the inclusion criteria. Demographic data of the study group
are illustrated in Table 1.

Table 1. Demographic data of the study group.

N %

Average age (range) 64 (53–72)
Female 18 33.33
Male 36 66.67
Smokers 45 83.33
Non-smokers 9 16.67
Alcohol users (occasional) 36 66.67
Alcohol users (regular) 15 27.78
Alcohol non-users 3 5.56

Tumor samples were assessed in accordance with the TNM classification. The tumor
stage was categorized according to the 8th edition of the AJCC Cancer Staging Manual [23].
Three patients were staged T1 (5.56%), 10 samples with T2 (18.52%), 19 cases with T3
(35.19%) and 20 patients with T4 (37.04%). Lymph node metastasis was found in 20
patients, i.e., N1 in 6 (11.11%), N2 in 12 subjects (22.22%) and N3 in 2 samples (3.70%). In
15 patients (27.78%) the cancer’s grade was G1, almost 60% of patients (32; 59.26%) were
graded G2, 6 subjects (11.11%) were G3 and 1 sample (1.85%) was G4.

2.2. Tissue Homogenisation

The tumor and the surgical margin samples were homogenized in cooled PBS buffer
(EURx, Gdansk, Poland) at the ratio of 9:1 (PBS volume/tissue weight). Homogenization
was conducted using a Bio-Gen PRO200 homogenizer (PRO Scientific Inc., Oxford, CT,
USA) at the rate of 10,000 rpm. Subsequently, the homogenates were sonicated using a
UP100H ultrasonifier (Hielscher, Teltow, Germany).

2.3. Determination of CDKN2A and Ki-67 Protein Concentrations

The enzyme-linked immunosorbent assay (ELISA) was used to determine the con-
centrations of selected proteins in the homogenates. Commercially available ELISA kits
were used for CDKN2A and Ki-67 proteins (SEA794Hu and SEC047Hu, respectively, by
Cloud-Clone Corp., Houston, TX, USA). The analyses were performed according to the man-
ufacturer’s instructions. The sensitivity of the detectable CDKN2A dose was 0.262 ng/mL
and 0.32 ng/mL for Ki-67. The intra-assay and inter-assay precisions for all kits were <10%
and <12%, respectively. All the standards and samples were evaluated in duplicate. The
absorbance readings of the samples were recorded at 450 nm with the use of a Synergy H1
microplate reader (Bio-Tek, Winooski, VT, USA). The results were calculated with Gen5
2.06 software (BioTek, Winooski, VT, USA).
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2.4. Total Protein Concentration Determinations

The quantification of total protein in the homogenates made use of an AccuOrange™
Protein Quantitation Kit (Biotium, Fremont, CA, USA) according to the manufacturer’s
protocol. The assay detection range was 0.1–15 μg/mL. Determinations were carried out
in duplicate with the previously prepared tissue homogenates, according to the manufac-
turer’s instructions, without any dilutions. Fluorescence was evaluated with the use of a
Synergy H1 microplate reader (BioTek, Winooski, VT, USA) with an excitation wavelength
of 480 nm and an emission wavelength of 598 nm. Concentrations of the analyzed proteins
were normalized for each sample with reference to the total protein in the tissue lysates,
and the values were presented as ng/μg (Ki-67) or pg/μg (CDKN2A).

2.5. DNA Isolation and HPV Confirmation

The samples were first homogenized with the use of a Lysing Matrix A (MP Biomedi-
cals, Irvine, CA, USA) and DNA was then isolated using the commercial GeneMATRIX
Tissue DNA Purification Kit (Eurx, Gdansk, Poland) according to the manufacturer’s proto-
col. The quantity and quality of the isolated DNA was assessed using a spectrophotometer
NanoPhotometer Pearl (Implen, Munich, Germany). The genetic material was frozen and
stored at −20 ◦C until further analysis.

The presence of HPV was confirmed with a GeneFlowTM HPV Array Test Kit (DiagCor
Bioscience Ltd., Kowloon Bay, Hong Kong, China) incorporating the flow-through system
FT-PRO (DiagCor Bioscience Ltd., Kowloon Bay, Hong Kong, China) according to the manu-
facturer’s instructions. The DNA was first used in a PCR reaction on a Mastercycler Personal
Thermal Cycler (Eppendorf, Hamburg, Germany). The PCR products were then denatured
and hybridized. Following enzyme conjugation and color development, the results were
screened using CapturePro Image, CaptureREAD 3.1. (DiagCor Bioscience Ltd., Kowloon Bay,
Hong Kong, China). Positive and negative controls were included in all runs.

2.6. Statistical Analyses

ELISA results were evaluated with the Shapiro–Wilk test to determine the distribution of
the variables. A Student’s t-test, a Mann–Whitney U test or a Kruskal–Wallis with Dunn–Sidak
post hoc were used to verify the significance of differences in the means or medians between
the groups. Correlation was established with Spearman’s rank correlation coefficient. The
assumed level of significance was p < 0.05. The results are presented as mean ± SD or median
with quartile range in text. The STATISTICA version 13 software (TIBCO Software Inc., Palo
Alto, CA, USA) was used to perform all the analyses. Significant data are shown as box plots
with the median in the middle and the 1st and 3rd quartile as a box with minimum and
maximum values as whiskers. Data referred to in the text are presented as median with the
1st and 3rd quartile as follows, median (quartile 1st–quartile 3rd).

3. Results

3.1. Levels of Ki-67 Protein in Tumor and Margin Samples

No significant differences were found in Ki-67 levels in HNSCC tumor samples as
compared to the margin samples. A significantly lower concentration of Ki-67 was observed
in the OSCC cancer subtype compared with the joint group of OPSCC with HPSCC and
LSCC cancer subtypes (0.0005 (0.0002–0.0017) vs. 0.0032 (0.0014–0.0047); p = 0.0128) in the
tumor samples. The results for the tumor samples are presented in Figure 1.

We found that Ki-67 concentration was significantly higher in patients with concomi-
tant diseases as compared with patients without concomitant diseases, as presented in
Figure 2 (0.0021 (0.0013–0.0041) vs. 0.0002 (0.0002–0.0004); p = 0.0011).
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Figure 1. The Ki-67 protein level in the tumor samples according to the tumor subtypes. Statistical
analysis with a Mann–Whitney U test and differences with p < 0.05 are considered statistical.

Figure 2. The Ki-67 protein level in the tumor samples according to concomitant diseases status.
Statistical analysis was undertaken with a Mann–Whitney U test and differences with p < 0.05 are
considered statistical.

The median concentration of Ki-67 was significantly higher in the abstinent individuals
as compared with occasional drinkers (0.0169 (0.0106–0.0350) vs. 0.0014 (0.0003–0.0023);
p = 0.0081), and in abstinents compared with regular drinkers (0.0169 (0.0106–0.0350) vs. 0.0012
(0.0004–0.0034); p = 0.0121) in the tumor samples. Moreover, the median concentration of Ki-67
was higher in occasional drinkers compared with regular drinkers (0.0024 (0.0014–0.0039) vs.
0.0009 (0.0004–0.0018); p = 0.0462) in the margin. The results are presented in Figure 3.
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Figure 3. The Ki-67 protein level in tumor and margin samples according to drinking status. Statistical
analysis was undertaken with Kruskal–Wallis and Dunn–Sidak post hoc, differences with p < 0.05 are
considered statistical. The orange color indicates the tumor; green indicates the margin.

No other significant differences were found between Ki-67 concentrations and the de-
mographic such as smoking, HPV-DNA and p16 status or clinical–pathological parameters,
such as T, N and G classification, except for a positive correlation between Ki-67 protein
level in the tumor and the patient’s age (0.59; p = 0.0012).

3.2. Levels of CDKN2A Protein in Tumor and Margin Samples

No significant differences were found in the CDKN2A level in HNSCC tumors as
compared to the margin samples. We observed a significant difference between OSCC and
OPSCC with HPSCC and LSCC tumor groups in CDKN2A level (3.8029 (2.8172–7.9817)
vs. 2.9439 (1.8819–3.7261); p = 0.0437). The CDKN2A level was higher in the OSCC group
compared with the joint group of OPSCC, HPSCC and LSCC. The results are given in Figure 4.

Figure 4. The CDKN2A protein level in the tumor samples according to tumor subtypes. Statistical
analysis was undertaken with a Mann–Whitney U test and differences of p < 0.05 are considered
statistical.
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We observed higher levels of CDKN2A protein in the tumor samples of patients with
lower nodal status, N0 vs. N2+N3 (3.8763 (2.8281–8.1203) vs. 2.3377 (1.3179–3.7278); p =
0.0362). The results are presented in Figure 5.

Figure 5. The CDKN2A protein level in the tumor samples according to the patient’s nodal status.
Statistical analysis was undertaken with Kruskal–Wallis and Dunn–Sidak post hoc, and differences of
p < 0.05 are considered statistical.

The tumor samples from HPV-positive patients showed a higher level of CDKN2A as
compared with those with negative HPV status (7.7355 (6.1427–10.592) vs. 3.0240 (1.7708–4.0156);
p = 0.0034) (Figure 6).

Figure 6. The CDKN2A protein level in the tumor samples according to HPV status. Statistical
analysis was undertaken with a Mann–Whitney U test and differences of p < 0.05 are considered
statistical.

No significant differences in CDKN2A concentration were observed in the margin
samples in each of the combinations mentioned above and no other significant differ-
ences were found for the demographic or clinical–pathological parameters, such as T and
G classification. However, a positive correlation was observed between the CDKN2A
protein level in the tumor samples and the smoking years (0.29; p = 0.0376), while the
margin samples showed a correlation with the number of cigarettes smoked per day (0.30;
p = 0.0363) and a medium positive correlation with pack-years (0.31; p = 0.0367).
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4. Discussion

CDKN2A and Ki-67 are some of the key proteins associated with regulation of the cell
cycle [24–26]. However, the exact role of CDKN2A and Ki-67 in prognosis and biological
function has not been yet well established in the HNSCC subtypes.

Our analysis showed no statistical differences in the expression levels of CDKN2A
and Ki-67 proteins in the tumor samples as compared to the surgical margin samples.
However, significantly higher levels of CDKN2A protein were observed in patients with
OSCC compared with OPSCC+HPSCC+LSCC. Previous studies have shown that alter-
ations in CDKN2A expression are more frequent in OSCC than in other solid tumors such
as pancreatic tumors, bladder cancer, renal cell carcinoma, non-small cell lung cancer,
melanoma, glioma, gastroesophageal junction and gastric adenocarcinomas [27–29]. This
is mainly due to mutations, loss of heterozygosity and DNA hypermethylation of the
CDKN2A gene. It is assumed that epigenetic changes in CDKN2A have been linked to
genetic or epigenetic changes in other cancer-related genes [14,30]. Some studies have
reported increased CDKN2A expression in HNSCC [31,32], while others report decreased
CDKN2A expression [33–35]. These differences may be due to the type of the material used,
including HNSCC tumor tissues, tissues from animal models and the detection method
applied, including immunohistochemistry, reverse phase protein array (RPPA) and fluo-
rescence in situ hybridization. Moreover, we can speculate that discrepancies in CDKN2A
protein expression may result from the changes in transcription and translation processes
and may also be due to tumor heterogeneity [36]. On the other hand, our data show
a statistically significant difference in higher Ki-67 levels in the OPSCC+HPSCC+LSCC
group as compared with OSCC. This variation in Ki-67 expression reflects the underlying
molecular pathways, clinical courses, treatment modalities and outcome differences among
the HNSCC subtypes. The study by Ahmed et al. revealed reduced Ki-67 expression in
laryngeal tumors compared with oral and pharynx squamous cell carcinomas. Presum-
ably, their results differed from ours because their team studied the genes and used qPCR
techniques [37]. Other studies showed abnormal DNA methylation, with hypermethyla-
tion occurring predominantly in OSCC cases, while hypomethylation was observed more
frequently in LSCC and OPSCC, which may partly explain the differential behavior of
HNSCC subtypes, including the altered cell cycle and proliferation [38–40].

Moreover, we reported the increased concentration of Ki-67 in patients with concomi-
tant diseases (including cardiovascular diseases, kidney diseases, gastrointestinal diseases,
endocrine diseases and others), compared to patients without concomitant diseases. In-
creased Ki-67 levels have been found in some diseases. such as diabetes, atherosclerosis,
rheumatoid arthritis and pancreatitis [41]. A study of oral cancer in rats showed higher
expression of Ki-67 in diabetic animals as compared with healthy rats [33]. Other studies
have shown that inflammation and/or cancer can affect changes in Ki-67 expression and the
cell cycle [41]. We could speculate that higher Ki-67 levels in the group with concomitant
diseases may have resulted from a local tissue response to the accompanying inflammation
or compensation for the cell damage or death.

Our study demonstrated that the median concentration of Ki-67 in the tumor samples
was significantly higher in abstinent individuals as compared with occasional drinkers as
well as regular drinkers. Furthermore, the median level of Ki-67 in the margin samples
was higher in occasional drinkers compared with regular drinkers. Alcohol consumption
is a well-known risk factor for head and neck squamous cell carcinoma, however the
underlying molecular mechanisms remain unclear. It has been suggested that ethanol
may induce basal cell proliferation, which can consequently cause DNA damage and lead
to cancer [42]. Studies of tongue carcinoma, esophageal squamous cell carcinoma and
head and neck squamous cell carcinoma cell lines have shown that alcohol inhibits cell
proliferation and could have an effect on cell cycle inhibition in the G2/M phase [43,44]. On
the other hand, Liu et al. observed increased proliferation in oroesophageal squamous cell
carcinoma cell lines exposed to ethanol [45]. The disparate results are possibly dependent
on the alcohol dose used and the type of cells. Moreover, it seems that acetaldehyde, which
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is the first metabolite of ethanol, is able to modify the processes of methylation, DNA
synthesis and repair, and may interact with proteins and thus influence the proliferation
processes [46,47].

In our study, we observed a positive correlation between Ki-67 levels and age. To date,
few studies have described a correlation between Ki-67 expression and age in patients with
HNSCC. It has been shown that older patients may have different patterns of inflamma-
tion, immune surveillance and cellular aging, which, among other factors, may influence
the tumor growth [48]. A study by Jing et al. demonstrated that Ki-67 expression was
significantly connected with patient age, presenting that people under 60 years exhibited
lower Ki-67 expression [49]. In another recent study Wang et al. showed no statistically
significant variance in the mean Ki-67 expression between patients with HNSCC aged 60 or
younger and those older than 60 [50]. Similar results were obtained in another histological
and immunohistochemical study in OSCC, where no differences in proliferative activity
were noted between younger and older patients [51].

Our study reported that CDKN2A protein concentration in the tumor samples in the
group of patients with the nodal status N2 or N3 was significantly lower as compared
with samples in the group of patients with the nodal status N0. Interestingly, CDKN2A
is also occasionally used preoperatively during diagnostic biopsy to predict cancer ag-
gressiveness [52]. The literature available reports that decreased CDKN2A expression is
associated with poor prognosis, higher stage and progression of HNSCC [53–56]. Another
study has reported that decreased CDKN2A/p16 expression was associated with OSCC
progression and lymph node metastasis [57]. In a Chinese study, the authors reported
that methylation, and therefore decreased CDKN2A expression, were associated with the
lymph node metastasis in squamous cell carcinomas of the buccal mucosa [58]. In contrast,
another team found no significance between CDKN2A methylation and clinicopathological
data in OSCC [59]. Interestingly, other studies have confirmed that CDKN2A methylation
might be associated with metastasis in other cancer types, including gastric cancer, breast
cancer and endometrial cancer [60–62].

In our study, CDKN2A protein levels in the study group were higher in HPV-positive
DNA tumor tissue. This correlation is attributed to the influence of the E7 oncogene of
HPV, which can bind to the tumor suppressor protein pRb and form a complex, which
may result in increased levels of CDKN2A. Previous reviews estimated that 22–26% of
HNSCCs were HPV-positive [63]. Some studies have demonstrated the utility of p16 as
a surrogate marker of HPV infection in HNSCC while other studies have found no such
association [64,65]. This suggests the existence of other HPV-independent mechanisms
that may affect CDKN2A overexpression, which has been confirmed in cervical cancer and
cancers of the oral cavity and pharynx. HNSCC is a heterogeneous disease entity due to
its HPV infection status. Therefore, we suggest that there are differences in the oncogenic
pathways, probably in addition to viral oncoproteins, which are associated with HPV genes
involved in different processes, able to affect multiple molecular pathways.

Furthermore, we reported a positive correlation between the CDKN2A protein level
in the tumor samples and years of smoking, while in the marginal samples we observed a
positive correlation with the number of cigarettes smoked per day and an average positive
correlation with pack-years. As is well known, smoking is one of the best-studied non-
genetic risk factors for cancer, which can cause changes in the gene expression profile
leading to malignant transformation [66]. The results of most studies have shown that
CDKN2A levels can be decreased under the influence of smoking due to changes in the form
of deletion or methylation of the gene promoter [18,67–71]. Discrepancies compared with
the results of our study may be due to factors such as differences in sampling techniques,
preparation and detection methods. Based on our results, the effect of cigarette smoke
components may be through modulation of CDKN2A expression in response to epithelial
damage. We suspect that alternative genetic and epigenetic mechanisms may exist in
smokers that may be involved in altered gene and protein expression, including CDKN2A.

152



Curr. Issues Mol. Biol. 2024, 46

To summarize, the small sample size was the main limitation of this study. Larger and
more diverse cohorts should be used to validate our results for the use of these parameters
in the monitoring of the clinical course of the disease. Furthermore, such an analysis should
include the cell lines to better understand the role these proteins play in head and neck
squamous cell carcinoma.

Along with the continuous development of medicine, molecular diagnostics is be-
ginning to play an increasingly important role in oncology. Importantly, the latest ESMO
treatment guidelines recognize the role of molecular diagnostics [72]. This underscores
the need for further research to help develop available diagnostic and prognostic markers.
In the future, a better understanding of the molecular biology of HNSCC should lead to
personalized treatment based on genomic alterations or gene expression profiles. This
will further enable acceleration and simplification of the diagnostic pathway, reducing the
overall time to treatment from the time of cancer diagnosis. In addition, molecular biology
analyses can also be used as predictors of possible response to chemotherapy [73].

To the best of our knowledge based on PubMed and Medline databases, this is the first
study to have analyzed the concentrations of CDKN2A and Ki-67 proteins in homogenates
of tumors and matched surgical margins from patients with HNSCC using an immunoassay
(ELISA). In earlier studies, the authors focused on examining the methylation pattern of the
CDKN2A gene using methylation-specific PCR and analyzing CDKN2A mutations using
polysomic and genomic data, as well as p16 immunoexpression analysis [74–79].

5. Conclusions

Changes in the protein levels in HNSCC subtypes may reflect the diversity of molecular
pathways of tumor development depending on the subtype or may also be responsible
for the involvement of CDKN2A and Ki-67 in the carcinogenesis process. The levels
of the proteins tested may be dependent also on environmental factors such as alcohol
consumption, smoking and HPV status. The results underscore the necessity for a more
personalized approach in the treatment of HNSCC, considering the specific molecular
and environmental influences on the tumor biology. Future research should comprise
larger cohorts and assume long-term follow-up to validate Ki-67 and CDKN2A as reliable
prognostic biomarkers and to explore targeted interventions based on these molecular
insights.
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Abbreviations

HNSCC Head and neck squamous cell carcinoma
HPV Human papillomavirus
CDKN2A/p16 Cyclin-dependent kinase inhibitor 2A
Rb/pRb Retinoblastoma protein
CDK4 Cyclin-dependent kinase
CDK6 Cyclin-dependent kinase
OSCC Oral squamous cell carcinoma
LSCC Laryngeal squamous cell carcinoma
OPSCC Oropharyngeal squamous cell carcinoma
NCSCC Nasal squamous cell carcinoma
SSCC Squamous cell carcinoma
HPSCC Hypopharyngeal squamous cell carcinoma
AJCC American Joint Committee on Cancer
PCR Polymerase chain reaction
ELISA Enzyme-linked immunosorbent assay
RPPA Reverse phase protein array
qPCR Quantitative polymerase chain reaction
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