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Preface to '"Pathogenesis and Therapy of Oral
Carcinogenesis"

We are proud to present our reprint on oral squamous cell carcinoma (OSCC) research. This
compilation contains important findings from various studies covering different aspects of OSCC.

Despite advances in diagnosis and treatment, OSCC remains a challenge for scientists and
clinicians worldwide. According to recent epidemiological data, the incidence of OSCC continues to
rise, with a significant increase in younger patients. Therefore, it is critical to explore new approaches
to the prevention, diagnosis, and treatment of this disease.

The articles in this reprint address novel biomarkers and therapeutic targets for the prevention
and treatment of OSCC. Research focuses on the combined use of signaling pathway inhibitors in
cancer control and the role of specific genes and microRNAs in disease development. These studies
shed light on the complex molecular pathways involved in OSCC development and provide insights
into potential diagnostic biomarkers and therapeutic interventions.

In addition, epidemiological factors that influence the development of OSCC, such as smoking
and HPV infection, have been investigated. These factors were found to be associated with oxidative
stress and DNA damage in oral cells. The interaction between tobacco smoking and high-risk HPV
infection was investigated, showing effects on superoxide dismutase 2 (SOD2) levels and DNA
damage.

In addition, the importance of cholesterol in the progression of OSCC and the role of mast
cells in tumor proliferation and invasion were highlighted. The results demonstrate the influence
of cholesterol on cell polarity, migration, and caveolin-1 (CAV1) expression in OSCC cells. The
potential for interactions between mast cells and oral cavity cancer cells and the identification of
soluble factors that mediate these interactions were explored.

This reprint provides valuable insights into recent research and encourages further innovation
in the field of OSCC. The researchers’ comprehensive approach contributes to our understanding of
the complex molecular mechanisms underlying the development and progression of OSCC.

We hope that these publications will provide you with useful information, stimulate further
discussion, and point to new avenues of research. We thank the authors for their significant

contributions to OSCC research.

Marko Tarle and Ivica Luksié
Editors
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Abstract: The aim of this study was to determine, by immunohistochemical methods, the expression
of nEGFR and markers of cell proliferation (Ki-67), cell cycle (nEGFR, p53, cyclin D1), and tumor
stem cells (ABCG2) in 59 pathohistological samples of healthy oral mucosa, 50 oral premalignant
changes (leukoplakia and erythroplakia), and 52 oral squamous cell carcinomas (OSCC). An increase
in the expression of mEGFR and nEGFR was found with the development of the disease (p < 0.0001).
In the group of patients with leukoplakia and erythroplakia, we found a positive correlation between
nEGEFR and Ki67, p53, cyclin D1, and mEGFR, whereas in the group of patients with OSCC, we
found a positive correlation between nEGFR and Ki67, mEGEFR (p < 0.05). Tumors without perineural
(PNI) invasion had a higher expression of p53 protein than tumors with PNI (p = 0.02). Patients with
OSCC and overexpression of nEGFR had shorter overall survival (p = 0.004). The results of this study
suggest a potentially important independent role of nEGFR in oral carcinogenesis.

Keywords: squamous cell carcinoma; oral cavity; biomarkers; nEGFR; immunocytochemistry

1. Introduction

Oral Squamous Cell Carcinoma (OSCC) is the most common malignant tumor of the
head and neck. In Europe and the United States, it accounts for 2-3% of all malignancies [1].
In 2020, 377,713 people were diagnosed with lip cancer and OSCC worldwide, while
177,757 patients died, with a trend toward increasing numbers of patients under 50 years of
age [2,3]. The large expansion of OSCC research and advances in diagnostic and therapeutic
methods over the past 30 years have not resulted in a significant increase in the 5-year
survival rate of patients, which is still about 55% [4]. Moreover, more than 40% of patients
already have regional metastases at the time of disease diagnosis, and more than 60% of
patients have tumors larger than 4 cm, indicating ineffective prevention of the disease.
New strategies are needed to change the current uniform approach in treating all patients
with the same clinical and pathohistologic features [5]. Treatment of patients should be
based on proven biomarkers that provide the basis for individual differences in the genetic
and biological behavior of tumors. Accumulation of mutations, chromosomal damage,
and loss of cell control function result in histologic changes of normal oral epithelium
into dysplasia, carcinoma in situ, and invasive OSCC [6]. Although the role of mEGEFR in
HNSCC is well established and numerous anti-EGFR drugs have been developed and are
routinely used, poor response to therapy and resistance to therapy are frequently recorded,
possibly due to the existence of nonclassical subcellular signaling of the Epidermal growth
factor receptor (EGFR) pathway. Recent studies suggest that EGF, H202, UV radiation,
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therapeutic agents, and ionizing radiation may cause translocation of EGFR to the nu-
cleus, where nuclear EGFR (nEGFR) interacts with various transcription factors (cyclin
D1, ABCG2/BCRP, Aurora kinase A, COX-2, gene regulator c-Myc, iNOS) and acts on the
activation of numerous genes involved in cell proliferation, tumor progression, and DNA
repair [7-10]. Available literature indicates that overexpression of nEGFR in ovarian, breast,
oropharyngeal, laryngeal, and esophageal cancers negatively affects disease prognosis and
resistance to radiotherapy and chemotherapy, whereas its role in oral malignancies has not
yet been investigated [8,11-16]. The above only confirms the complexity and scope of the
network of signaling pathways mediated by EGFR activation that play an important role
in cancer progression. The aim of this study is to use immunohistochemical methods to
determine the expression of nEGFR in healthy oral mucosa, premalignant changes of the
oral cavity (leukoplakia and erythroplakia), and OSCC, and to determine its influence on
disease progression and clinical outcome in patients with OSCC. In addition, we analyzed
the expression of markers of cell proliferation (Ki-67), cell cycle (mEGFR, p53, cyclin D1),
and tumor stem cells (ABCG2) in the subjects” samples, plus their correlation with nEGFR
expression.

2. Results

We analyzed the expression of nEGFR and other observed biomarkers (Ki-67, p53,
cyclin D1, mEGFR, ABCG2) by immunohistochemical methods in 161 subjects divided into
three groups: 59 subjects with healthy oral mucosa, 50 patients with premalignant changes
(31 leukoplakias and 19 erythroplakias), and 52 patients with OSCC in all TNM stages. The
demographic data of the groups of subjects are shown in Table 1.

Table 1. Demographic data of subjects included in the study.

Group of Subjects Age (Years) Gender Number of Subjects
Control group with 56.56 & 11.97 g32
healthy oral mucosa 5428 £ 12.22 Q27 59
y 52.7 4+ 11.84
Patients with 64.22 £ 14.35 J23
remalignant changes 64.6 & 9.92 Q27 50
P & & 63.9 & 17.46
Patients with Oral 55 +10.91 35
squamous cell 56 £ 10.87 017 52
carcinoma 54 +11.22

2.1. Results of Immunohistochemical Staining
2.1.1. Expression of Ki-67 in Healthy Oral Mucosa, Premalignant Changes, and Invasive
Oral Squamous Cell Carcinoma

The percentage of the Ki-67 proliferation index in the studied groups ranged from 0%
to 81% with a mean expression value of 15.51 £ 14.87%. As expected, the percentage of
Ki-67 proliferation index expression in the group of patients with OSCC is significantly
higher (mean value 25.46 £ 19.22%) than in the group with healthy oral mucosa (mean
value 8.93 = 6.68%) and in the group of patients with premalignant changes (13 = 10.99%).
A statistically significant difference in the expression of the Ki-67 proliferation index was
found between subjects with healthy oral mucosa and premalignant changes on the one
hand and patients with OSCC on the other (p = 0.000001) (Figures 1 and 2).
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Figure 1. Percentage of Ki-67 proliferation index between analyzed patient groups. The percentage
of Ki-67 proliferation index is significantly higher in the group of patients with OSCC than in individ-
uals with healthy oral mucosa and premalignant changes (p = 0.000001); no statistically significant
difference was found between the latter two groups. Horizontal lines indicate mean + standard
deviation; p, significance level in graph ANOVA.
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Figure 2. Oral erythroplakia with weak expression of Ki-67. Magnification 200 (a). OSCC showing
a very low proliferation index. Magnification 100x (b). Immunohistochemical expression of Ki-67
in oral leukoplakia with moderate proliferation activity. Magnification 100x (c). OSCC with high
proliferation activity with expression of Ki-67 in more than 30% of nuclei. Magnification 400 x (d).

In the group of patients with premalignant changes, when comparing the percentage
of Ki-67 proliferation index in relation to the presence of oral epithelial dysplasias, a
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statistically significant higher percentage of Ki-67 proliferation index was observed in the
subgroup of high-grade dysplasias (median 18.87% with a range of 6% to 30.5%) compared
with low-grade dysplasias (median 10.34% with a range of 1 to 20.6%) (p = 0.005).

2.1.2. Expression of p53 in Healthy Oral Mucosa, Premalignant Changes, and Invasive Oral
Squamous Cell Carcinoma

When analyzing the expression of p53 protein, we found a statistically significant
higher expression of the tested protein in the group of patients with premalignant changes
and OSCC compared with the control group; also, a statistically significant difference was
found between all analyzed groups (p < 0.000001) (Figures 3 and 4). When comparing the
percentage of p53 protein expression in the dysplasia group by subgroup, no statistically
significant difference was found (p = 0.11).

I

2+ f————
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[ | |
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Figure 3. Expression of p53 protein in the studied groups. The percentage of p53 protein expression
is significantly higher in the group of patients with premalignant changes and OSCC compared with
subjects with healthy oral mucosa; moreover, a statistically significant difference was found between
all studied groups (p < 0.000001). Horizontal lines indicate mean =+ standard deviation; p, significance
level is marked in Kruskal-Wallis graph.
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Figure 4. Moderate expression of p53 protein in oral leukoplakia according to the Allred scoring sys-
tem (+). Magnification 100 x (a). OSCC showing moderate p53 protein immunoreactivity according
to the Allred scoring system (+). Magnification 200 (b). Oral erythroplakia with severe dysplasia
and strong p53 protein expression in the dysplastic part of the affected epithelium according to the
Allred scoring system (++). Magnification 200 (c). Strong immunohistochemical expression of p53
in OSCC according to the Allred scoring system (++). Magnification 200 x (d).

2.1.3. Expression of Cyclin D1 in Healthy Oral Mucosa, Premalignant Changes, and
Invasive Oral Squamous Cell Carcinoma

Analyzing the expression of cyclin D1, we found a statistically significant higher
expression of the tested protein in the group of patients with premalignant changes and
invasive OSCC compared to subjects with healthy oral mucosa; moreover, a statistically sig-
nificant difference was found between all analyzed groups (p < 0.000001) (Figures 5 and 6).
When comparing the percentage of cyclin D1 expression in the dysplasia group by sub-
groups, no statistically significant difference was found (p = 0.18).
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Figure 5. Cyclin D1 protein expression in the studied groups. The percentage of cyclin D1 protein
expression is significantly higher in the group of patients with premalignant changes and OSCC
compared with subjects with healthy oral mucosa; moreover, a statistically significant difference was
found between all studied groups (p < 0.000001). Horizontal lines show mean =+ standard deviation;

p, significance level is marked on Kruskal-Wallis graph.

Figure 6. Oral leukoplakia with weak cyclin D1 protein expression according to the Allred scoring
system (0). Magnification (a). OSCC without immunohistochemical expression of cyclin D1 according
to the Allred scoring system (0). Magnification 200x (b). Strong immunohistochemical expression of
cyclin D1 in oral leukoplakia with moderate dysplasia according to the Allred scoring system (++).
Magnification 100 x (c). OSCC with strong expression of cyclin D1 according to the Allred scoring
system (++). Magnification 100 x (d).
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2.1.4. ABCG2 Expression in Healthy Oral Mucosa, Premalignant Changes, and Invasive
Oral Squamous Cell Carcinoma

Analyzing the expression of ABCG2, we found a statistically significant higher ex-
pression of the tested protein in the group of patients with premalignant changes and
OSCC compared to subjects with healthy oral mucosa; moreover, a statistically significant
difference was found between all analyzed groups (p < 0.000001) (Figures 7 and 8). When
comparing the percentage of ABCG2 expression in the group of dysplasias by subgroups, a
statistically significant difference was found, i.e., ABCG2 expression is stronger in higher
grade dysplasias (p = 0.02).

ABCG2

<0.000001
= L 1 i

Healthy Premalignant os5CC
oral mucosa changes

Figure 7. ABCG2 protein expression in the studied groups. The percentage of ABCG2 expression
is significantly higher in the group of patients with premalignant changes and OSCC compared to
subjects with healthy oral mucosa; moreover, a statistically significant difference was found between
all studied groups (p < 0.000001). Horizontal lines indicate mean =+ standard deviation; p, significance
level is marked on Kruskal-Wallis graph.

Figure 8. Moderate immunohistochemical expression of ABCG2 (++) in untransformed oral leuko-
plakia. Magnification 400 (a). Moderate immunohistochemical expression of ABCG2 (++) in OSCC.
Magnification 200x (b). Strong immunohistochemical expression of ABCG2 (+++) in malignant
transformed oral erythroplakia with severe epithelial dysplasia. Magnification 200x (c). Strong
immunohistochemical expression of ABCG2 (+++) in OSCC. Magnification 200 x (d).
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2.1.5. Expression of nEGFR and mEGEFR in Healthy Oral Mucosa, Premalignant Changes,
and Invasive Oral Squamous Cell Carcinoma

In the control group, most samples (53/59) showed negative nEGFR expression (0),
only 6 samples showed weaker expression of nEGFR (+), and moderate or strong expression
(++/+++) was not found in any sample. Expression of mEGFR in the same group showed
negative expression (0) in the largest number of samples (37/59), whereas weak expression
of mEGER (+) was present in 15 samples. Moderate expression of mEGFR (++) was detected
in a smaller number of samples (7/59), while strong expression of mEGFR (+++) was not
found in any sample (Figures 9-11).
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Figure 9. Expression of nEGFR and mEGFR between the studied groups of subjects. Comparisons
of the expression of (a) nEGFR and (b) mEGFR between the groups of subjects analyzed showed
statistical significance (x> = 85.96, p < 0.0001; x? = 70.40, p < 0.0001). Legend: nEGFR—nuclear EGFR;
mEGFR—membrane EGFR; 0—negative, 1—weak expression, 2—moderate expression, 3—strong
expression.

In the group of subjects with premalignant changes, a smaller number of samples
(6/50) showed negative nEGFR (0), whereas the majority of subjects showed weak ex-
pression of nEGFR (+) (18/50) or moderate expression (++) (20/50). A smaller number of
samples (6/50) showed strong expression of nEGFR (+++). Analysis of mEGFR revealed
negative expression (0) in the majority of subjects (15/50), weak expression (+) in some
subjects (11/50), and moderate expression (++) in a small number of subjects (4/50). Strong
expression (+++) of mMEGFR was detected in most samples (20/50) (Figures 9-11).

The strongest expression of both nEGFR and mEGFR was observed in the group
of subjects with OSCC; nEGFR was moderately to strongly expressed in 30/50 samples
(++/+++), and 22 samples had negative or weak expression (0/+). In 33/52 samples,
mEGFR was moderately to strongly expressed (++/+++), and in 19 samples, expression
was weak or negative (0/+) (Figures 9-11).

Comparisons of nEGFR and mEGFR expression between the groups of subjects ana-
lyzed showed statistical significance ()(2 =85.96, p < 0.0001; x2 = 70.40, p <0.0001).

When the frequency of nEGFR expression was compared between the studied groups,
a statistically significant difference was found in the expression of nEGFR in the different
groups. The frequency of moderate (++) and strong nEGFR expression (+++) was signifi-
cantly higher in the group of patients with OSCC and premalignant changes than in the
group of healthy subjects (x* = 49.85, p < 0.0001). A difference in the expression of mEGFR
was also observed in the different patient groups, with a significantly higher frequency
of moderate (++) and strong expression of mMEGFR (+++) in the group of patients with
OSCC and premalignant changes compared with the group of healthy controls. (x? = 34.05,
p <0.0001) (Figure 12).
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Immunohistochemical expression of mEGFR in healthy oral mucosa, oral prema-
(a) Negative expression of EGFR on the membrane of oral

Figure 10.

lignant changes, and OSCCs.
epithelium. (b) Moderate complete membrane staining of EGFR in oral mucosa (++). Magnification

200x. (c) Incomplete membrane staining of EGFR in more than 10% of cells in oral leukoplakia (+).
(d) Moderate complete membrane staining of EGFR in oral leukoplakia (++). Magnification 400x.
(e) Moderate complete membrane staining of EGFR in more than 10% of cells in OSCC (++). (f) Strong
complete membrane staining in more than 10% of cells in OSCC (+++). Magnification 400 x.
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Figure 11. Immunohistochemical expression of nEGFR in healthy oral mucosa, oral premalignant
changes, and OSCCs. (a) Negative immunohistochemical expression of nEGFR in healthy oral
mucosa. Magnification 200 . (b) Oral leukoplakia with moderate dysplasia and weak expression of
nuclear EGFR (+). Magnification 400x. (c) Oral erythroplakia with moderate expression of nuclear
EGFR (++). Magnification 200x. (d) Weak expression of nEGFR in well-differentiated OSCC (+).
(e) Strong nuclear staining for nEGFR in more than 35% of cells in moderately differentiated OSCC
(+++). Magnification 200x. (f) Strong immunohistochemical staining for nEGFR in the nucleus and
moderate staining for EGFR in the cytoplasm of OSCC. Magnification 1000 x.
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Figure 12. Presentation of the difference between weak and strong expression of nEGFR and mEGFR
between the studied groups of subjects. Comparison of weak and strong expression of (a) nEGFR
and (b) mEGFR between the analyzed groups of subjects revealed statistical significance (x? = 49.85,
p < 0.0001; x? = 34.05, p < 0.0001). Legend: nEGFR—nuclear EGFR; mEGFR—membrane EGFR;
0—negative and weak expression, 1 —moderate and strong expression.

2.1.6. Correlation of nEGFR Expression with mEGFR and Markers of Cell Cycle, Cell
Proliferation, and Tumor Stem Cells in Healthy Oral Mucosa, Premalignant Changes, and
Invasive Oral Squamous Cell Carcinoma

In the group of healthy subjects, the correlation of expression between the tested
markers did not show statistically significant results, which are therefore not shown.

In the group of patients with premalignant changes, a statistically significant positive
correlation was observed between nEGFR and Ki-67 (p = 0.45, p = 0.001), p53 (p = 0.50,
p =0.0002), cyclin D1 (p = 0.42, p = 0.002), mEGFR (p = 0.54, p < 0.0001) and ABCG2
(p =0.42, p = 0.002). A statistically significant correlation was observed between mEGFR
and Ki-67 (p = 0.51, p = 0.0002), p53 (p = 0.50, p = 0.0002), nEGFR (p = 0.54, p < 0.0001),
cyclin D1 (p = 0.38, p = 0.005), and ABCG2 (p = 0.49, p = 0.0003).

In the group of patients with premalignant changes, a statistically significant positive
correlation between the degree of dysplasia and nEGFR (p = 0.60, p < 0.0001), Ki-67 (p = 0.42,
p = 0.002), p53 (p = 0.50, p = 0.0002), cyclin D1 (p = 0.35, p = 0.01), mEGEFR (p = 0.53,
p = 0.0001) was also detected, while ABCG2 showed no significant correlation (p = 0.24,
p = 0.10).

Considering the association of nEGFR with cell analyzed markers in the OSCC group,
a statistically significant positive correlation was observed between nEGFR and Ki-67
(p=10.31, p = 0.002), p53 (p = 0.30, p = 0.03), and mEGFR (p = 0.31, p = 0.02), while the
correlation with cyclin D1 (p = 0.20, p = 0.16) and ABCG2 (p = 0.21, p = 0.12) was not
observed. A statistically significant correlation was observed between mEGFR and Ki-
67 (p=0.34, p = 0.01), p53 (p = 0.37, p = 0.006), and nEGFR (p = 0.31, p = 0.02), while
the correlation with cyclin D1 (p = 0.07, p = 0.62) and ABCG2 (p = —0.18, p = 0.19) was
not observed.

2.1.7. Association of Protein Expression of nEGFR and mEGFR and of Ki-67, p53, Cyclin
D1, and ABCG2 with Clinicopathologic Parameters in Invasive Oral Squamous Cell
Carcinoma

We analyzed the risk factors of alcohol and smoking, TNM stage of tumor, tumor
localization, regional metastases, number of positive lymph nodes, histologic grade, lym-
phovascular invasion, perineural invasion (PNI), extranodal extension (ENE), margins,
comorbidities, disease progression, HPV status, occurrence of another primary tumor, and
death from the primary disease or another disease (Table 2). Statistical significance was
found in the analysis of tumor sites in which expression of nNEGFR and mEGFR was ob-
served. No statistically significant difference was observed in the expression of nEGFR and
mEGEFR in relation to the other listed clinical data and pathohistological characteristics of
the tumor. In the studied group of samples, the average tumor thickness was 7.5 & 6.86 mm
and the tumor size was 2.9 &+ 1.39 cm.
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Survival probability (%)

When comparing the relationship between the expression of Ki-67 proliferation in-
dex and clinicopathological features of patients with OSCC, no statistical significance
was found.

When comparing the relationship between the expression of p53 protein and the
clinicopathologic features of patients with OSCC, PNI and death from underlying diseases
or other diseases were statistically significant. Tumors without PNI had a significantly
higher frequency of p53 protein expression than tumors with PNI (p = 0.02).

When comparing the association of cyclin D1 expression with clinicopathologic fea-
tures of patients with OSCC, no statistical significance was found.

When comparing the association of ABCG2 expression with clinicopathologic features
of patients with OSCC, statistical significance was found for PNI, whereas no statistically
significant differences were found for other parameters.

2.2. Survival Analysis

Only patients with OSCC were included in the survival analysis, and follow-up data
were available for all patients. Patients’ lifespan was followed from the time of diagnosis
and/or surgery until last follow-up or death. All patients were treated surgically. The
median follow-up time was 32.26 months with a range of 1 to 98 months. During the
follow-up period, 18/52 patients died, of which 10 patients died from the underlying
disease and 8 patients died from another cause of death and were censored in the analysis
of experience. In addition, disease progression to a higher stage was observed in 12/52
patients during follow up. The median time to disease progression was 15 months with a
range of 8 to 84 months.

For all biomarkers analyzed, the previously described cut-off values were used to
divide patient groups into those with high or low expression of the tested proteins. In the
analysis of survival, the influence of the parameters on overall survival was first determined
by the Kaplan-Meier method, and the difference between survival curves was determined
by the log-rank test.

When analyzing the influence of tumor clinicopathologic characteristics on overall
patient survival, only a difference in survival between patient groups was found with
respect to regional metastases (p = 0.03), lymphovascular invasion (p = 0.04), and the
presence of a second primary tumor (p = 0.01) (Figure 13). Other previously described
clinical and pathological features of the tumor had no effect on overall patient survival. It
is important to note that the margin of the preparation, which has been shown to have an
impact on overall experience, was negative in all samples and therefore was not statistically
significant in this study for monitoring patient experience.

©
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Figure 13. Kaplan-Meier survival curve considering the influence of clinicopathologic tumor charac-
teristics in patients with OSCC. The curve shows significantly shorter survival of patients with higher
N stage disease (p = 0.003) (a), lymphovascular invasion (p = 0.04) (b), and presence of a second
primary tumor (p = 0.01) (c).
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In addition, analysis of patients’ overall survival based on the analyzed proteins
showed a statistically significant association between nEGFR and survival (p = 0.004).
Patients with moderate and strong expression of nEGFR (++/+++) in tumor tissue had
significantly shorter overall survival compared to patients with negative and weak nEGFR
(0/+) (Figure 14). This analysis revealed no difference in survival between patient groups
with respect to expression of mEGFR, Ki-67, p53, cyclin D1, and ABCG2.
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Figure 14. Kaplan-Meier survival curve in relation to nEGFR expression in patients with OSCC. The
curve shows significantly shorter survival of patients with moderate and strong expression of nEGFR
in tumor tissue (p = 0.004).

3. Discussion

Oral squamous cell carcinoma (OSCC) is the most common malignant tumor of the
head and neck (HNSCCQ), i.e., the sixteenth most common cancer worldwide, with a rela-
tively poor five-year survival rate of approximately 55%, despite significant advances in
diagnostic and therapeutic procedures over the past 30 years [2,17]. Surgical resection of
the tumor with or without neck dissection remains the method of choice in the treatment
of OSCC. Adjuvant radiotherapy or chemoradiotherapy is performed depending on the
pathohistological features of the tumor [1]. Although the presence of dysplasia in oral
leukoplakia and oral erythroplakia is the most important prognostic factor for malignant
transformation, the available diagnostic classifications of dysplasia have numerous short-
comings. One of the main reasons is the subjectivity of the observer and the resulting
poor reproducibility of the diagnostic criteria, which has been confirmed by numerous
studies showing a weak correlation between the degree of dysplasia and the malignant
transformation of potentially malignant oral disorders (OPMD) [18-21]. Consequently,
new biomarkers need to be found that can be used in routine practice to assess the risk of
malignant transformation from premalignant changes in OSCC. Late detection of OSCC,
the occurrence of locoregional disease recurrence, and metastatic disease are character-
ized by poor prognosis, and there is a need for the development of biomarkers for early
detection of disease, more reliable prediction of disease prognosis, and selection of ap-
propriate therapy [20]. The fact that patients with similar clinicopathologic features often
have different disease progression, response to therapy, and treatment outcome points to
the need to identify novel prognostic factors that more accurately determine the biologic
behavior of tumors. Biomarkers of genomic instability could accurately measure the risk
of malignant transformation from premalignant changes in OSCC and the risk of spread
and metastasis of the primary tumor to regional lymph nodes and distant organs [19,22].
According to the results of this study, the mean age of patients with OSCC was 55.21 years,
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and the cancer occurred twice as often in men (67.3%; 35/52). The mean age of patients
with premalignant changes was 64.22 years, and women were slightly more frequently
affected (54%; 27/50). The distribution of age and sex in patients with OSCC depends on
geographic location, and our data are consistent with those of European countries [23,24].
The most frequent localizations of premalignant changes and OSCC in the oral cavity were
the tongue and the floor of the oral cavity (75%, 39/52 and 64%, and 32/50, respectively),
which is consistent with the literature. The aforementioned areas have been shown to be
predilection sites for premalignant changes and OSCC due to the deleterious effects of
carcinogens that accumulate in the so-called salivary pool. For head and neck tumors,
numerous diagnostic and prognostic markers have been investigated in clinical studies,
but their clinical significance remains questionable [5,22]. Recent discoveries related to a
completely new way of regulating cell proliferation and apoptosis through the independent
action of EGFR in the nucleus of numerous tumors, such as ovarian, breast, oropharyn-
geal, laryngeal, and esophageal carcinoma, have been the basis for studying premalignant
and malignant changes in the oral cavity, where the role of this receptor had not been
previously elucidated [8,11-16]. In addition to nEGFR, we also analyzed the expression
of markers of cell cycle and proliferation (Ki-67, cyclin D1, p53, mEGFR) and markers of
tumor stem cells (ABCG2) involved in oral carcinogenesis. Ki-67 is considered one of the
most important immunohistochemical markers of cell proliferation and aggressiveness of
numerous tumors, such as breast, lung, prostate, cervical, soft tissue, and central nervous
system tumors, and its excessive expression is a poor prognostic sign [25-27]. Although
the results of studies on Ki-67 and HNSCC are conflicting, there are a larger number of
studies indicating that overexpression of Ki-67 is associated with progression of OPMD
and with a higher rate of locoregional recurrence as well as distant metastasis and worse
OS, DFS, RFS, and MFS in patients with OSCC [28-31]. Moreover, expression in OSCC was
inversely proportional to tumor differentiation. A statistically significant difference in the
expression of Ki-67 was demonstrated between the groups of patients with OSCC on the
one hand and subjects with premalignant changes and the control group on the other hand.
In our study, the percentage proliferation index was significantly higher in the group of
cancer patients compared with the healthy subjects and those with premalignant changes,
whereas no statistically significant difference was demonstrated between the control group
and the subjects with leukoplakia and erythroplakia. In the subjects with premalignant
changes, the expression of Ki-67 increased statistically significantly with the progression
of dysplasia (p = 0.005), which is consistent with data from the literature. Sharma, like
us, demonstrated a positive correlation between Ki-67 expression and disease progression
from low-grade dysplasia to high-grade dysplasia to OSCC in 65 subjects, 40 of whom had
OSCC and 25 of whom had premalignant changes [32]. The increase in Ki-67 expression
with progression of dysplasia in leukoplakias is the result of an observational study con-
ducted by researchers from India in 2020 on 786 subjects with leukoplakia, of whom 126
had epithelial dysplasia, and 14 patients developed OSCC [33]. Similar results were also
obtained by Dwivedi et al. [34]. Comparison of Ki-67 expression with clinicopathologic
features of patients with OSCC did not reveal statistical significance. Birajdar’s studies
found increased expression of Ki-67 in poorly differentiated carcinomas compared with
well-differentiated OSCC [35]. In our subject sample, we did not demonstrate a statistically
significant association between Ki-67 expression and histologic differentiation of OSCC.
The p53 protein is classified as a tumor suppressor protein, and due to its multiple roles
in cellular homeostasis, it is classified as a central regulator of the genome. More than
50% of malignancies exhibit excessive p53 expression caused by p53 gene mutations and
epigenetic alterations [36,37]. Numerous genetic analyzes have shown a high frequency
of p53 gene mutations in the early stages of carcinogenesis in HNSCC (more than 70% of
tumors) [38]. In our study, we found significantly higher expression in the group of subjects
with OSCC and subjects with premalignant changes compared with the control group, and
a statistically significant difference was also found between all analyzed groups. Consid-
ering the significant increase in p53 expression in premalignant changes compared with
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healthy mucosa and the evidence that expression correlates with malignant transformation
of OPMD, as well as the small number of influences of p53 protein on patient experience,
it is reasonable to assume that inactivation of this protein is crucial in the early phase of
oral carcinogenesis. In our studies, the trend of increased expression of p53 is observed in
advanced cancers compared with the early stages of the disease. A statistically significant
association between p53 protein expression and clinicopathologic features of patients with
OSCC was demonstrated for PNI and death from underlying disease or other diseases.
OSCC without PNI had a significantly higher frequency of p53 expression than tumors
without PNI (p = 0.02). The origin of PNI in head and neck tumors is still largely unknown
due to the distinct molecular complexity of the process. It is known that the presence of
PNI in HNSCC is a negative prognostic sign, and it is recommended that patients with
OSSC and PNI receive postoperative adjuvant radiotherapy. The lack of studies inves-
tigating the impact of mutation and overexpression of p53 protein on the occurrence of
PNI in patients with OSCC speaks to the complexity of the mechanism of nerve invasion
itself. One of the signaling receptors on tumor cells associated with cell migration and
PNI is Galanin receptors 2 (GALR2), which is thought to play a very important role in
regulating PNI in HNSCC. Banerjee et al. induced cell lines from HNSCC to overexpress
GALR?2 and observed that this stimulated cell proliferation and tumor cell survival via
activation of ERK and Akt in vitro and cell proliferation in vivo [39]. Thus, he proved
that GALR2 receptor overexpression plays a protumoral role in HNSCC cells, whereas
Kanazawa observed the opposite effect of GALR?2 in patients with HNSCC and overex-
pression of p53 mutations [40]. According to our results, PNI occurred more frequently in
advanced disease when the expression of p53 protein was also reduced, suggesting that
the effect of p53 expression on the development of PNI is inversely proportional, and that
p53 plays a much more important role in early carcinogenesis. Furthermore, the impact
of p53 protein overexpression on overall survival of patients with OSCC is unknown.
Khan failed to demonstrate a statistically significant correlation with clinicopathologic
parameters in a sample of 29 OSCC [41]. In a prospective study by Ogmundsdéttir and
colleagues on a sample of 144 subjects with premalignant (OL and lichen ruber planus)
and malignant changes of the oral mucosa, they concluded that p53 gene mutations can
persist in benign lesions of the oral mucosa for many years without developing malignant
disease. Moreover, no association was found between p53 protein expression and OSCC
recurrence or disease-related survival, whereas overall survival was shortened in patients
overexpressing this protein [42]. Cyclin D1 regulates the cell cycle and plays an important
role in tumorigenesis of numerous tumors, including OSCC. Cyclin D1 overexpression has
been found in 32 to 88% of malignant tumors [43-45]. According to the results of numerous
studies, cyclin D1 is considered a negative independent prognostic factor and biomarker
for the aggressiveness of OSCC [46]. Huang demonstrated in 264 subjects with OSCC that
overexpression of cyclin D1 was associated with higher tumor stage and poorly differenti-
ated carcinomas, higher rate of regional metastases, and worse DFS and OS (282). In our
study, we followed the dynamics of increased expression of cyclin D1 from normal mucosa
to premalignant changes to OSCC demonstrating strong expression in 82.6% of tumors
(43/52). Moharii et al. observed something similar in 75 patients with premalignant and
malignant changes in the oral cavity [47]. We found no statistically significant difference in
the dysplasia group in subjects with premalignant changes. When comparing the relation-
ship between cyclin D1 expression and clinicopathologic features in patients with OSCC,
no statistically significant differences were found, and there was no effect on the overall
outcome. Numerous studies on OSCC have demonstrated the association between cyclin
D1 expression and clinicopathologic and prognostic factors in patients with OSCC. Carlos
de Vi-cente, Das, Gupta, and Guimaraes found higher expression of cyclin D1 in higher
T-stage tumors, which was also confirmed by Zhao 2014 in his meta-analysis [48-51]. Wang
and Liu found a statistically significant correlation between cyclin D1 expression and tumor
thickness and depth of invasion (DOI) [52]. Many authors have demonstrated the increased
expression of cyclin D1 in premalignant transformation and the positive dynamics of in-
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creased expression with the progression of dysplasia and progression to OSCC and disease
progression. Numerous studies have also demonstrated the association between cyclin D1
expression and disease stage N, which was also confirmed by two meta-analyzes in 2014
and 2015 [53,54]. Interestingly, numerous authors such as Bov, Miyamoto, Lam, and Huang
have found an increase in cyclin D1 expression with a decrease in tumor differentiation, i.e.,
an increase in the histological grade of the tumor [55,56]. The results of the present study
suggest the opposite: the higher the histologic grade, the lower the expression of cyclin
D1. Saawarn showed an increase in cyclin D1 expression with OSCC differentiation in 40
subjects, which is consistent with our observations [56]. Similar results were obtained by
Angadi, Krishnapillai, and Das [57,58]. The relationship between cyclin D1 and the degree
of tumor differentiation is controversial and has not yet been clarified. This discrepancy
in results is partly explained by the use of different histologic criteria for determining
cyclin D1 expression. Another explanation was provided by Woods and colleagues in a
study of oral keratinocyte cell lines in which stimulation of cyclin D1 expression increased
cell proliferation but did not block cell differentiation [59]. This suggests that cyclin D1
is able to directly affect transcriptional regulation of genes involved in oral keratinocyte
differentiation independently of CDK. Therefore, Ohnishi concluded in 2014 that cyclin D1
is involved not only in cell proliferation but also in cell differentiation and prevention of cell
death in OSCC [60]. Further studies are needed to investigate in detail the role of cyclin D1
in oral keratinocyte differentiation and whether it can modulate cell differentiation in OSCC
toward less aggressive histological stages with better prognosis. Expression of the ABCG2
protein, also known as Breast Cancer Resistance Protein (BCRP), was recently discovered
as a potential biomarker for the severity of OPMD and OSCC [61-63]. It is responsible for
resistance to numerous drugs in many tumors and is one of the markers of tumor stem
cells [64,65]. ABCG2 is overexpressed in the side population of tumor stem cells, which play
an important role in oral carcinogenesis [66]. When we analyzed the expression of ABCG2,
we found a statistically significant difference between the studied groups. The weakest
expression of ABCG2 was detected in control mucosa, with an increase in immunoreac-
tivity in the group of patients with premalignant changes and the highest expression of
the protein in subjects with OSCC. We also demonstrated a significant increase in ABCG2
expression with progression of dysplasia in premalignant changes. A study by Shi et al.
demonstrated the association between ABCG2 expression in oral lichen ruber planus and
an increased risk of malignant transformation in a sample of 110 patients, whereas Feng
confirmed the potential of ABCG2 in predicting malignant transformation by analyzing
ABCG?2 expression in healthy oral mucosa, premalignant changes, and oral cavity cancer in
8 cell lines and 189 subjects [62,63]. A detailed analysis of the sublocalization of ABCG2
immunoreactivity has not been described, although several papers mention the possible
importance of intracellular localization of the protein. Several studies have observed mem-
branous and nuclear expression of ABCG2 in malignant tumor cells, such as lung and
laryngeal carcinomas and glioblastoma multiforme [67-69]. A possible novel role of ABCG2
within the nucleus as a transcriptional regulator involved in modulation of metastasis has
been proposed in lung cancer [68]. In our samples, we observed immunoreactivity in
the nucleus in addition to membrane and cytoplasmic expression of ABCG2. The main
reason for the positive ABCG2 immunoreactivity in the different sublocalizations remains
to be clarified in future studies. Analysis of the association between ABCG2 expression
and clinicopathological features of OSCC revealed a statistically significant association
with PNI (p = 0.02), while no statistically significant differences were found for the other
parameters analyzed. The role of ABCG2 in OSCC is not known, and there are few studies
in the available literature that have analyzed this role, mainly due to the resistance of
OSCC to chemotherapy, following the findings related to breast cancer. Yanamoto et al.
demonstrated that overexpression of ABCG2 in OSCC was associated with PNI, a higher
rate of regional metastasis, and local recurrence in 89 subjects [70].

The concept of concomitant chemoradiotherapy, which includes the use of postoper-
ative radiotherapy and cisplatin-based chemotherapy, has remained unchanged since its
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introduction in the 1960s [71]. Although a positive effect on locoregional disease control
and survival has been demonstrated in patients with HNSCC, 5-year overall survival has
not been significantly prolonged in advanced tumors and ranges from 30% to 60% [72].
The discovery of EGFR overexpression in numerous malignancies and its oncogenic effect
on gene expression, cell proliferation, angiogenesis, apoptosis, cell motility and adhesion,
and metastasis has led to the development of numerous drugs that inhibit its action. Given
the overexpression of EGFR in more than 90% of head and neck tumors and the poorer
survival of these patients, it was hypothesized that patients would benefit greatly from
the use of anti-EGFR drugs [72]. Numerous inhibitors have been developed. The best
known is cetuximab, a chimeric IgG1 monoclonal antibody that binds to the extracellular
domain of the EGFR membrane and is approved in combination with radiotherapy for
the treatment of advanced HNSCC and as monotherapy for locoregional recurrence and
metastatic disease. In 2011, the FDA approved the use of cetuximab in combination with
cisplatin-based chemotherapy and 5-FU to treat locoregional recurrence and metastatic
disease. However, the fact that less than 20% of HNSCC respond to cetuximab and that
concomitant use with chemoradiotherapy does not significantly improve disease outcomes
in advanced disease is quite discouraging. Intensive work is being performed to identify
possible causes of resistance to cetuximab in tumors with high EGFR expression [73,74].
One of the possible explanations for resistance is translocation of the receptor into the
nucleus, which can be induced by irradiation, cetuximab, the effects of cisplatin, increased
expression of EGFR ligands, and activation of the src kinase family [75]. This suggests
that EGFR in the nucleus may influence the expression and transcription of numerous
genes involved in tumorigenesis via other, as yet unknown, multiple downstream signaling
pathways. Moreover, in addition to cetuximab, drugs have been developed that inhibit
tyrosine kinase activity by binding to the intracellular domain of EGFR. Tyrosine kinase
inhibitors (TKIs) such as gefitinib have shown limited clinical efficacy, responding in only
10% to 15% of patients with HNSCC. Less than 5% of HNSCC have EGFR mutations, which
may partially explain the reported tumor resistance to TKIs [75]. Recent studies began to
focus attention on the cellular sublocalization of EGFR, and it was found that this receptor
can be overexpressed in the cytoplasm (cEGFR) as well as in the nucleus (nEGFR) in addi-
tion to the membrane, with potentially novel implications for the expression of numerous
genes. These results indicate that there are still many unknowns in the action of EGFR
that need to be investigated. There are few papers in the literature that have investigated
the effects of cEGFR and nEGFR expression in HNSCC, and no single study focused on
OSCC [16]. According to the available literature, this study is the first to investigate the
expression and impact of nEGFR in premalignant and malignant changes of the oral cavity
on malignant transformation and disease progression. A large number of studies have
investigated the significance of EGFR overexpression by immunohistochemical methods in
HNSCC, which represent a very large heterogeneous group of tumors with different bio-
logical behaviors [11-16,76]. Results are often contradictory, in part because of inconsistent
quantification of immunohistochemical receptor expression, neglect of receptor expression
in single cell compartments, and inclusion of different head and neck tumors in the studies.

Our results show a statistically significant difference in the expression of mEGFR
and nEGFR between the studied groups (p < 0.0001) with an increase in moderate and
strong expression and with the progression of genetic instabilities from the healthy con-
trol group, and premalignant changes to the OSCC. The results of this study regarding
membrane expression of EGFR in premalignant and malignant changes are consistent with
the available results from the literature. Mirza et al. found overexpression of mEGFR in
129 subjects in 51% of patients with premalignant changes and in 67% of patients with
OSCC. Furthermore, they demonstrated that overexpression of mEGFR in patients with
OSCC negatively affected 5-year OS and was associated with a higher risk of disease
recurrence [77]. In 2018, Singala examined the expression of several molecular markers
(EGFR, p53, c-erbB2) in 40 oral leukoplakias and 40 OSCC and also found a significant
increase in EGFR expression with progression of premalignant changes in OSCC. They
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concluded that excessive co-expression of p53 and EGFR may indicate a higher risk of
malignant transformation from leukoplakia to OSCC [78]. Ries reached similar conclusions
when studying the malignant transformation of 98 leukoplakias, particularly emphasizing
that expression of EGFR correlated more strongly with malignant transformation in relation
to the degree of dysplasia [79]. Thus, the results of most studies on premalignant and
malignant transformation of the oral cavity are consistent with the results of this study
when we talk about the expression of mEGFR. In the available literature, there is no single
study that investigated the expression of nuclear EGFR in premalignant and malignant
transformation of the oral cavity, and therefore we cannot compare our results with the liter-
ature. A significant increase in the expression of both membrane and nuclear EGFR already
in premalignant changes compared with the control group suggests that these two proteins
play an important role in early oral carcinogenesis. When analyzing the correlation of
nEGEFR expression with mEGFR and markers of the cell cycle, cell proliferation and tumor
stem cells in the studied groups, interesting results were found. In the group of patients
with premalignant changes, a statistically significant positive correlation was observed
between nEGFR and Ki-67, p53, cyclin D1, mEGFR, and ABCG2. Analysis of the correlation
between the degree of dysplasia and the markers studied showed a statistically positive
correlation with an increase in the degree of dysplasia and an increase in the expression
of nEGFR, Ki-67, p53, cyclin D1, and mEGFR, whereas ABCG2, although not statistically
significant, showed a visible positive trend. Similar observations of correlation between the
studied cell cycle markers and tumor stem cells were demonstrated in patients with OSCC.
A statistically significant positive correlation was observed between nEGFR and Ki67, p53,
and mEGFR, whereas the correlation with cyclin D1 and ABCG2 was not observed but a
positive trend was evident. A statistically significant correlation was observed between
mEGEFR and Ki67, p53, and nEGFR, whereas the correlation with cyclin D1 showed only a
positive statistical trend. Cancer progression occurred in 12 patients with OSCC (23.1%),
and 10 patients (19.2%) died as a result of OSCC. The correlation of the analyzed markers
was not related to disease progression or death from OSCC. The above results of correlation
of nEGFR with other markers studied cannot be compared with data from the literature
because of the lack of studies that have investigated nEGFR in premalignant and malignant
changes of the oral cavity. We can discuss the above results in the context of studies on
other malignancies of the head and neck. Positive correlations between nEGFR and other
investigated biomarkers in premalignant changes and dysplasias can be explained by the
influence of EGFR on stimulating cell proliferation and blocking apoptosis, which has been
confirmed in previous studies [7-11]. It is known that EGFR in the nucleus can activate
transcription of cyclin D1 by binding to the promoter site of the CCND1 gene, which
may explain the positive correlation between the aforementioned biomarkers. Blocking
apoptosis is also possible by reducing CKI activity caused by mutations and overexpression
of EGFR [7]. Ki-67 expression is closely related to cell proliferation and tumor cell growth,
which is consistent with our results and the fact that an increase in Ki-67 expression is
expected with the progression of dysplasia and OSCC. This was demonstrated by Jing et al.
when they analyzed 396 samples of OSCC, oral dysplasia, and healthy oral mucosa [28].
Numerous studies have confirmed the high expression of the p53 gene in OSCC (54%, 75%,
95%, and 65%), and a trend toward increased expression with progression of premalignant
changes in the oral cavity from hyperplasia to dysplasia to cancer has been noted [80-82].
Disruptive and nondisruptive mutations of the p53 protein result in impaired function of
this protein with the inability to induce apoptosis in damaged cells. Liu demonstrated in
hepatocellular carcinoma cell lines that nEGFR can affect cell apoptosis by stimulating the
expression of SOS1, which then activates the HRAS/PI3K/AKT pathway, leading to nuclear
translocation of p-AKT and Bcl-2. The interaction between p-AKT and ASPP2 facilitates
the binding of BcL-2 to p53, leading to the release of p53 from the pro-apoptotic gene pro-
moter. Activation of the HRAS/PI3K/AKT pathway by nEGFR-induced SOSI also inhibits
cisplatin-induced apoptosis [83]. In 2021, Mariji¢ et al. examined the expression of mEGFR
and nEGFR in laryngeal polyps, dysplasias, and squamous cell carcinomas, and confirmed
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a significantly higher frequency of strong nEGFR expression in cancer, dysplasias, and
polyps, as well as strong expression of mEGFR in cancer and laryngeal dysplasias compared
with polyps [16]. This was confirmed by our studies on premalignant changes and OSCC.
In the group of subjects with OSSC, we observed a positive correlation of membrane and
nuclear EGFR expression in agreement with the results of Psyrri et al. in oropharyngeal
carcinomas [14]. Mariji¢ demonstrated the inverse expression of mEGFR and nEGFR in
squamous cell carcinomas of the larynx and concluded that only one EGFR signaling
pathway, membrane or nuclear, controls further carcinogenesis in tumors [16]. The results
of this study suggest that both EGFR signaling pathways influence carcinogenesis, possibly
stimulating each other and possibly acting independently. One of the aims of this study was
to analyze the expression level of nEGFR in relation to the studied clinical and pathological
features of patients with OSCC. We did not find a single statistically significant association,
which is similar to the results of Mariji¢ and Psyria, on laryngeal and oral cavity cancer,
whereas there are no comparable studies on the association between nEGFR and OSCC
in the available literature [14,16]. When analyzing mEGEFR in relation to the investigated
clinicopathologic features of OSCC, we also did not find a single statistically significant
correlation. Shahsavari failed to demonstrate any correlation between mEGFR expression
and clinicopathologic features of OSCC, consistent with our findings [84]. In contrast, Costa
et al. demonstrated the negative impact of EGFR on disease progression in individuals
younger than 40 years, which contradicts our observations [85]. Abbas demonstrated an
increase in mEGFR expression with an increasing histologic grade of the tumor in 30 OSCC
and concluded that EGFR can be used as an indicator of tumor aggressiveness [86]. All
of the aforementioned studies were performed on a small number of subjects, and there
is a need for large multicenter studies that demonstrate the true relationship between
membrane and nuclear EGFR expression and tumor clinicopathologic features.

In patients with OSSC, we additionally analyzed the impact of the investigated
biomarkers and tumor clinicopathologic features on the overall patient experience. The
median follow-up time of patients was 32.26 months. During this time, 18 patients died, ten
of them from oral cavity cancer and the other eight from another cause unrelated to OSCC.
Nine patients developed a second primary tumor during the follow-up period. Patients
with OSCC who had regional disease, lymphatic invasion and the presence of a second
primary tumor had significantly worse overall survival compared with patients without
these features. According to the results of Brand’s study of 594 patients with OSCC, the
1-year, 5-year, and 10-year cumulative risks of other primary tumors and disease recurrence
were 17%, 30%, and 37%, respectively, and almost all locoregional disease recurrences
occurred within the first 2 years after treatment. Other primary tumors significantly worsen
the overall patient experience, making lifelong surveillance of patients with head and neck
tumors extremely important because of the possible occurrence of other tumors in the oral
cavity, which is genetically damaged by the accumulation of known risk factors. The lung
and liver are the most common sites for other primary tumors outside the head and neck
region, and it is occasionally necessary to screen with radiologic methods [87]. The presence
of metastases in the regional lymph nodes decreases the survival rate of oral cavity cancer
by 50% for each individual stage of disease. According to the TNM classification, the N
stage of the disease is divided into four categories (NO-N3). The higher the N stage of the
disease, the shorter the overall survival. In the presence of regional metastases, the patient
is at least in the III stage of disease with a significantly reduced 5-year survival rate of
about 51% compared with localized disease (stage I/ II), in which the survival rate is about
82% (1-2, 18). A Kaplan-Meier analysis of survival of patients with OSCC, depending on
the expression of the markers studied, revealed a statistically significant shorter overall
survival in patients with moderate and strong expression of nEGFR in tumor tissue com-
pared to patients with weak expression. According to the available literature, these are the
first results of a study investigating the impact of nEGFR expression in OSCC on overall
patient survival (OS). Mariji¢ demonstrated the negative impact of excessive expression
of nEGFR on overall survival in laryngeal carcinomas, whereas Psyrri proved the same
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in oropharyngeal tumors [14,16]. Schmidt-Ullrich et al. demonstrated that irradiation of
tumors leads to activation and internalization of EGFR in the nucleus [88]. Dittman demon-
strated that EGFR and DNA-PK form a complex in the nucleus after irradiation, leading to
increased DNA repair activity and acquired resistance to radiotherapy [89]. Treatment of
carcinomas with cisplatin has also been shown to induce nuclear translocation of EGFR
and increase resistance to chemotherapy [75]. This suggests that nEGFR plays an important
role in DNA damage repair, which may explain the results of this study. In addition, we
performed prognostic analyzes of clinicopathologic parameters for disease progression
and death in OSCC. Alcohol consumption, clinical tumor stage, and PNI were found to be
strong predictors of disease progression, whereas the presence of regional metastases, PNI,
the number of positive lymph nodes, LV], clinical tumor stage, and alcohol consumption
were found to be strong predictors of death in patients with OSCC. The above observations
are consistent with data from the literature [1,4,90].

Finally, the role of nEGFR in malignant tumors of the head and neck has not been
adequately studied, whereas its role in premalignant and malignant changes in the oral
cavity is unknown according to the available literature. The rapid increase in research
related to the nuclear expression of EGFR was triggered by discoveries about the effects
of this receptor on resistance to chemotherapy and radiotherapy. This demonstrates the
complexity and inadequate knowledge of the signaling pathways mediated by EGFR.
According to the available literature, this is the first study to investigate the impact of
nEGFR expression in premalignant and malignant changes of the oral cavity and the
negative impact on the overall experience of patients with OSCC. The above results suggest
that nEGFR plays an important role in the development of OSCC. With readily available
and convenient immunohistochemical methods, we can determine the expression of this
receptor in the nucleus and widely apply it in clinical practice to more accurately determine
the malignancy risk of precancerous lesions of the oral cavity compared with previous
semiquantitative methods for determining dysplasia. Molecular quantification of the
progression of premalignant changes in the oral mucosa would influence the type and extent
of treatment and the frequency of patient follow-up. In OSCC resection, the application of
molecular diagnostics could greatly alter the principles of tumor treatment by determining
not only surgically or pathohistologically healthy margins but also the need for elective
neck dissection or adjuvant treatment. Further studies in a large sample of subjects are
needed to additionally and comprehensively investigate the role of nNEGFR in OSCC and
its interaction with membrane and cytoplasmic epidermal growth factor receptors. The
only drawback we would cite to the use of nEGFR is the somewhat weaker visualization
of the immunohistochemical response, as it is still an experimental antibody where the
experience of the pathologist in reading is very important.

4. Materials and Methods
4.1. Patients

The study involved 161 patients treated at the Department of Maxillofacial Surgery,
Dubrava University Hospital. They were divided into three groups: 50 patients with
premalignant changes (leukoplakia and erythroplakia), 52 patients with invasive oral
squamous cell carcinoma, and 59 subjects in the control group who had their mucosa
removed due to non-tumour disease. All patients were followed for a period of at least
5 years. Inclusion criteria for patients were: clinically and pathohistologically verified
premalignant change or OSCC; primary surgically-treated patients with OSCC; available
pathohistological material for immunohistochemical analysis; available clinically and
pathohistologically relevant data from medical history, hospital information system, clinical
oncology database, and cancer registry of the Croatian Institute of Public Health. Patients
previously treated for head and neck malignancy, patients with insufficient samples for
immunohistochemical analysis, and patients with inadequate follow up or incomplete
medical documentation were not included in this study.
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4.2. Pathohistological Samples

Paraffin-embedded archival specimens from biopsies of premalignant changes (leuko-
plakia and erythroplakia), resected primary OSCC, and excised oral mucosal tissues with
nonmalignant disease were used for this study. To confirm the diagnosis and to determine
the adequacy of the quality and quantity of the pathohistological material, two pathologists
from the Department of Pathology and Cytology of Dubrava University Hospital examined
the subjects’ specimens again separately. The specimens were first fixed in 10% buffered
formalin (Kemika, Zagreb, Croatia), embedded in paraffin, cut into 3 to 4 um thick sections,
deparaffinized, and stained with hemalaun-eosin (HE).

4.3. Immunohistochemical Staining

In this study, 2-3 pum thick sections were prepared from the paraffin blocks and then
dewaxed in a thermostat. To determine the expression of p53 and mEGFR proteins in
the samples after deparaffinization, predigestion was performed in a thermobath (PT-link,
DAKO, Glostrup, Denmark), followed by the use of “EnVision target Retrieval solution,
High pH” (DAKO, Denmark), i.e., predigestion with exposure of epitopes by heat in a mi-
crowave oven with pH6 buffer to determine the expression of nEGFR and ABCG2 proteins.
Immunohistochemical staining was performed using an automated immunohistochemi-
cal system (DAKO autostainer, DAKO, Denmark). For immunohistochemical staining, a
“ready-to-use” p53 antibody (mouse monoclonal antibody, clone DO-7, DAKO, Denmark)
was used with a 45-min incubation; an NCL-L EGFR antibody (Leica; Novocastra, Newcas-
tle upon Tyne, UK) at dilution 1:50 with a 60-min incubation; an EGFR antibody (Thermo
Fisher Scientific, Invitrogen, LSG Bioproduction, Waltham, M, USA), clone EGFR-1, at a
dilution of 1:25 with a 90-min incubation; or ABCG2 antibody, clone B-1, at a dilution of
1:25 with a 90-min incubation. Immunohistochemical staining expression was detected
by an indirect method using the EnVision detection kit (DAKO, Denmark). Subsequently,
preparations were contrasted with hemalaun (1 min) and placed in an ascending series of
alcohol (70-100%), and then in xylene and glass coverslip. Colon tissue served as a positive
control for p53 and placental tissue for mEGFR, while paraffin-embedded breast tissue was
used for nEGFR and ABCG2 according to the recommendations of the manufacturer of the
antibodies tested.

For immunohistochemical analysis of cyclin D1 and Ki-67 expression, pre-digestion
was performed in the Ventana BenchMark Ultra instrument (Roche Diagnostics, Basel,
Switzerland) with thermostats and ULTRA Cell Conditioning Solution after deparaffiniza-
tion. Immunohistochemical staining was performed using an automated immunohisto-
chemical system. The optiViewUniversal DAB detection kit (Ventana Medical Systems)
was used for visualization. Cyclin D1 antibody (rabbit monoclonal antibody, clone EP12,
DAKO, Denmark) at a dilution of 1:75 with an incubation time of 12 min at a temperature of
37 °C and Ki67 antibody (mouse monoclonal antibody, clone MIB-1, DAKO, Denmark) at a
dilution of 1:75 with an incubation time of 16 min at a temperature of 37 °C were both used
for immunohistochemical staining. The resulting complex was visualized with hydrogen
peroxide and the chromogen DAB, which forms a brown precipitate visible under the light
microscope. This was followed by contrasting with hemalaun (1 min) and running through
an ascending series of alcohol (70-100%), xylene, and coverslip. Paraffin-embedded tonsil
tissue was used as a positive control for cyclin D1 and Ki-67.

4.4. Evaluation of Immunohistochemical Staining

In assessing cell proliferation index (Ki-67) expression, we relied on numerous papers
in the literature that set the “cut-off” value at 30% of positively-stained nuclei. We classified
lesions with more than 30% positive nuclei as highly proliferative, whereas lesions with
less than 30% positive nuclei were classified as weakly to moderately proliferative [91].

Immunohistochemical expression of p53 and cyclin D1 was based on the Allred
scoring system combining staining intensity and percentage of positively-stained nuclei [92].
Depending on the percentage of positively-stained nuclei, we divided expression into five
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categories. We labeled the lesions that did not have a single positively-stained nucleus with
number 0 (negative lesions), the percentage of positive nuclei up to 1% with number 1, the
percentage of positive nuclei from 1-10% with number 2, the percentage of positive nuclei
from 10-33% with number 3, the percentage of positive nuclei from 34-66% with number 4,
and number 5 if the lesions had more than 67% positively-stained nuclei. We also divided
the intensity of staining into three categories, so that we assigned the number 0 as negative
intensity of staining for lesions, in which not a single nucleus was stained under high
magnification on the light microscope (x400); the number 1 was assigned for lesions with
weak intensity of staining, where the staining is visible only at high magnification (x400);
number 2 was assigned for lesions with moderate staining intensity, where the colored
lesions are easily visible even at low magnification (x100); and number 3 or strong staining
was assigned for lesions where the staining is clearly visible at low magnification. We
divided the total sum of values for intensity of nuclear staining (0-3) and the percentage of
positively-stained nuclei (0-5) of lesions into three groups: (0)—negative lesions or lesions
with weak expression (sum 0-2); (+)—lesions with moderate growth (sum 3-5); and (++)—
lesions with strong expression (sum 6-8). To evaluate the immunoreactivity of the ABCG2
protein with an experimental antibody, we used a scoring system previously described
by Abdulmajeed [93]. This classification system combined the intensity of staining (0 = no
staining to 4 = dark brown staining) and the percentage of positively-stained epithelial
cells (0% = score 0; <25% = score 1; 25-49% = score 2; 50-74% = score 3; 75-100% = score 4),
and lesions were classified into four groups: (0)—negative lesions; (+)—lesions with weak
expression (sum 1-2); (++)—lesions with moderate expression (sum 3-5); and (+++)—
lesions with strong expression (sum 6-8). We assessed membrane expression of EGFR
according to the work of Cho EY et al.: (0)—no membrane staining or positivity in <10% of
cells; (+) incomplete membrane staining in >10% of cells; (++) weak to moderately complete
membrane staining in >10% of cells; and (+++) strong and complete membrane staining
in >10% of cells [17]. To quantify nEGFR expression, we used the criteria described by Lo
et al. We divided nEGFR immunoreactivity into four groups depending on the percentage
of positive cells: (0) no nuclear staining; (+) 1-17% cells with positive nuclear staining;
(++) 18-35% of cells with positive nuclear staining; and (+++) > 35% of cells with positive
nuclear staining [8].

4.5. Statistical Analysis

Statistical processing of the data was performed with the statistical computer program
MedCalc, version 12.5.0 (MedCalc Software, Ostend, Belgium; https://www.medcalc.org,
accessed on 15 May 2021), and the results were presented in tables and graphs. Values
of continuous variables are presented as mean + standard deviation. Categorical (qual-
itative) data are presented in frequencies and percentages. Analysis of the distribution
of the measured variables (Kolmogorov—-Smirnov test) determines the difference in the
distribution of each variable; the normality of the distribution varies from parameter to
parameter, so the one-way ANOVA test (for data with normal distribution) and the non-
parametric Kruskal-Wallis method were used to compare more than two groups of subjects.
A Student-Newman-Keuls post hoc test was used to test for differences between groups.
In addition, the nonparametric Mann-Whitney test was used. Associations (correlations)
between individual parameters were examined using the Pearson test or the Spearman
test and the regression model, depending on the normality of the data distribution. To
test for differences in nominal variables, Fisher’s exact test or the x? test was used. In
addition, the odds ratio with the confidence interval was calculated for each variable. The
relationship between the expression of the analyzed biomarkers and the overall survival of
the subjects was assessed by the Kaplan-Meier method, and the difference between the
survival curves was determined by the log-rank test. The potential prognostic value of the
analyzed biomarkers was determined with the ROC (Receiver Operating Characteristic)
analysis. Test results were considered significant when p < 0.05.
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5. Conclusions

The results of this study suggest a possibly important independent role of nEGFR in
oral carcinogenesis. Our results point to the importance of identifying molecular markers
that help us to identify the size of genetically altered and apparently healthy oral cavity mu-
cosa and to distinguish high-risk patients with premalignant and malignant changes, which
could have implications for changing the current treatment approach for these patients.
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Abstract: The aim of this systematic review and meta-analysis was to evaluate the current evidence
in relation to the clinicopathological and prognostic significance of epidermal growth factor recep-
tor (EGFR) overexpression in patients with oral squamous cell carcinoma (OSCC). We searched
MEDLINE/PubMed, Embase, Web of Science, and Scopus for studies published before Novem-
ber 2022. We evaluated the quality of primary-level studies using the QUIPS tool, conducted
meta-analyses, examined inter-study heterogeneity via subgroup analyses and meta-regressions,
and performed small-study effects analyses. Fifty primary-level studies (4631 patients) met the
inclusion criteria. EGFR overexpression was significantly associated with poor overall survival (haz-
ard ratio [HR] = 1.38, 95% confidence intervals [CI] = 1.06-1.79, p = 0.02), N+ status (odds ratio
[OR] = 1.37, 95%CI = 1.01-1.86, p = 0.04), and moderately—poorly differentiated OSCC (OR = 1.43,
95% CI = 1.05-1.94, p = 0.02). In addition, better results were obtained by the application of a cutoff
point >10% tumor cells with EGFR overexpression (p < 0.001). In conclusion, our systematic review
and meta-analysis supports that the immunohistochemical assessment of EGFR overexpression may
be useful as a prognostic biomarker for OSCC.

Keywords: epidermal growth factor receptor; EGFR; oral cancer; prognosis; systematic review;
meta-analysis

1. Introduction

The global incidence of oral cancer is estimated to be 377,713 new cases per year, result-
ing in approximately 177,757 deaths, according to recent statistics from GLOBOCAN (IARC,
WHO) [1]. Among all oral malignancies, oral squamous cell carcinoma (OSCC) accounts
for approximately 90%, with a 5-year mortality rate approaching 50%. In the year 2000,
Hanahan and Weinberg [2] introduced a set of distinctive characteristics that malignant neo-
plastic cells are expected to possess, irrespective of the tissue of tumor origin. This proposal
has been designated as hallmarks of cancer, and was later updated and improved with
new characteristics [3], which overall consist of sustaining proliferative signaling, evading
growth suppressors, resistance to cell death, enabling replicative immortality, angiogenesis,
activating invasion and metastasis, deregulating cellular energetics, and avoiding immune
destruction, as well as two enabling characteristics, genome instability and mutation and
tumor-promoting inflammation. The proposal of cancer hallmarks has had an enormous
impact and influence on the scientific community and on the development of emerging
lines of research in order to evaluate biomarkers in different cancers for diagnostic, prog-
nostic, or treatment purposes. It should be noted, however, that limited evidence on the
implications of these distinctive features in oral cancer is available to date [4].
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Among these hallmarks of cancer, the ability of sustaining proliferative signaling
is of remarkable relevance in oral oncogenesis [2,3], and in this regard, the epidermal
growth factor receptor (EGFR) has received singular attention, having been extensively
studied [5]. EGFR, also known as ErbB1/HER]1, is the prototypical receptor of the EGFR
tyrosine kinase receptors family, which also includes ErbB2/HER2/Neu, ErbB3/HER3,
and ErbB4/HER4 [6]. The most recognized ligand of EGFR is EGF, although the recep-
tor can also be activated by ligands such as TGF-a or HB-EGF, among others [7]. The
preceding ligands appear to activate EGFR by the same mechanism of ligand binding,
with receptor dimerization and recruitment of other signaling proteins [8]. The receptor
can be constitutively activated by gene amplification or mutations, leading to a complex
EGFR-mediated signal transduction with regulation of downstream molecular signaling
pathways, being the most relevant MAPK (ras-Raf-MEK-Erk) and PI3K (PI3k-Akt-mTor) [9].
These pathways culminate in cell proliferation stimulating actions through the activation of
transcription factors with upregulation of important oncogenes (CCND1/cyclin D1) among
the most relevant [10,11]). EGFR overexpression has been considered a poor prognostic fac-
tor in cancers of the head and neck, esophagus, ovary, uterine cervix, and bladder through
primary-level studies [12-16]. Moreover, the relevant oncogenic implications of EGFR
have justified its consideration as a molecular target, cetuximab being the first monoclonal
antibody to be approved by the FDA for the treatment of head and neck cancer [17].

Despite the relevance of EGFR, it seems surprising that there are no published evidence-
based results through systematic reviews and meta-analyses specifically designed for
oral cancer to date. Therefore, based on this background, our aim was to qualitatively
and quantitatively evaluate the prognostic and clinicopathologic implications of EGFR
overexpression in patients with OSCC.

2. Results
2.1. Results of the Literature Search

The flow diagram in Figure 1 depicts the process of identification, screening, and selec-
tion of primary-level studies. A total of 12,801 records were retrieved: 2415 from Embase,
5576 from Web of Science, 1618 from Scopus, and 3192 from PubMed. After duplicate
removal, 6041 records were screened according to titles and abstracts, leaving a sample of
197 papers for full text evaluation (the studies excluded and their exclusion criteria were
listed in the Supplementary Information). Finally, 50 primary-level studies meeting all
eligibility criteria were included for qualitative evaluation and meta-analysis [18-67].

2.2. Study Characteristics

Table 1 summarizes the main characteristics of our study sample, and Table S2 (Supple-
mentary Information) exhibits in detail the variables gathered from primary-level studies.
These 50 studies, recruiting a total of 4631 patients (range: 9-429 patients), were published
between 1988 and 2022. All studies were observational retrospective cohorts and applied
immunohistochemistry in order to assess EGFR overexpression (n = 50, respectively). In
relation to the experimental methods, the use of anti-EGFR antibodies was heterogeneous,
the most used being Clone 31G7 (n = 6), Clone 2-18C9 (n = 5), D38B1 (n = 4), and Clone
H11 (n = 4), with a dominant use of a cut point equal to 10% (n = 14) analyzed in the cell
membrane (n = 29). A total of 16 studies processed their antibodies at dilutions <1:100,
while 16 >1:100 and were incubated overnight (n =12) or 1 h (n=9), at4 °C (n =11) or
room temperature (n = 9).

2.3. Qualitative Evaluation

The qualitative analysis was conducted using the QUIPS tool (Figure 2), which evalu-
ates potential sources of bias in six domains:

Study participation. The risk of this bias was high in 78.00% of the reviewed studies,
moderate in 16.00%, and low in 6.00%. Studies often did not report relevant data on the
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cohorts of oral cancer patients under study (e.g., alcohol and tobacco use, period and place
of recruitment, etc.).

Study attrition. The risk of this bias was high in 42.00% of the studies, moderate in
2.00%, and low in 14.00%. The lack of reporting of essential data on patients’ follow-up
periods was also a common finding (total months, average periods, etc.).

Prognostic factor measurement. RoB was high in 44.00% of the studies, moderate in
14.00%, and low in 42.00%. Failure to report data important to the performance and
repeatability of experimental methods (e.g., anti-EGFR antibodies, dilution, temperature,
or incubation time) was frequent across the studies.

Outcome measurement. RoB was high in 14.29% of the studies, moderate in 28.57%,
and low in 57.14%. Several studies do not clearly communicate the TNM staging system
used, subject to periodic changes, or the clear definition of the survival endpoints under
investigation, which are not standardized and currently lack international consensus.

Study confounding. RoB was high in 86.00% of the studies, moderate in 10.00%, and
low in 4.00%. Relevant potentially confounding variables were frequently not taken into
consideration in the study design, such as gender, age, or even relevant clinicopathological
variables like histological grade or clinical stage with well-known prognostic value.

Statistical analysis and reporting. RoB was high in 76.00% of the studies, moderate in
4.00%, and low in 20.00%. Frequently, survival analyses did not report essential metrics
such as hazards ratios with confidence intervals. More serious problems were linked to
inappropriate statistical analyses, leading to erroneous results and conclusions.

[ Identification and selection of primary-level studies }
)
c Records identified from: Records removed before screening:
o Databases (n = 12801) Duplicate records removed
§ PubMed (n = 3192) (n = 6760)
= Embase (n = 2415) > Records marked as ineligible by
c Scopus (n =1618) automation tools (n = 0)
ﬁ Web of Science (n=5576) Records removed for other
Handsearching (n = 0) reasons (n = 0)
—
Records screened according to Records excluded
titles and abstracts > (n = 5844)
(n = 6041)
\ 4
Reports sought for retrieval Reports not retrieved
= (n=197) (n=0)
§
e
“,,-’ \4
thigli-éﬁi);;reports assessed for Full-text rep_orts e).«:luded, with
(n = 197) reasons (n = 147)._
Lack of essential data (n = 91)
No clinicopathological outcomes
(n=31)
No immunohistochemistry
(n=14)
—_— Overlapping populations (n = 9)
Review (n = 1)
3 In vitro (n = 1)
° Studies included in systematic review
> .
° and meta-analysis (n = 50)
[=

Figure 1. Flow diagram showing the identification and selection process of relevant studies, analyzing
the prognostic and clinicopathological significance of EGFR overexpression in OSCC.
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Table 1. Summarized study characteristics.

Summarized Characteristics of the Study Sample

Total

Year of publication
Total patients (range)
Study design
Retrospective cohort

Experimental methods for EGFR expression determination

Immunohistochemistry
Anti-EGFR antibody
Clone 31G7
Clone 2-18C9
Clone H11
D38B1
Clone 25
Clone EP-22
sc-03
Ab-1
Ab-4
Clone 111.6
Clone 29.1
Clone 5B7
Clone SP9
E30
HPA018530
RPN 513
sc-003
Not reported
Anti-EGFR antibody dilution
>1:100
<1:100
Not reported
Anti-EGFR antibody incubation time
Overnight
1h
Other
Not reported
Anti-EGFR antibody incubation temperature
4°C
Room temperature
Not reported
Cut-off point
>10
10
0
Intensity-based
Not reported
Immunostaining pattern
Membrane
Membrane-cytoplasm
Membrane-cytoplasm-nucleus
Not reported
Geographical region
Asian countries
Non-Asian countries

50 studies
1988-2022
4631 (9—429)

50 studies
50 studies

6 studies
5 studies
4 studies
4 studies
2 studies
2 studies
2 studies
1 study
1 study
1 study
1 study
1 study
1 study
1 study
1 study
1 study
1 study
15 studies

16 studies
16 studies
18 studies

12 studies
9 studies
6 studies
23 studies

11 studies
9 studies
30 studies

5 studies
14 studies
4 studies
25 studies
2 studies

29 studies
12 studies
1 study

8 studies

20 studies
30 studies
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Study (year)

D1 D2 D3 D4 DS D6

Study (year) D1 D2 D3 D4 D5 D6

Mohanapure et al. (2022)

Wongpattaraworakul et al. (2022)

Moratin et al. (2021)
Pansini et al. (2021)
Tseng et al. (2021)
Sajjanar et al. (2020)
Shahsavari ez al. (2020)
Kappler et al. (2020)
Yokokawa et al. (2020)

Etemad-Moghadam and Alaeddini (2019)

Rajan et al. (2019)
Gurin et al. (2018)
Owusu-Afriyie et al. (2018)
Singla et al. (2018)
Christensen et al. (2017)
Huang et al. (2017)
Kimura et al. (2016)
Solomon ez al. (2016)
de Andrade et al. (2015)
Gupta et al. (2015)
Grobe et al. (2014)
Monteiro et al. (2014)
Silva et al. (2014)
Bernardes et al. (2013)

Perisanidis et al. (2013)

Dadfarnia et al. (2012)
Dragomir et al. (2012)
Hanabata et al. (2012)
Monteiro et al. (2012)
Won et al. (2012)
Nakata ez al. (2011)
Ryott ez al. (2009)
Shah et al. (2009)
Sheu et al. (2009)
Agra et al. (2008)
Diniz-Freitas et al. (2007)
Laimer et al. (2007)
Nestor et al. (2007)
Hiraishi ez al. (2006)
Smid et al. (2006)
Ekberg ez al. (2005)
Shiraki et al. (2005)
Smith ez al. (2001)
Ibrahim ez al. (1999)
Xia et al. (1999)

Maiorano ez al. (1998)

Takes et al. (1998)
Kusukawa et al. (1996)

Storkel et al. (1993)

Partridge et al. (1988)

Figure 2. Quality plot graphically representing the risk of bias (RoB) across primary-level studies
using a method specifically designed for systematic reviews and meta-analyses addressing questions
on prognostic factor studies (i.e., Quality in Prognosis Studies -QUIPS- tool, developed by members
of the Cochrane Prognosis Methods Group [68]). The following domains (D1-D6) were critically
judged: D1, study participation; D2, study attrition; D3, prognostic factor measurement; D4, outcome
measurement; D5, study confounding; and D6, statistical analysis/reporting. RoB was assessed for
all domains throughout all studies and scored as potentially low (depicted as green color), moderate
(yellow color), or high (red color) [18-67].

2.4. Quantitative Evaluation (Meta-Analysis)
2.4.1. Association between EGFR Overexpression and Prognostic Variables

Owerall survival (OS). EGFR overexpression was significantly associated with a poor
survival rate in patients with OSCC (HR = 1.38, 95%CI = 1.06-1.79, p = 0.001), and consider-
able statistical heterogeneity was present (p < 0.001, I?> = 77.7%) (Table 2, Figure 3). This
result was derived from a meta-analyzed sample of 19 out of the 50 (38.00%) primary-level
studies included in the present systematic review.
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Table 2. Meta-analyses of prognostic and clinicopathological significance of EGFR overexpression

in OSCC.
MetaAnalvees No. f)f Nq. of Stat. Wi Pooled Data Heterogeneity
y Studies Patients Model ES (95% CI) p-Value Pyt 2 (%)
SURVIVAL PARAMETERS
Overall survival
EGER overexpression (all) 19 2256 REM D-L HR =1.38 (1.06-1.79) 0.02 <0.001 77.7
) éugg;oar; a;laiygisil:& g?eolgl%ﬁhi::ai area®
S Asian 8 1053  REM DL  HR=179(089-358) 010 <0001 842
© NonAsian 11 1203  REM  D-L HR=120(095-152 012 001 570
) éui)g?o?lpﬁ a;laiygisib)j a;t;EGFI{a;ltiTogd}j diluton®
S >100 6 743  REM  D-L  HR=156(1.04233) 003 <000l 802
S <100 6 689  REM  D-L HR=159(121-211) 0001 060 00
D Notreported =~ 7 84  REM  D-L  HR=095(044-203) 089 <0001 853
* Subgroup analysis by anti-EGFR antibody incubation ime®
- th 1 208  —  —  HR=275(126-601) 001 — 00
o Overnight 5 616  REM DL HR=086(040-183) 070 <0001 847
I Othee 4 506  REM DL  HR=196(093410) 008 0004 779
D Notreported =~ 9 926  REM DL  HR=152(1.04222) 003 <0001 738
* Subgroup analysis by anti-EGFR antibody incubation temperature®
~ 4°C 4 41  REM DL HR=079(028-223) 065 <0001 882
- Room temperature 4 523  REM  D-L  HR=293(1.16738) 002 0004 775
I Notreported ~ 11 1282 ~ REM  D-L  HR=138(1.04-18) 002 000l 676
) §u¥)g7r0:1}; a;laiygisib}j anti-EGFR aﬁtﬁ)(;d)j b
S Clone11l6 1 13—  —  HR=192(095-386) 007 — 00
 Clone2-18C9 1 ¢ 6 —  —  HR=244(066-896) 018 - 00
~ Clone2s 1 13 —  —  HR=160(097-264) 007 e
O Clone291 1 100  —  —  HR=689(088-5397) 007 — 00
S Clone31G7 2 204  REM DL  HR=212(126359) 0005 051 00
S Clone587 1 77  —  —  HR=271(141-521) 0003 - 00
S CloneEP22 1 120 —  —  HR=015(006-035 <0001  — 00
I CloneH11 2 284  REM DL HR=133(101-176) 005 076 00
~ D3sBl 2 253  REM  D-L  HR=205(L00-417) 005 026 220
T E30 1 ¢ 5% —  —  HR=074(038-144) 037 - o0
 s003 1 111 —  — HR=1867(402-8666) <0001 — 00
S sc03 1 140 —  —  HR=165(08-329) 015 — 00
I Notreported =~ 4 578  REM DL HR=099(0-85-11¢) 093 031 155
) éui)g}oi}; a;laiygisib}j citjof} F:oiintib 7777777777777777777777777777777777777777777777777
1 7 74  REM DL HR=162(124211) <0001 032 138
s >0 3 320  REM DL HR=215(007-61.90) 066 <0001 940
© Intensity-based 9 122 = REM DL  HR=124(095-163) 012 003 655
) éugg;oa]; a;laiygisibyj i&al;ngst;li;lir:g}aictgr; b
© Membrane 10 1133  REM  D-L HR=131(09-174) 007 0001 670
membrane-cytoI;)/[l?seri 6 669 REM D-L HR =2.02 (0.61-6.70) 0.25 <0.001 88.2
I Notreported =~ 3 449  REM DL  HR=139(097-201) 008 016 457
) éu%g;ozlr; a;aiygisib}j overall risk of bias in ;)r;miargl—lie;elistzldiie; b
- LowRoB 6 776  REM  D-L  HR=183(1.12-298) 002 <0001 810
S ModerateRoB 5 547  REM DL  HR=079(037-167) 053 <0001 88
- HighRoB 8 933  REM DL  HR=163(1.14231) 0007 006 485
) Iijr:iv:ar;alglein:etia-riegre;sfoﬁs lioyist:lcfy?:leisigniar:dipaitigntis characteristics®
(months, averege)  © Mo eson (00320003 400024 Nelovianed = ~6429%¢
(proportion of males,s"z))( 18 2141 ni:?;?elrglriiﬁzzsl (S(i%gé to%%l?:%) :i:(?.b6065 d hetexplained = —13.93% ©
(years, m?a‘f:)3 16 1968 nizrt\i?;;rzgseif; (—C(()).if()S to%.ol%g’Z) i(gg()sl d hetexplained = —14.39% ©
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Table 2. Cont.

Meta-Analyses No. ,Of Nq. of Stat. Wi Pooled Data Heterogeneity
Studies  Patients Model ES (95% CI) p-Value Phot 2 (%)
SURVIVAL PARAMETERS
Overall survival
(proportion oﬂltr;gsllitjfg\i 7 1032 nr;rt‘j;’;‘griielﬁ (_Cg%fsg o %%022) i(?.goés 4 hetoxplained = —225.16% ¢
T
ey el o2 08 S et - 10050
Areca nut/Betel quid
consumption 2 250 — — — —
(proportion right chewers, %)
(b of ptients WTh‘;m:ib: S e ndomelfs o Cote 008 038 T
Disease-free survival
EGER overexpression (all) 2 19 2320 REM D-L HR =1.22 (0.28-1.53) 0.08 <0.001 65.0
CLINICOPATHOLOGICAL CHARACTERISTICS
T status
EGFR overexpression (all) 20 1565 REM D-L OR =1.17 (0.72-1.90) 0.53 <0.001 65.0
N status
EGFR overexpression (all) 24 2040 REM D-L OR =1.37 (1.01-1.86) 0.04 0.06 33.6
Clinical Stage
EGFR overexpression (all) 18 1456 REM D-L OR =1.12 (0.68-1.84) 0.65 <0.001 65.2
Histological grade
EGFR overexpression (all) 25 1860 REM D-L OR =1.43(1.05-1.94) 0.02 0.14 23.8

Abbreviations: Stat., statistical; Wt, method of weighting; ES, effect size estimation; HR, hazard ratio; OR,
odds ratio; CI, confidence intervals; REM, random-effects model; D-L, DerSimonian and Laird method; OSCC,
oral squamous cell carcinoma; RoB, risk of bias; EGFR, epidermal growth factor receptor. *—Meta-analysis
of aggregate (summary) data. >—Subgroup meta-analysis. “—Meta-regression analysis of the potential effect
of study covariates on the association between EGFR overexpression and overall survival in OSCC. A meta-
regression coefficient >0 indicates a greater impact of covariates on poor prognosis. —p-value + standard error
recalculated after 10,000 permutations based on Montecarlo simulations. *—Proportion of between-study variance
explained (adjusted R? statistic) using the residual maximum likelihood (REML) method. A negative number for
the proportion of heterogeneity explained reflects no heterogeneity explained.

Disease-free survival (DFS). Close to significant results were found between poor DFS
and EGFR overexpression (HR = 1.22, 95%CI = 0.98-1.53, p = 0.08), and considerable
statistical heterogeneity was also present (p < 0.001, I> = 65.0%) (Table 2, Figure S15 in
Supplementary Information).

2.4.2. Association between EGFR Overexpression and Clinicopathological Variables

Similar significant results were also found for EGFR overexpression with poor differen-
tiated OSCCs (OR = 1.43, 95%CI = 1.05-1.94, p = 0.02) and with N+ status
(OR = 1.37, 95%CI = 1.01-1.86, p = 0.04), only showing moderate heterogeneity was the
last parameter (p = 0.06, I? = 33.6%). On the other hand, EGFR overexpression was not
significantly associated with a higher T status (OR = 1.17, 95%CI = 0.72-1.90, p = 0.53) or an
advanced clinical stage (OR = 1.12, 95%CI = 0.68-1.84, p = 0.65) (Table 2, Figures S16-519, in
Supplementary Information).
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Study Year HR (95% ClI) Weight
Wongpattaraworakul et al. 2022 --+— 1.40 (0.90, 2.10) 7.58
Kappler et al. 2020 —-QI— 1.31(0.47, 3.60) 3.89
Yokokawa et al. 2020 ‘:—0— 2.75 (1.26, 6.01) 5.14
Rajan et al. 2019 --‘I— 1.28 (0.90, 1.90) 7.93
Gurin et al. 2018 —_— 2.71 (1.41,5.21) 5.95
Christensen et al. 2017 —0—:— 1.02 (0.65, 1.60) 7.42
Huang et al. 2017 —E‘— 1.60 (0.97, 2.65) 7.02
Gupta et al. 2015 —_ : 0.15 (0.09, 0.48) 4.81
Perisanidis et al. 2013 L 4 : 0.99 (0.96, 1.00) 9.46
Monteiro et al. 2012 ——:—‘— 2.44 (0.66, 8.96) 2.83
Nakata et al. 2011 ——i—.— 4.21(0.52, 34.34) 1.34
Shah et al. 2009 —:—0— 1.92 (0.95, 3.86) 5.65
Sheu et al. 2009 —— 2.03 (1.18, 3.48) 6.74
Laimer et al. 2007 —_— : 0.22 (0.04, 1.09) 1.98
Smid et al. 2006 —0':— 1.15 (0.70, 1.90) 7.04
Shiraki et al. 2005 -—E-O— 1.65 (0.83, 3.29) 5.72
Smith et al. 2001 — 0.74 (0.38, 1.43) 5.89
Xia et al. 1999 : _— 18.67 (4.02, 86.61) 2.23
Maiorano et al. 1998 + 6.89 (0.88, 54.00) 1.38
Overall, DL (12 = 77.7%, p = 0.000) ‘ 1.38 (1.06, 1.79) 100.00
I T I I T I

0102 05 1 2 5 10

better prognosis poor prognosis

Figure 3. Forest plot graphically representing the meta-analysis on the association between EGFR
overexpression and OS in patients with OSCC. Random-effects model, inverse-variance weighting
(based on the DerSimonian and Laird method). A HR > 1 suggests that EGFR overexpression is
associated with poor prognosis. Diamonds indicate the pooled HRs with their corresponding 95%Cls.
Abbreviations: EGFR, epidermal growth factor receptor; OS, overall survival; OSCC, oral squamous cell
carcinoma; HR, hazard ratio; CI, confidence intervals [19,23-25,28,34,40,42,43,45,48,51,53,55,56,59,65-67].

2.5. Quantitative Evaluation (Secondary Analyses)

Subgroup meta-analysis. The significant association found between EGFR overexpres-
sion and poor OS was also maintained by several subgroups after the stratified meta-
analysis (anti-EGFR antibody dilution > 1:100: HR = 1.56, 95%CI = 1.04-2.33, p = 0.03;
anti-EGFR antibody dilution < 1:100: HR = 1.59, 95%CI = 1.21-2.11, p = 0.001; room tem-
perature incubation: HR = 2.93, 95%CI = 1.16-7.38, p = 0.02; anti-EGFR antibody Clone
31G7: HR =2.12, 95% = 1.26-3.59, p = 0.005; anti-EGFR antibody Clone H11: HR = 1.33,
95%CI = 1.01-1.76, p = 0.05; anti-EGFR antibody D38B1: HR = 2.05, 95%CI = 1.00-4.17,
p = 0.05; cut-off point of 10%: HR = 1.62, 95%CI = 1.24-2.11, p < 0.001, high RoB: HR = 1.63,
95%CI = 1.14-2.31, p = 0.007; low RoB: HR = 1.83, 95%CI = 1.12-2.98, p = 0.02) (Table 2,
Figures S1-S8 in Supplementary Information).

Meta-regression analysis. The potential impact of additional study covariates, follow-up
period, sex, age, clinical stage, and tobacco and alcohol consumption, on the association be-
tween OS and EGFR overexpression was also analyzed, and no significant differences were
found (p > 0.05 for all covariates) (Table 2, Figures S9-514 in Supplementary Information).

Analysis of small-study effects. Visual inspection analysis of the funnel plots” asym-
metry and the statistical tests conducted for the same purpose confirmed the absence of
small-study effects across clinicopathological variables (T status: pggger = 0.51, N status:
PEgger = 0.26; clinical stage: pggger = 0.90; histological grade: pggger = 0.98), while significant
results were found for prognostic variables, where publication bias could not be ruled out
(OS: pegger = 0.03, DFS: pggger = 0.08) (Figures S20-525 in Supplementary Information).
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3. Discussion

Our systematic review and meta-analysis on the prognostic implications of EGFR
overexpression in oral cancer, conducted on 50 studies and 4631 patients, points out
that there is an association with lower overall survival (HR = 1.38, 95%CI = 1.06-1.79,
p = 0.02), higher probability of developing neck lymph node metastases (OR = 1.37,
95%CI = 1.01-1.86, p = 0.04), and higher risk of developing poorly differentiated tumors
(OR =1.43,95% CI = 1.05-1.94, p = 0.02). Constitutive oncogenic activation of EGFR is the
main mechanism for the acquisition of one of the essential hallmarks of oral cancer, i.e., the
ability of tumor cells to maintain a sustained proliferation [2—4], which in turn conditions
the cells to enter a state of genomic instability that facilitates the acquisition of new additive
oncogenic alterations, new hallmarks, which will be clonally transmitted to their progeny.
Constitutive activation of EGFR is essentially driven by gene amplification [6,69]; this
leads to the formation of dimers between EGFR receptors in the cell membrane and the
activation of pro-proliferative intracellular pathways, most notably MAPK and PI3K/Akt,
leading to the activation of proliferative genes, essentially but not exclusively CCND1,
which encodes the proliferation-stimulating protein cyclin D1 [10,11,70]. The oncogenic
mechanism linked to the constitutive activation of EGFR is relevant in oral carcinogenesis,
as it occurs in other human neoplasms in which, on average, 50-70% of malignant cells
overexpress EGFR [6,17,69,71]. In our study, 56.39% of the tumors overexpressed EGFR.
The frequency of activation of this oncogenic mechanism in oral carcinogenesis has jus-
tified that this protein is one of the few molecules selected as a therapeutic target in this
neoplasm (cetuximab) [17]. However, despite its relevance, there is very little evidence-
based information, in the form of systematic reviews and meta-analyses, on its prognostic
implications [4]. There is only one systematic review and meta-analysis related to the
prognostic implications of EGFR2 (ErbB2) overexpression in oral cancer, which reports
its association with decreased survival and increased metastatic involvement of the neck
lymph nodes [72]. Our meta-analysis, performed on the triple of studies and cases, shows
similar results. The influence of EGFR overexpression on survival is obtained when 10%
of EGFR+ tumor cells are used as a cut-off point, whereas cut-off points higher than 10%
are not discriminative in this sense. This probably indicates that, once an oral carcinoma is
established and developed, it is not the hyperproliferative state that is the essential driver
of the acquisition of survival-worsening capabilities, but that others, such as the ability to
invade and metastasize, resistance to cell death, etc., may then operate independently of
the hyperproliferative state. Therefore, if this is so, how could the association found in our
study, and in the previous meta-analysis [72], be explained, between EGFR overexpression
and N+ status? We believe that this finding may depend on some emerging functions of
cyclin D1 associated with invasion and thus with the metastatic capacity of a tumor. Our
research group has recently reported [73] that cytoplasmic overexpression of cyclin D1 in
oral tumor cells is significantly associated with invasive morphology and the development
of actin-based protrusive structures lamellipodia and invadopodia through sequential
EGFR-cyclin D1-CDK4/6-paxillin-Racl activation, this being an oncogenic pathway that
links an essentially proliferative pathway (EGFR) with the increased metastatic capacity of
tumor cells.

According to our critical qualitative/risk of bias (RoB) analysis, performed with the
QUIPS tool [68] (developed by members of the Cochrane Prognostic Methods Group [74]),
the studies presented a very similar design, but not all the same methodological rigor. As
is usually found in observational studies, the main RoB source was associated with the lack
of control of potentially confounding factors, which were not considered in the design or
not integrated in the statistical analyses. Future studies should be better designed, correctly
measuring and clearly reporting data related to essential clinical factors that were inconsis-
tently published (e.g., tobacco and alcohol use). Important clinicopathologic or therapeutic
variables with prognostic value were also not reported by primary-level studies, such as
the number of surgical and non-surgical cases or the presence/absence of distant metas-
tases. These variables sometimes are not published, or typically reported as aggregated
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data. Therefore, the influence of these covariates could not be quantitatively evaluated
through meta-regressions or adjusted through subgroup meta-analyses. Consequently, as
another recommendation of our systematic review, future studies should carefully report
the clinicodemographical variables of interest, preferably via individual participant data,
in order to increase the transparency and scientific quality of the published datasets. It
should also be mentioned that in our RoB stratified subgroup meta-analysis, we found
the largest effect size between worse survival and a higher methodological quality. This
is an important fact that shows that the more carefully designed studies are able to better
demonstrate the association between EGFR overexpression and poor prognosis in oral
cancer. The methodological recommendations derived from the present systematic review
are therefore strongly recommended in order to improve and standardize future research.

Some potential limitations of our systematic review and meta-analysis should also
be discussed. First, a considerable statistical heterogeneity degree was observed in the
meta-analysis on overall survival. Subsequent stratified meta-analyses revealed more
homogeneous subgroups, indicating that potential explanatory sources of heterogeneity
are inherent to the variability of experimental methods, singularly differences in anti-EGFR
antibodies, cut-off points, and antibody dilutions. Second, the presence of publication bias
could not be ruled out for all the variables investigated. Nevertheless, this is a real challenge
hard to overcome in the current biomedical research era, where a model of publications of
consistently positive results is firmly established [75]. Despite the above limitations, our
study was carefully designed and developed following high methodological standards,
and presents promising results, being the first meta-analysis to date specifically researching
the prognostic implications of EGFR in oral cancer.

4. Materials and Methods

This systematic review and meta-analysis followed PRISMA and MOOSE reporting
guidelines [76,77], and closely complied with the criteria of Cochrane Prognosis Methods
Group [74] and Cochrane Handbook for Systematic Reviews of Interventions [78].

4.1. Protocol

To reduce bias risk and improve the transparency, accuracy, and integrity of this
study, we previously registered the methodology protocol in the PROSPERO International
prospective register of systematic reviews (www.crd.york.ac.uk/PROSPERO, registration
number 1D433551; accessed on 18 June 2023). The protocol is also consistent with the
PRISMA-P Guidelines to ensure a strict approach [79].

4.2. Search Strategy

In order to perform the search, MEDLINE/Pubmed, Embase, Web of Science, and
Scopus were the main databases employed. Only studies published before the search date
(November 2022) were considered. The search was conducted by combining thesaurus
terms used in databases (i.e., MeSH and EMTREE) with free terms, designed aiming
to increase sensitivity and adapted to the syntax of each database consulted (Table S1 in
Supplementary Information). We also manually examined the reference lists of the retrieved
studies for additional relevant studies. All references are managed using Mendeley v1.17.10
software (Elsevier, Amsterdam, The Netherlands), and duplicate references were removed.

4.3. Eligibility Criteria

The following inclusion criteria were selected: original primary-level studies without
restrictions by language, publication date, follow up periods, geographical area, age, or sex;
evaluation of EGFR overexpression in OSCC; analysis of the association with at least one
of the following prognostics and/or clinicopathological outcomes: overall survival (OS),
disease-free survival (DFS), tumor size, N status, clinical stage, or histological grade. OS
was defined as the time elapsed from the date of diagnosis/surgery to the date of death by
any cause. DFS was defined as the time elapsed from diagnosis/surgery to the detection
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of locoregional or distant recurrence or to death without recurrence. Given the lack of
international consensus standards to define survival endpoints in oncology research, any
study using the terms OS/DFS was included, or by using other terms in compliance with
our precedent definitions.

Studies meeting at least one of the following criteria were excluded: retracted articles,
preclinical research (in vitro research or in vivo animal experimentation), case reports,
editorials, letters, meeting abstracts, personal opinions, comments, book chapters, or
secondary/tertiary-evidence level studies (systematic reviews, meta-analyses, scoping
reviews, umbrella or overviews of reviews, etc.); squamous cell carcinomas from anatomic
areas distinct to the oral cavity, and/or tumors of different histopathological lineage;
no analysis of the main prognostic or clinicopathological outcomes of interest; lack or
insufficient data for the estimation of statistical effect size metrics with their corresponding
confidence intervals; and inter-study overlapping populations, determined by verifying
the authors’ names and affiliations, source of patients, and recruitment periods. To identify
potential overlapping populations, the authors’ names, affiliations, and recruitment period
and settings were examined. In cases where the study was conducted by the same research
group, we have included the most recent research, or the most complete data published.

4.4. Study Selection Process

A team of three blinded authors (JCO, DCG, and VSD) applied the eligibility criteria.
A supervising author (PRG) was consulted to resolve any dissimilarities. Article selection
was performed in two stages; the first stage consisted of screening the titles and abstracts
of retrieved studies in an initial selection, and then reading the full text of selected papers,
followed by excluding those that did not meet the inclusion criteria. The reviewers were
first jointly trained and calibrated for the process of identifying and selecting studies for
several screening rounds, achieving an excellent inter-rater reliability, as measured by
calculating a Cohen’s kappa statistic (k > 0.90).

4.5. Data Extraction

After full text reading, authors independently extracted data from the selected articles
and used a standardized data collection form using the software Excel (v.16/2018, Microsoft.
Redmond, WA, USA). The extracted data sets were secondarily cross-checked together, with
discrepancies resolved by consensus. Using the methods proposed by Luo et al. (2018) and
Wan et al. (2014) [80,81], data expressed as medians, interquartile range, and/or maximum-
minimum values were calculated and converted to means and standard deviation (SD).
In cases where it was desirable to combine two or more different datasets expressed as
means-standard deviation of subgroups into a single group, the Cochrane Handbook
formula was applied [78]. Data were collected on first author, language and publication
date, country, sample size, anatomical cancer subsite, sex and age of patients, tobacco
use, areca nut and alcohol consumption, recruitment and follow-up period, experimental
methods, and relative frequency of EGFR overexpression. Finally, the data necessary to
analyze the clinicopathological outcomes was investigated.

4.6. Evaluation of Quality and Risk of Bias

The authors used the Quality in Prognosis Studies (QUIPS) tool (developed by mem-
bers of the Cochrane Prognosis Methods Group [68]) to critically appraise the methodologi-
cal quality and risk of bias of the studies at the primary level. The following six areas of
potential bias were examined: (1) study participation; (2) study attrition; (3) prognostic
factor measurement; (4) outcome measurement; (5) study confounding; and (6) statistical
analysis/reporting. For each domain, the risk of bias was assessed as low, moderate, or
high. Finally, to obtain an overall risk of bias score, an overall score was also estimated
based on a method previously described by our research group [82-85].
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4.7. Effect Measures

Odds ratios (OR) with their corresponding 95% confidence intervals (CI) were used as
an effect measure for clinicopathological outcomes. EGFR overexpression was analyzed as
a dichotomous categorical variable according to the scoring systems adopted by primary-
level studies. Hazard ratios (HR) with 95%CI were used, due to the time-to-event nature,
for the survival outcomes [86]. When authors directly reported HR and 95%ClI, these were
extracted from primary-level studies. If HR and/or 95%CI were not explicitly provided
by the authors, we calculated them using standardized appropriated statistics [86,87]. If
these results were only reported through survival curves, datasets were extracted from
Kaplan-Meier curves with Engauge Digitizer 4.1 software (open-source digitizing software
developed by M. Mitchell).

4.8. Synthesis Methods

The primary-level studies included in this systematic review reported different out-
comes of interest. Thus, the number of studies and patients was variable for each meta-
analysis performed for survival outcomes (overall survival and disease-free survival) and
clinicopathological variables (T status, N status, clinical stage, and histological grade). For-
est plots were constructed for these outcomes in order to display the results of individual
studies, as well as the magnitude, precision, and direction of effects of pooled estimates
derived from meta-analytical techniques. All meta-analyses were conducted using the
inverse-variance method under a random-effects model (based on the DerSimonian and
Laird method). This approach was a priori planned in our study protocol in order to account
for the possibility that there are different underlying effects among study subpopulations
(e.g., differences inherent to the variability of experimental methods, such as different
anti-EGFR antibodies, dilutions, or incubation time). All analyses were run in the software
Stata v. 16.1 (StataCorp, College Station, TX, USA).

The presence and extent of statistical heterogeneity was assessed using the x2-based
Cochran’s Q test. Given the low statistical power of Q-test, p < 0.10 was considered
significant. We also applied the Higgins I? statistic to estimate what proportion of the
variance in observed effects reflects the variation in true effects, rather than sampling
error. The percentage of inter-study heterogeneity was quantified considering values
of 50-75% as a moderate-to-high degree of inconsistency [88,89]. The possible causes of
heterogeneity among studies were explored across subgroup meta-analyses and univariable
random-effect meta-regression analyses using the restricted maximum likelihood (REML)
method [90]. Due to the low number of observations reported by primary-level studies for
secondary covariates included in meta-regressions, the p-values were re-calculated using a
permutation test based on Monte Carlo simulations [91]. To obtain sufficient precision, the
number of permutations was 10,000 [92]. Weighted bubble plots were also constructed to
graphically represent the fitted meta-regression lines. Finally, in order to assess small-study
effects, we planned to generate funnel plots [93] for meta-analyses. Furthermore, the Egger
regression test was performed to statistically investigate the asymmetry of funnel plots
(performing a linear regression of the effect estimates on their standard errors, weighting
by 1/[variance of the effect estimate], considering a pggger-value < 0.10 as significant) [94].

5. Conclusions

In conclusion, our meta-analysis provides an evidence-based report that EGFR over-
expression is a very frequent oncogenic mechanism in oral oncogenesis that is associated
with a worse survival rate and a higher risk of developing lymph node metastases. Our
results suggest that immunohistochemical detection of EGFR should be routinely included
in the prognostic evaluation of patients with oral cancer, using 10% of EGFR+ tumor cells
as a cut-off point to consider a positive case.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms241511888/s1.
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Abstract: Even though epidemiological studies suggest that tobacco smoking and high-risk human
papillomavirus (HR-HPV) infection are mutually exclusive risk factors for developing head and neck
cancer (HNC), a portion of subjects who develop this heterogeneous group of cancers are both HPV-
positive and smokers. Both carcinogenic factors are associated with increased oxidative stress (OS)
and DNA damage. It has been suggested that superoxide dismutase 2 (SOD2) can be independently
regulated by cigarette smoke and HPV, increasing adaptation to OS and tumor progression. In this
study, we analyzed SOD2 levels and DNA damage in oral cells ectopically expressing HPV16 E6/E7
oncoproteins and exposed to cigarette smoke condensate (CSC). Additionally, we analyzed SOD2
transcripts in The Cancer Genome Atlas (TCGA) Head and Neck Cancer Database. We found that oral
cells expressing HPV16 E6/E7 oncoproteins exposed to CSC synergistically increased SOD2 levels
and DNA damage. Additionally, the SOD2 regulation by E6, occurs in an Akt1l and ATM-independent
manner. This study suggests that HPV and cigarette smoke interaction in HNC promotes SOD2
alterations, leading to increased DNA damage and, in turn, contributing to development of a different
clinical entity.

Keywords: cancer; head and neck; human papillomavirus; cigarette smoke; SOD2; DNA damage

1. Introduction

Head and neck cancers (HNCs) represent a global health problem which affected
~830,000 subjects in 2020 worldwide, causing the death of more than 50% of them [1].
This cancer originates from different anatomical locations, such as the oropharynx, larynx,
hypopharynx, mouth, lips, palate, and tonsils. Late diagnosis is a common problem
in this type of cancer, accompanied by regional and distal metastases that worsen the
patient’s prognosis [2]. The risk factors associated with HNC are smoking, frequent alcohol
consumption, and high-risk human papillomavirus (HR-HPV) infection [3]. HR-HPV
E6 and E7 oncoproteins can induce the degradation of the tumor suppressors p53 and
pRb, respectively, contributing to cell immortalization and transformation [4,5]. HPV16
is the most frequent HR-HPV genotype detected in HNCs, with 90% prevalence in this
tumor [6-8]. However, HR-HPV infection is not a sufficient condition for carcinogenesis,
with additional co-factors being required. Even though epidemiological studies suggest
that tobacco smoking and HR-HPV are mutually exclusive risk factors for HNCs, some
subjects who develop this cancer are both HR-HPV positive and smokers, suggesting the
possibility of interactions [9].

49



Int. J. Mol. Sci. 2023, 24, 6907

Cigarette smoke is considered one of the leading agents related to HNC, this sin-
gle factor being the cause of 42% of deaths associated with this disease [10]. More than
70 compounds in cigarette smoke are considered carcinogenic and classified into two types,
those that directly promote DNA damage and those that require to be metabolized by host
enzymes to promote the damage [11]. Most epithelial cells in head and neck tissues can be
directly exposed to cigarette smoke, favoring the possibility of functional interactions with
HR-HPV [12]. Both cigarette smoke and HR-HPV are inducers of oxidative stress (OS) since
they favor the production of reactive oxygen species (ROS) such as hydrogen peroxide,
nitric oxide, and superoxide that alter the cellular redox balance [13-15]. These changes
lead to modifications in gene expression to modulate redox-sensitive proteins, many of
which have been involved in cancer [14,16,17]. The family of superoxide dismutase (SOD)
catalyzes the dismutation of superoxide (O, ™) into hydrogen peroxide (H,O;) and oxygen
and is suggested to be a prognostic factors in HNC [18,19]. In particular, the manganese
superoxide dismutase 2 (SOD2) protein has the highest antioxidant capacity in the mito-
chondria when compared to other SOD family members. Moreover, SOD2 is suggested to
be a prognostic biomarker of oral cancer malignancy because SOD2 overexpression is asso-
ciated with lymph node metastases [18]. However, the role of SOD2 in cancer is complex, as
it presents a dichotomy. First, SOD2 downregulation can lead to O, accumulation, which
is associated with increased DNA damage and cell proliferation during tumorigenesis [20].
Conversely, SOD2 positive regulation goes hand in hand with an improvement in the
elimination of O, and intracellular H,O, increase, which correlates with adaptation to OS
and activation of signaling pathways involved in tumor progression [21-24]. Specifically,
increased SOD2 levels have been described in smoker HNC subjects and hypopharyngeal
cells expressing the HPV16 E6 oncoprotein [25,26].

In this study, we report for the first time that HPV16 E6 and E7 oncoproteins and
cigarette smoke cooperate to regulate SOD2 levels and DNA damage in head and neck
cancer cells. Furthermore, we report a positive correlation between SOD2 upregulation and
HPV16 E6 expression at the transcriptional level in HNCs from Chilean patients.

2. Results
2.1. HPV16 E6 and E7 Promote SOD2 Expression in Oral Cells

Oral cells (SCC143) were transduced with the retroviral vectors pLXSNE6/E7 or
PLXSN. E6 and E7 transcripts were detected only in those cells transduced with the
pLXSNE6/E7 vector (Figure 1A). Furthermore, we compared the levels of E6 and E7
transcripts in SCC143 and UM-SCC-100 cells with those obtained from SiHa cells (cervical
cancer cell line containing two copies of HPV16 per cell) (Figure 1B,C). We found that the
levels of E6/E7 transcripts in transduced SCC143 cells were similar to those obtained in
SiHa cells and therefore selected these cells for further assays. Subsequently, we analyzed
the proliferative capacity of SCC143V and SCC143E6/E7 cells, using a BrdU assay to ana-
lyze DNA synthesis. This assay detected a significant increase in proliferative activity in
SCC143E6/E7 cells, and this, in turn, is dependent on ATM activation (Figure 1D). Then,
using an RTqPCR assay, we saw a significant increase in SOD2 transcripts in SCC143 E6/E7
cells (Figure 1E). Finally, using WB, we detected the levels of the P53, pRb, pATM, ATM,
and SOD2 proteins. The results demonstrate the functional activity of E6 and E7 through
the downregulation of P53 and pRb, respectively (Figure 1F). In addition, the upregulation
of pATM and SOD2 by the HPV16 E6 and E7 oncoproteins was confirmed (Figure 1F).
These data indicate that the HPV16 E6 and E7 oncoproteins are increasing SOD2 transcripts
and protein levels from oral cells.
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Figure 1. HPV16 E6/E7 induces SOD2 expression in oral cells. (A) HPV16 E6/E7 transcripts were
evaluated by RT-PCR in SCC143V and SCC143E6/E7 cells; 3-actin was used as the control. (B) E6
transcripts were assessed by RT-PCR in SiHa, SCC100E6/E7, and SCC143 E6/E7 cells and then
normalized to the intensity of -actin transcript. (C) E7 transcripts were assessed by RT-PCR in
SiHa, SCC100E6/E7, and SCC143 E6/E7 cells, then normalized to the intensity of 3-actin transcript.
(D) BrdU assay to analyze DNA synthesis in SCC143V and SCC143 E6/E7 cells previously exposed
to KU55933 (ATM) inhibitor. Scale bar: 10 um. The graph represents fluorescence analysis performed
with the fluorescence intensity. (E) The levels of SOD2 transcripts normalized by (3-actin were
evaluated by RT-qPCR in SCC143V and SCC143E6/E7 cells. (F) Western blot to evaluate ATMS1981,
ATM, Rb, p53, SOD2, and -actin protein levels in SCC143V and SCC143E6/E7 cells. The graphs
represent three independent Western blots for SOD2 pRb and p53 protein normalized by 3-actin.
Densitometric analyses were performed with Image]. Data are presented as the mean + standard
deviation (SD); average of three independent experiments, conducted in triplicate; * p < 0.05.
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2.2. SOD2 Is Regulated by HPV16 E6 in an AKT1/ATM Independent Manner in Oral Cells

An assay with siRNA was performed to determine the relevant oncoprotein in the
regulation of SOD2 levels. SCC143 E6/E7 cells were transfected with siRNA for E6 and E7
and scrambled control (SCR) for this assay. After 48 h post-transfection, SOD2 levels were
analyzed by WB. In addition, WBs for p53 and pRb were included as indirect functionality
control of the siRNAs. The results show p53 and pRb levels recovery when the E6 and
E7 interferents are used, respectively. In addition, we detected that when using the E6
interferent of HPV16, the SOD2 levels decreased significantly (Figure 2A). On the other
hand, we analyzed whether the increase in SOD2 levels was dependent on ATM activation,
which is related to DNA damage repair and is activated by E6 and E7 oncoproteins.
Therefore, SCC143 E6/E7 cells were treated with two concentrations of the specific inhibitor
of ATM activation (KU55933) for 24 h. We observed no statistically significant differences
in SOD2 levels when the inhibitor KU55933 was used (Figure 2B). In addition, we analyzed
the role of PI3K/AKT signaling in SOD2 levels induced by HPV16 oncoproteins, as the
extent of this pathway in SOD2 transcriptional regulation was previously reported [20].
Accordingly, SCC143 E6/E7 cells were treated with the PI3K-specific inhibitor (LY294002)
for 24 h. Then we analyzed the levels of AKT, pAKT15473, and SOD2 proteins by WB. First,
we detected a decrease in the phosphorylated form of AKT15473 when comparing SCC143
pLXSN with SCC143 pLXSN E6/E7, and there was no significant change in SOD2 levels
when using the inhibitor LY294002 (Figure 2C). The data suggest that HPV16 E6 is relevant
for inducing SOD2 levels in an ATM- and PI3K/AKT-independent manner.

2.3. HPV'16 E6 and E7 Oncoproteins Together with CSC Induce an Increase in SOD2 Levels and
DNA Damage in Oral Cells

Both cigarette smoke and HPV are risk factors for HNC and inducers of oxidative
stress. Therefore, we hypothesize that HPV oncoproteins E6 and E7 and cigarette smoke
may collaborate to induce SOD2 and genetic damage in oral cells. To assess this possible
collaboration, we first evaluated non-toxic doses of CSCs in SCC 143 cells by using the
MTS assay with different concentrations of the compound (Figure 3A). The results indicate
the maximum non-lethal amount is 50 ng/mL of CSC. Then, to verify the functionality of
the compound, we evaluated the cytochrome p450 (CYP1B1) transcript by RT-PCR and
analyzed the activation of ERK and AKT1 by WB (Figure 3B,C). We observed a significant
increase in the CYP1B1 transcript in SCC143 cells exposed to 10 pug/mL CSC. Moreover,
CSC can upregulate the phosphorylated forms of ERK and AKT1 in SCC143 V and SCC143
E6/E7 cells. These data confirm the biological activity of CSC in this oral model. To
determine the effect of HPV16 E6/E7 and CSC on SOD2 levels, SCC143 V and SCC143
E6/E7 cells were exposed to 10 and 50 ug/mL CSC for 24 h, using DMSO as a control
(Figure 3D). The levels of pATM, ATM, Rb, and SOD2 proteins were then analyzed by
WB. We observed a significant increase in SOD2 levels with 10 and 50 ug/mL CSC in
both SCC143 V and SCC143 E6/E7 cells. However, a more substantial rise in SOD2 levels
is observed in SCC143 E6/E7 cells with CSC at both concentrations. In addition, we
detected a CSC-mediated increase in pATM and a CSC-mediated decrease in Rb protein
(Figure 3A). The data suggest that both factors independently induce SOD2 levels, but CSC
provides a more significant increase in SOD2 levels when HPV16 E6 and E7 are present. An
immunofluorescence assay for Gamma-H2AX, a marker for single- and double-stranded
DNA breaks, was performed to determine changes in genetic damage. In this way, SCC143
V and SCC143 E6/E7 cells were treated with 10 and 50 ug/mL of CSC for 24 h. Inhibitor
KU55933 was included in this assay as a control to potentiate the damage induced by
both factors. We observed that SCC143E6/E7 cells present a significant increase in the
fluorescence intensity of Gamma-H2AX concerning the SCC143V. Furthermore, it can be
seen that CSC induces a substantial increase in the fluorescence intensity of Gamma-H2AX
compared to DMSO.
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Figure 2. SOD2 is regulated by HPV16 E6 in an AKT1- and ATM-independent manner in oral cells.
(A) Western blot performed for total protein extract of SCC143E6/E7 cells previously transfected with
control siRNA (SCR), siRNA E6, or siRNA E7 (48 h) to evaluate Rb, p53, SOD2, and [3-actin protein
levels. (B) Western blot was performed with protein extracts from SCC143E6/E7 cells previously
exposed to KU55933 (ATM) inhibitor for 24 h. The levels of total ATM, ATMS!%8!, SOD2, and B-actin
used as load control were analyzed. (C) Western blot was performed with protein extracts from
SCC143E6/E7 cells previously exposed to LY294002 (PI3K) inhibitor for 24 h. The levels of total AKT1,
AKT1%¥73, SOD2, and B-actin were evaluated. The graphs represent three independent Western
blots for SOD2 normalized by -actin. Densitometric analyzes were performed with Image]. Data
are presented as the mean =+ standard deviation (SD); average of three independent experiments,

conducted in triplicate; * p < 0.05; ns, not significant.

53



Int. J. Mol. Sci. 2023, 24, 6907

A B

MTS SCC143
SCC 143
2.0-
1.04 *
x | |
Bl > c_0s
8 g § 0.6-
3 £ A
8 1.04 E o
«© o 04 ——
§ £e ==
2 0.5 © 7024
< 00 .
0.0- B &
SN PSS e & §
OF
pg/mL CSC Treatment
C SCC143 pLXSN SCC143 pLXSN E6/E7
DMSO + - - + - -
10 pg/mL CSC - + - — + —
50 pg/mL CSC -— - + — -— + kDa
AKT15473 S S S e e |
AKT1 W S R e e | 65

PERKL/Z | s s L —

ERK1/2 . m @ B 44

B-Actin | WEEE-__G S S —

D

SCC143 pLXSN SCC143 pLXSN E6/E7
DMSO + - - + Cl —
10 pg/mL CSC - - - - + = SCC 143
50 pg/mL CSC - - + - - + KDa 3 -
- ——
ATMS1981 + - -— - . a 350 S
T 92
33
ATM - - > — - - - - B | 350 :AO
23 1
o
Rb [ ’ - 110
04
SOD2 - — — — — |t 69006’6?6*&&0@&0
Yol 6L
Y B
BACtn | S— W— o — — — | & ¢
Treatment

Figure 3. HPV16 E6/E7 oncoproteins and CSC increase SOD2 levels in oral cells. (A) MTS assay
in SCC143 cells treated with CSC at different concentrations and incubated for 72 h. (B) CYP1B1
transcripts were evaluated by RT-PCR in SCC143 cells previously exposed to the inhibitor KU55933
(ATM) for 24 h. (C) Western blot performed for total protein extract of SCC143V and SCC143E6/E7
cells previously exposed to CSC for 24 h. The levels of total AKT1, AKT15%473, ERK1/2, p-ERK1/2,
and (-actin were evaluated. (D) Western blot performed for total protein extract of SCC143V and
SCC143E6/E7 cells previously exposed to CSC for 24 h. The levels of total ATM, ATMS8L Rp,
SOD2, and 3-actin were evaluated. The graphs represent three independent Western blots for SOD2
normalized by B-actin. Densitometric analyzes were performed with Image]. Data are presented
as the mean =+ standard deviation (SD); average of three independent experiments, conducted in
triplicate; * p < 0.05.
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Furthermore, a more significant rise in Gamma-H2AX fluorescence intensity can be
observed in CSC-treated SCC143E6/E7 cells. Upon exposing cells to ATM inhibitor and
CSC, the fluorescence intensity increases due to the blockage of ATM-mediated repair
(Figure 4). In summary, CSC with E6/E7 oncoproteins can individually induce SOD2 levels
and genetic damage in oral cells. However, when both factors are present, the observed
changes in SOD2 levels and genetic damage are enhanced.
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Figure 4. HPV16 E6/E7 oncoproteins and CSC increase DNA damage in oral cells. Indirect im-
munofluorescence (IFI) performed in SCC143V and SCC143E6/E7 cells previously exposed to CSC
or CSC+ KU55933 (ATM) inhibitor for 24 h to evaluate y-H2AX protein. Scale bar: 10 um. The
graph represents fluorescence analysis performed with the analysis of fluorescence intensity. Data
are presented as the mean =+ standard deviation (SD); average of three independent experiments,
conducted in triplicate; * p < 0.05 and ** p < 0.01.
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2.4. HPV16-Positive HNSCCs Correlate with Upregulation of SOD2 Transcripts

We evaluated the levels of SOD2 transcripts in 49 FFPE samples by RT-PCR. The
cases were then distributed into three groups: HPV16 positive, HPV positive for another
genotype, and HPV negative. When comparing the data of each group, we found statisti-
cally significant differences between the HPV-negative and the HPV16-positive samples
(Figure 5A). Subsequently, we evaluated the E6 and E7 transcripts levels of the HPV16-
positive samples. Considering these results, we distributed the data in groups of high or
low levels of E6 or E7 transcripts. We detected that SOD2 levels correlate with high levels of
E6 transcripts and not with E7 levels, presenting statistically significant differences between
those samples that show differences in E6 transcript levels (Figure 5B). These data suggest
that HPV16 E6 may be involved in SOD2 upregulation in HNC.
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Figure 5. HPV16-positive HNSCCs correlate with upregulation of SOD2 transcripts. (A) SOD2
transcripts were evaluated by RT-PCR and normalized to 3-actin transcript intensity. The sample data
were separated into three groups: HPV negative, HPV16 positive, and other HPV genotypes. (B) The
levels of the SOD2 transcript normalized by b-actin were evaluated by RT-PCR, according to the levels
of HPV16 E6 or E7 transcripts. To generate these groups, the levels of E6 and E7 transcripts were
evaluated in HPV16-positive samples, and they were stratified into high or low expression levels,
considering the median of the data. Densitometric analyzes were performed by Image] software.
Data are presented as the mean =+ standard deviation (SD); average of three independent experiments,
conducted in triplicate; * p < 0.05; ns, not significant.

On the other hand, we performed analyses with the UCSC Xena web source to analyze
a functional and phenotypic correlational genomic dataset of head and neck tumors from
the GDC TCGA database. In this context, we detected that SOD2 expression was increased
only in oral floor cancer samples with a smoking history compared with HPV-negative
oral floor cancer samples without a smoking history (Figure 6). Regarding the variables
analyzed, we did not find the HPV genotype of the tumors positive for the virus.
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Figure 6. HPV positive and smoking since floor of mouth cancer present an up-expression of SOD2.
Six hundred thirteen HNSSC samples were selected from the GDC TCGA Head and Neck Cancer
Database, using the UCSC Xena web source. Twenty-eight HNSSC were selected under the following
criteria: (1) HPV status information, (2) tobacco smoking history, (3) SOD2 expression, and (4) tumor
primary site (floor of mouth); * p < 0.05, *** p < 0.001, *** p < 0.0001, NS, not significant.

3. Discussion

Cigarette smoke and HR-HPV are both potent inducers of carcinogenesis and tumor
progression, modifying multiple pathways associated with the hallmarks of cancer [27-29].
Thus, both factors induce molecular signals through changes in gene expression of tumor
suppressors and oncogenes in the cell [28,29]. In HNC, these molecular changes define the
patient’s clinical characteristics; thus, those HPV-positive tumors are defined as a different
entity compared to cancers associated with cigarette smoke and alcohol [30]. Furthermore,
inside HNC, the floor of the mouth is a common site for developing cancer with a high
prevalence of HPV16 [31]. On the other hand, OSCC (posterolateral tongue and floor of
mouth) is strongly associated with smoking history [32]. It is essential to consider the
initiation of the tumor process since HPV-positive patients require other factors to generate
cancer [33].

The reported prevalence of HPV in HNC depends on the anatomical origin; thus,
the prevalence for the oropharynx is 25-85%; for the larynx, 20-25%; and for oral cancer,
24-32% [34-36]. We previously detected an HPV prevalence of 61.2% in oropharyngeal
tumors and 11% in oral squamous cell carcinoma (OSCC) from Chile [7,37]. The HR-HPV
genotype with the highest prevalence detected is HPV16, with 80% positivity in positive
HPV samples, which is consistent with that reported by other authors [36,38]. Interestingly,
via a transcript analysis, we detected a statistically significant increase in SOD2 only in
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HPV16 positive cases when compared to HPV-negative cases. SOD2 expression studies
in clinical models of tongue cancer have shown a significantly higher expression than in
normal tissue samples. Furthermore, SOD2 expression was higher in late-stage (stages III
and IV) than in early stage disease (stages I and II) [39]. During lung cancer chemotherapy,
SOD2 overexpression increases resistance to the tyrosine kinase inhibitor anlotinib, used as
a third line of treatment for patients with advanced NSCLC. Specifically, SOD2 promotes the
inhibition of mitochondrial ROS production and the suppression of apoptosis [40]. In addi-
tion, SOD2 has a protective role against radiotherapys; it increases the malignant properties
of tumor cells, such as invasion, migration, and anchorage-independent growth [19,41,42].

Termini L et al. demonstrated that the SOD2 protein was associated with the malig-
nancy of cervical cancer (100% prevalence of HPV), considering it a possible biomarker
of progression in this type of cancer [43]. However, by immunohistochemical analysis,
Rabello S et al. suggested that the upregulation of SOD2 was independent of the presence
of HPV16 and HPV18 in this type of cancer [44]. In this regard, when evaluating the
E6 and E7 transcripts in the HNC samples, we observed a positive correlation between
the levels of the HPV16 E6 transcript with the levels of SOD2, which in part reflects a
possible relationship between the levels of SOD2 dependent on the expression of HPV16
E6. Along with the above, we detected the upregulation of SOD2 transcripts and protein
in HPV16 E6, and E7 transduced oral cells. In addition, using siRNAs, we observed a
dependence of SOD2 on the oncoprotein E6. In that sense, Cruz-Gregorio C et al. showed,
in a hypopharyngeal cell model, that HPV16 E6 can promote mitochondrial metabolism,
increasing mitochondrial protein levels, OS, and genetic damage [26].

We attempted to determine how HPV16-mediated SOD2 regulation occurs by evaluat-
ing the involvement of ATM and PI3K/AKT1. First, we analyzed whether ATM activation
mediated by E6 and E7 oncoproteins could induce SOD2 levels since ATM is reportedly
required for NF-kB-mediated SOD2 expression in the mammary epithelium [45]. However,
we did not detect SOD2-level alterations in cells expressing HPV16 E6 and E7 oncoproteins
when they were exposed to the KU55933 inhibitor. On the other hand, we analyzed the
SOD2 dependence of the PI3K/AKT1 pathway in the SCC143E6/E7 model since it has
been reported that this pathway can regulate transcription factors that bind to the SOD2
promoter, favoring its transcription, such as NF-xB and CREB [20,46,47]. However, we
observed a decrease in AKT1%*73 levels when comparing CSCC143V and SCC143E6/E7
cells. Thus, as expected, we did not observe changes in SOD2 levels when cells were treated
with LY294002. Interestingly, the decrease in pAKT1 has been associated with increased
mitochondrial metabolism, favoring the expression of related proteins such as SOD2 [48].
In this regard, we hypothesize that the E6-mediated regulation of SOD2 is dependent on
p53 downregulation. Previous studies show that p53 degradation allows the release of the
transcription factor SP1, which maintains a binding site near the SOD2 promoter that is
important in gene transcription [20,49].

Cigarette smoke cooperates with HR-HPV to promote cervical cancer progression [12,50,51].
However, studies that address the interaction of both components in HNC are scarce
because epidemiological studies suggest that HR-HPV and tobacco are mutually exclusive
factors for HNC development [12]. We previously reported that the interaction between
cigarette smoke and HR-HPV induces DNA damage and increases E6 and E7 oncoproteins’
expression in lung and cervical cancer models [52,53]. Other groups have determined
that the interaction between cigarette smoke and HR-HPV can induce the expression of
viral oncoproteins, favor viral infection and host genome integration, increase genetic
damage, and modify the expression of relevant proteins in tumor progression, among other
things [54-58]. Specifically, in OPSCC, positivity for HPV is a factor for good prognosis
and better response to treatment [59]. However, through a retrospective study in patients
with OPSCC who had exposure to cigarette smoke and were HPV positive, it was observed
that the prognosis of the disease worsened, suggesting that this type of tumor is a new
entity [60]. In the case of oral epithelium from US patients, it has been determined that those
who have been exposed to tobacco are significantly associated with HPV16 infection [61].
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Our results suggest that CSC induces the regulation of ERK1/2 and PI3K/AKT signaling
pathways in oral cells independently of HPV16 E6 and E7 expression. In this regard,
Si-Youngk et al. found that PI3K signaling levels do not change between smoking and
non-smoking HPV-positive patients [62]. On the other hand, we detected that SOD2 levels
and genetic damage are synergistically increased by HPV16 E6/E7 and CSC in oral cells.
In this regard, SOD2 has been reported to be independently induced by cigarette smoke
and HPV E6 and E7 oncoproteins [26,63]. The cigarette smoke/HPV cooperation may
increase H,O,-mediated OS, increasing genetic damage and metastasis initiation [64,65].
We understand that, in this study, we did not find the underlying molecular mechanism of
SOD2 regulation by HPV /cigarette smoke. We also know that it needs to be replicated in
more head and neck cell models and in an in vivo model to demonstrate the mechanisms
involved. Regarding the clinical samples analyzed in this study, it should be noted that they
are from the oropharynx. In future research, other anatomical locations of the head and
neck would have to be added. Future studies may molecularly address how this regulation
occurs and the phenotypic changes that may be promoted by the synergistically induced
regulation of SOD2 by CSC and HPV E6/E7.

Cigarette smoke and HPV16 are factors involved in the development and progression
of cancer. Therefore, these factors may interact in head and neck epithelial cells and
promote changes associated with cellular malignancy. Understanding how HPV /cigarette
smoke cooperation can alter head and neck cells can allow us to predict the molecular
changes associated with HNC induced by both factors. The data from this study suggest
that the upregulation of SOD2 levels is mainly mediated by the HPV16 E6 oncoprotein
in HNC. We show, in a model, the data found in this study (Figure 7). Furthermore, this
is the first report of the cooperation between cigarette smoke and the HPV16 E6 and E7
oncoproteins inducing sod2 levels and genetic damage in oral cells. Finally, we hypothesize
that the genetic damage caused by the collaboration of both factors may favor neoplastic
development or favor tumor progression through the positive regulation of SOD2. Further
determination of the combined effects of risk factors may provide new insights to improve
the management of patients with HNC.
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Figure 7. Proposed model of cigarette smoke and HPV16 interaction in HNSCC cells. HPV 16
E6 and E7 oncoproteins collaborate with cigarette smoke to increase genetic damage and SOD2

overexpression, promoting cancer initiation and malignancy, respectively. Created by BioRender.com.
We allow the use of this image for educational use.
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4. Materials and Methods
4.1. Cell Lines, Culture and Transductions

The SCC143 cell line (floor of mouth squamous cell carcinoma) and the UM-SCC-100
(Head and neck squamous cell carcinoma) cell line were obtained from the University
of Pittsburgh [66]. GP + envAM-12 (CRL-9641™) retrovirus packaging cells were kindly
donated by Dr. Enrique Boccardo, Institute of Biomedical Sciences, University of Sao Paulo,
Sao Paulo, Brazil. Cells were incubated in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Hyclone,
Fremont, CA, USA), with antibiotics (100 units/mL penicillin and 100 g/mL streptomycin),
and maintained at 37 °C in a 5% CO, atmosphere. For the subculture, cells were incubated
with trypsin for 3-5 min and maintained with a new medium containing FBS (Hyclone,
Fremont, CA, USA). SiHa (HTB-35™) cervical carcinoma cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in RPMI-
1640 basal medium (Gibco, Carlsbad, CA, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Hyclone, Fremont, CA, USA), 100 U/mL penicillin, 100 g/mL
streptomycin, and 0.25 ug/mL amphotericin B (Gibco, Carlsbad, CA, USA). Cells were
tested for mycoplasma contamination. Plasmids pLXSN and pLXSNHPV16E6/E7 were
kindly donated by Dr. Massimo Tommasino, from the International Agency for Research on
Cancer (IARC), Lyon, France. Retroviral transduction was performed with GP + envAM-12
packaging cells previously transfected with pLXSN or pLXSNHPV16E6/E7 plasmids for
24 h at 37 °C in an atmosphere containing 5% CO, with lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instructions. SCC143 cells and UM-
SCC-100 were stably transduced and were then selected by 0.3 mg/mL Geneticin (GIBCO,
Carlsbad, CA, USA).

4.2. Viability Assays (MTS)

SCC143 cells 5 x 103 were grown in 96-well plates. After 24 h, cells were treated with
cigarette smoke condensate (CSC) prepared from 1R4F reference (Murty Pharmaceutical,
Lexington, KY, USA). A stock solution of 40 mg/mL was prepared, and the maximum
working solution that did not affect the viability of the cells was 50 ug/mL and was
incubated for 72 h. Viability was measured using the CellTitter 96® aqueous non-radioactive
cell proliferation assay kit (Promega, Madison, WI, USA), from which 20 pL of the reagent
was added to each well, and the cells were incubated for 3 h. Finally, the absorbance was
measured at 490 nm.

4.3. Real-Time Polymerase Chain Reaction (4PCR)

The qPCR was realized in a AriaMx Real-Time apparatus (Agilent, Santa Clara, CA,
USA) in a 25 pL final volume. The components for qPCR were as follows: 12.5 uL 2X
SYBR Green Mastermix (Bioline, London, UK), 7.5 uL nuclease-free water, and 1 uL. cDNA
template. The thermocycling conditions were as follows: 94 °C for 30 s, 58 °C for 20 s,
and 72 °C for 20 s, for a total of 40 cycles. The relative copy number of each sample was
calculated through the 2722Ct method. All reactions were performed in triplicate.

4.4. Western Blot

Protein lysates obtained from SCC143 empty vector and E6/E7-transduced cells were
extracted with RIPA 1X lysis buffer (Abcam, Cambridge, UK) containing protease and
phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Suspensions were centrifuged
at 14,000 g for 15 min at 4 °C. The protein concentration was quantified with the PierceTM
BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). Next, 25 pg of total pro-
tein was loaded per well and separated by SDS-PAGE on 12% gels. Proteins were then
transferred by electroblotting to Hybond-P ECL membranes (Amersham, Piscataway, NJ,
USA), using a pH 8.3 Tris-glycine transfer buffer (20 mM Tris, 150 mM glycine, and 20%
methanol) and a Trans-Blot® SD semi-dry electrophoretic transfer cell (Bio-Rad, Hercules,
CA, USA). Membranes were blocked in 5% bovine serum albumin/0.5% Tween-20 in
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Tris-buffered saline pH 7.6 (TBS) for 1 h at room temperature (RT) and then incubated
overnight at 4 °C with primary antibodies against p53 (BD554294) (BD PharmigenTM,
San Diego, CA, USA), pRb (ab24), pATM (ab36810), ATM (ab78), (Abcam, Cambridge,
UK), pAKT15473 (4060S) (Cell Signaling, Danver, MA, USA), 3-actin (SC47778), SOD2 (SC
137254), AKT1(5C5298). ERK (5C514302), pERK (SC136521) (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), and 1:1000 in TBS/Tween 20 (TBS-T20). After three washes in
TBS-T20, the membranes were incubated either with Anti-Mouse IgG (BD Pharmingen;
BD Biosciences, Heidelberg, Germany) or Anti-Rabbit IgG (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) conjugated to HRP, diluted 1:1000 in BSA 5% blocking buffer for 1 h
at RT. Membranes were washed three times for 15 min and revealed with the ClarityTM
Western ECL detection reagent (Bio-Rad, Hercules, CA, USA) on a (ChemiDocTM Bio-Rad),
according to manufacturer’s instructions.

4.5. Immunofluorescence

Transduced cells were grown to confluence in treated coverslips in 24-well plate,
washed twice with 1x PBS (pH 7.4), dried, and then incubated for 5 min with cold ace-
tone/methanol. Next, cells were incubated with 3% bovine serum albumin (BSA) for 1 h
at room temperature, followed by incubation with a primary monoclonal anti-specific
protein antibody diluted in 1x PBS (1:50), according to the manufacturer’s instructions.
The fixed cells were washed three times for 5 min at room temperature and incubated with
a secondary fluorescein isothiocyanate (FITC) (Santa Cruz biotechnology, Dallas, TX, USA).
After three washes with 1x PBS, cells were incubated for 15 min with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA) and finally visualized in a fluorescence microscope.

4.6. Tissue Samples

We used previously collected 49 formalin-fixed, paraffin-embedded (FFPE) Oropha-
ryngeal squamous-cell carcinomas (OPSCC) obtained between 2009 and 2020 from the José
Joaquin Aguirre Clinical Hospital [37], University of Chile (Santiago, Chile). Each case
was analyzed by a histopathologist. This study was approved by the Board of Directors of
the Ethics Committee of the Hospital Clinico José Joaquin Aguirre, Universidad de Chile
(Number 47-2019). The samples were characterized previously by Oliva C. et al., reporting
a 61.2% (30/49) positivity for HPV [37]. HPV16 is the most prevalent genotype with 80%
(24/30), followed by HPV6 with 10% (3/30), HPV33 with 6.7% (2/30), and HPV18 with
3.3% (1/30) [37].

4.7. FFPE RNA Extraction, cDNA Conversion, and RT-PCR

RNA purification was carried out using the High Pure RNA paraffin kit (Roche),
following the manufacturer’s instructions. The RNA obtained was suspended in 30 pL of
RNA paraffin kit elution buffer and stored at —80 °C until use. The cDNA was prepared
with 100 ng of purified RNA, RNAsin 1 U/uL (Promega, USA), 1x buffer TR (Promega,
USA), 10 ug/pL random primers (Promega, USA), 20 U/uL MMLV (Promega, USA), and
2 mM dNTPs in a final volume of 20 pL. MMLV negative controls were included. The
reaction mixture was incubated at 37 °C for 1 h and stored at —20 °C. RT-PCR was carried
out using the primers of Table 1. -actin mRNA levels were used for normalization of RNA
expression. The amplification conditions were 94 °C for 5 min, followed by 33 cycles of
denaturation at 95 °C for 45 s, annealing at 56 °C for 40 s, and extension at 72 °C for 45 s,
with a final extension for 5 min at 72 °C. For semi-quantitative analysis, ImageJ software
version 1.52a (National Institutes of Health, Bethesda, MD, USA) was used.

4.8. Gene Expression Analysis and Statistical Analysis

The UCSC Xena web source did allow us to explore functional genomic data sets
and correlational genomic and phenotypic variables. We selected 613 HNSSC samples
from GDC TCGA Head and Neck Cancer Database. We selected only 28 HNSSC that met
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the following criteria: (1) HPV status information, (2) tobacco-smoking history, (3) SOD2
expression, and (4) tumor primary site (floor of mouth).

Table 1. Primer list.

Primer Forward 5'-3 Reverse 5'-3/ Size (bp)
E6 small 16 CTGCAAGCAACAGTTACTGCGA TCACACACTGCATATGGATTCCC 96
E7 small 16 CAATATTGTAATGGGCTCTGTCC  ATTTGCAACCAGAGACAACTGAT 120
PCO3/PCO4 ACACAACTGTGTTCACTAG CAACTTCATCCACGTTCACC 110
GP5+/GP6+ TTTGTTACTGTGGTAGATATCAC  GAAAAATAAACTTAAATCATATTC 155
SOD2 GCCCTGGAACCTCACATCAAC CAACGCCTCCTGGTACTTCTC 111
b-actin CCACACAGGGGAGGTGATAG CCACACAGGGGAGGTGATAG 115

A Mann-Whitney test was used to compare the means between two groups. Compar-
isons between multiple groups were performed using one-way ANOVA and Tukey’s post
hoc test. All statistical tests were performed as two-sided and considered significant at a
p-value < 0.05. Statistical analyses were run using the GraphPad Prism 6 software.
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Abstract: Cholesterol plays an important role in cancer progression, as it is utilized in membrane
biogenesis and cell signaling. Cholesterol-lowering drugs have exhibited tumor-suppressive effects
in oral squamous cell carcinoma (OSCC), suggesting that cholesterol is also essential in OSCC
pathogenesis. However, the direct effects of cholesterol on OSCC cells remain unclear. Here, we
investigated the role of cholesterol in OSCC with respect to caveolin-1 (CAV1), a cholesterol-binding
protein involved in intracellular cholesterol transport. Cholesterol levels in OSCC cell lines were
depleted using methyl-B-cyclodextrin and increased using the methyl-3-cyclodextrin-cholesterol
complex. Functional analysis was performed using timelapse imaging, and CAV1 expression in
cholesterol-manipulated cells was investigated using immunofluorescence and immunoblotting
assays. CAV1 immunohistochemistry was performed on surgical OSCC samples. We observed
that cholesterol addition induced polarized cell morphology, along with CAV1 localization at the
trailing edge, and promoted cell migration. Moreover, CAV1 was upregulated in the lipid rafts
and formed aggregates in the plasma membrane in cholesterol-added cells. High membranous
CAV1 expression in tissue specimens was associated with OSCC recurrence. Therefore, cholesterol
promotes the migration of OSCC cells by regulating cell polarity and CAV1 localization to the lipid
raft. Furthermore, membranous CAV1 expression is a potential prognostic marker for OSCC patients.

Keywords: caveolin-1; cell polarization; cholesterol; migration; oral squamous cell carcinoma

1. Introduction

Cholesterol constitutes 30—40% of the lipid component of the plasma membrane [1].
As cancer cells proliferate rapidly, they require high levels of cholesterol for membrane
biogenesis and other cellular functions, such as cell signaling [2]. Therefore, cancer cells
reprogram cholesterol metabolism by increasing cholesterol influx via lipid receptors [3]
or by upregulating de novo biosynthesis of cholesterol via the mevalonate pathway [4],
whereas normal cells strictly regulate the cholesterol content of the plasma membrane [5].

Derangement of cholesterol metabolism and its role in tumor progression have been
observed in various types of cancers [2]. Cholesterol supplementation in prostate cancer
cells enhances cell survival via the PI3K/ Akt pathway, but it has a lower effect on normal
prostate epithelial cells [6]. Moreover, cholesterol serves as a mitogen for cell proliferation in
intestinal stem cells by increasing cholesterol biosynthesis [7]. Cholesterol reprogramming
is also observed in oral squamous cell carcinoma (OSCC), with higher cellular cholesterol
levels in OSCC tissues than in normal oral mucosa in the same patient [8]. In addition, one
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of the lipid receptors, CD36, is overexpressed in OSCC and participates in the proliferation
and migration of OSCC cells [9]. However, the serum lipid profile, including cholesterol
level, was reported to be lower in OSCC patients than in healthy controls [10,11], suggesting
a possibility that cancer cells demand and utilize serum cholesterol and lipids for membrane
formation and cancer progression [12,13]. Therefore, cellular cholesterol metabolism is
vital for carcinogenesis and cancer progression rather than serum cholesterol level [14].
Moreover, cholesterol-lowering agents, such as statins, can inhibit OSCC progression in
several ways. Simvastatin decreases the proliferation of oral cancer cells by inhibiting cell-
cycle-regulated protein DNA methyltransferase I [15]. Xu et al. reported that pitavastatin
can be used as an anticancer drug, as it downregulates MET signaling in oral and esophageal
cancers [16]. Thus, cholesterol is suggested to play an important role in the carcinogenesis
and progression of OSCC. However, the direct effect of cellular cholesterol levels on OSCC
development and pathogenesis has rarely been reported.

Cellular cholesterol metabolism involves various processes, including cholesterol
influx, efflux, esterification, and de novo synthesis, in which the metabolism depends
on intracellular cholesterol trafficking [17]. In addition to the endolysosomal pathway,
caveolin-1 (CAV1), a major structural protein of caveolae in lipid rafts [18], directly binds
to cholesterol and transports it between intracellular organelles and caveolae of the plasma
membrane [19-21] through receptor-independent endocytosis [22]. In OSCC, CAV1 is
overexpressed [23,24] and is linked to carcinogenesis, tumor progression, lymph node
metastasis, chemoresistance, and poor prognosis [25-28]. Although intracellular cholesterol
and CAV1 levels are increased in OSCC cells, the role of CAV1 with respect to cellular
cholesterol levels in the progression of OSCC remains unclear.

Therefore, we hypothesized that cellular cholesterol levels affect the biological ac-
tivities of OSCC cells by regulating CAV1 expression. In this study, we investigated the
functional changes in OSCC cells with respect to cellular cholesterol levels and the under-
lying mechanisms involving CAV1 expression. In this study, we found that cholesterol
manipulations modified CAV1 localization and cell polarity in OSCC cells. Moreover,
membranous CAV1 expression could be a potential prognostic biomarker for patients
with OSCC.

2. Results
2.1. Cholesterol Influences the Morphology of OSCC Cells and Promotes Their Migration

To investigate the role of cholesterol in OSCC pathogenesis, we depleted or increased
cholesterol levels in cells and observed the viability of cells at different time points. Methyl-
B-cyclodextrin (MBCD) is widely used for cholesterol depletion because of its fast ex-
tractability, compatibility with live cells, and reversibility [29]. In contrast, the MBCD-
cholesterol complex enriches cholesterol in cells [30]. However, the vulnerability of the
cells to cholesterol depletion by MBCD depends on its concentration, the incubation du-
ration, and the cell type [30]. In the present study, the viability of treated and untreated
cells was comparable up to 8 h, although the HSC-3 cells treated with MBCD for 24 h
exhibited a drastic decrease in viability (Figure S1, Supplementary Materials). Thus, we
analyzed cellular changes and cell migration after 4 and 8 h of treatment, respectively. Total
cholesterol levels were significantly decreased in the MB3CD-treated cells (p < 0.05 in HSC-2,
p <0.01 in HSC-3) and increased in the cells treated with the MBCD—cholesterol complex
(p < 0.05 in HSC-2, p < 0.01 in HSC-3) compared with the control cells (Figure 1A), indi-
cating that cholesterol manipulation was successfully performed. Filipin III signals were
detected around the nuclei in the control and cholesterol-depleted (CD) cells, indicating
the presence of cholesterol; however, no signals were observed in the plasma membrane
(Figure 1B). Meanwhile, in the cholesterol-added (CA) cells, the signals increased in the
plasma membrane area in both cell lines (Figure 1B, arrows), suggesting that the choles-
terol enrichment procedure used in the present study influenced cholesterol content in
the plasma membrane. Moreover, we noticed that increased cellular cholesterol levels
changed the shape of the cells. Although most control and CD cells were polygonal in
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shape, the CA cells were fan-shaped, accompanied by the development of lamellipodia-like
structures (Figure 1C, arrowheads). Image analysis revealed that in the case of CA cells,
the area was significantly increased (p < 0.0001 in both HSC-2 and HSC-3), whereas the
circularity index was reduced (Figure 1D), indicating that cholesterol addition promoted
cell stretching. Since morphological changes are fundamental processes in cell migration,
we tracked the cells using timelapse imaging. Migratory parameters, such as distance and
velocity, were significantly increased in CA cells (p < 0.0001) and decreased in CD cells
(p <0.001 in HSC-2, p < 0.01 in HSC-3) in both cell lines (Figure 1E).
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Figure 1. Cholesterol influences cell morphology and promotes cell migration. (A) Quantifica-
tion of total cellular cholesterol levels using Amplex™ Red cholesterol assay. Open boxes indi-
cate control (cont); gray-shaded boxes indicate cholesterol-depleted (CD) cells; solid boxes indi-
cate cholesterol-added (CA) cells. Triplicate results of cholesterol levels represent fold change as
mean & SD (compared to control). * p < 0.05, ** p < 0.01, and *** p < 0.0001. (B) Fluorescence staining
using a filipin IIT cholesterol probe. Scale bars, 20 um. Arrows indicate high filipin III signaling at
the periphery of the cells. (C) Fluorescence images of F-actin visualized by rhodamine-phalloidin
staining to evaluate cellular morphology. Scale bars, 20 pum. Arrowheads indicate the development of
a lamellipodia-like structure. (D) Bar graphs showing cellular area and circularity index (N > 50)
expressed as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001. (E) Cell-tracking
plots of timelapse imaging for 8 h (N > 50). Distance and velocity are analyzed using chemotaxis and
migration tools (ibidi) and expressed as mean & SD. ** p < 0.01, *** p < 0.001, and *** p < 0.0001.
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2.2. Cholesterol Leads to Cell Polarity by Promoting Asymmetric Membranous Localization
of CAV1

To explore the mechanism of cholesterol-regulated cell migration, we focused on the
localization of CAV1, a cholesterol-binding protein [20]. In the combined fluorescence
images, filipin III and CAV1 signals were similarly distributed in all samples (Figure 2A),
suggesting a close relationship between cholesterol and CAV1. In particular, one-sided
distribution of both signals was observed in the CA cells, whereas it was attenuated in the
CD cells (Figure 2A). Double staining of CAV1 and F-actin revealed that CAV1 localized
to the center of the cell in the control and CD cells, whereas CAV1 was asymmetrically
localized close to one side of the cell periphery in CA cells (Figure 2B, arrows). Confocal
microscopy revealed that CAV1 was primarily localized in the plasma membrane under all
three conditions; CAV1 was uniformly distributed in the plasma membrane in the control
and CD cells (Figure 2C). In contrast, in the CA cells, CAV1 was asymmetrically distributed
in the plasma membrane on the opposite side of lamellipodia (Figure 2C, arrows), and
lamellipodia were devoid of CAV1. The asymmetric distribution of CAV1 in the CA cells
was also confirmed by the increased distance between the cell centroid and CAV1 centroid
(Figure 2D). These data suggest that cholesterol regulates CAV1 distribution.

Since the asymmetric organization of proteins in the plasma membrane is characteris-
tic of cell polarity [31], we investigated CAV1 distribution and cell polarity. As integrins,
including ITGBI1, translocate to the leading edge [32] and PTEN moves laterally and posteri-
orly [31] in a migrating cell, ITGB1 and PTEN were used as markers of the leading edge and
trailing edge of the polarized cells, respectively. Combined immunofluorescence staining of
CAV1 and ITGB1, as well as of CAV1 and PTEN, revealed asymmetric localization of CAV1
on the opposite side of ITGB1 (Figure 3A) and on the same side as PTEN (Figure 3B) in
polarized cells. Thus, CAV1 was located at the trailing edge along the plasma membrane in
polarized cells. Furthermore, the ratio of polarized cells substantially increased among the
CA cells in both cell lines (Figure 3C), indicating that cell migration promoted by cholesterol
supplementation was related to front-rear cell polarity.

2.3. Cholesterol Increases the CAV1 Level in Cold Triton X-100 (TX)-Resistant Lipid Raft Region

Next, we assessed whether cholesterol manipulation affected CAV1 expression at the
mRNA and protein levels. CAV1 mRNA expression was not altered in the control and
cholesterol-manipulated samples (Figure 4A). To determine CAV1 protein levels in the lipid
raft, we applied the cold TX pre-extraction method [33], by which detergent-soluble (non-
lipid raft) proteins were removed and the detergent-resistant (lipid raft) proteins remained
in the cells. We observed that CAV1 signals were markedly decreased in the pre-extracted
cells (Figure 4B, lower panels). In the pre-extracted samples, the control and CD cells
exhibited a dramatic decrease in CAV1 signals, whereas the CA cells retained high-level
asymmetric membranous CAV1 signals (Figure 4B, arrows). These results indicate that
cholesterol promotes CAV1 anchoring in the lipid rafts of the plasma membrane. Moreover,
the CAV1 level in the detergent-resistant fraction was considerably increased in the CA
cells compared to that in the control and CD cells (Figure 4C, Figure S2 in Supplementary
Materials). However, significant changes were not observed in the detergent-soluble fraction.
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Figure 2. Cholesterol promotes asymmetric membranous localization of CAV1. (A) Colocalization
of filipin Il and CAV1. Blue, filipin III; red, CAV1. Scale bars, 20 um. (B) Fluorescence staining for
CAV1 and F-actin. Green, CAV1; red, F-actin; blue, Hoechst. Scale bars, 20 um. Arrows indicate the
asymmetric localization of CAV1. (C) CAV1 distribution assessed using confocal microscopy. Green,
CAV1, red, F-actin; blue, Hoechst. Scale bars, 5 um. Arrows indicate the asymmetric localization of
CAVL. (D) Assessment of CAV1 distribution by centroid position. Cell centroid (blue square) and
CAV1 centroid (red square) of CAV1- and actin-stained cells (N > 50) were determined using Image].
The distance between the two points was measured using Image]J software. Scale bar, 10 um. Bar
graphs represent the distance as mean + SD. *** p < 0.0001.
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Figure 3. Cholesterol endows cell polarity by asymmetric membranous localization of CAV1.
(A) Combined immunofluorescence staining of CAV1 and integrin 31 (ITGB1). Green, CAV1; red,
ITGBI. Scale bars, 10 um. White arrows indicate asymmetric membranous localization of CAV1 at the
trailing edge of polarized cells; white arrowheads indicate ITGB1 at the cell leading edge in polarized
cells. (B) Combined immunofluorescence staining of CAV1 and PTEN. Green, CAV1; red, PTEN.
Scale bars, 10 um. White arrow, asymmetric membranous CAV1 at the trailing edge of polarized cells;
yellow arrowhead, PTEN at the trailing edge in polarized cells. (C) Percentage of polarized cells as
per the asymmetric localization of CAV1, ITGB1, and PTEN. Bar graphs show triplicate results of
the percentage of polarized cells expressed as mean £ SD. * p < 0.05, ** p < 0.01, ** p < 0.001, and
** p < 0.0001.
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Figure 4. Cholesterol manipulation changes the CAV1 protein level in the cold Triton X-100 (TX)-
resistant lipid raft region. (A) Quantitative RT-PCR for CAV1. Triplicate results are shown as
mean =+ SD. (B) Immunofluorescence staining for CAV1 in cells with or without TX pre-extraction
in HSC-2 (upper) and HSC-3 (lower). Scale bars, 10 pm. Arrow indicates asymmetric membranous
localization of CAV1 in TX pre-extracted cells. (C) CAV1 protein level in detergent-soluble fraction
and detergent-resistant fraction in HSC-2 (upper) and HSC-3 (lower). Coomassie blue stain was
used as the loading control. Bar graphs show triplicate results of relative protein level expressed as
mean + SD. * p < 0.05, *p < 0.01.

2.4. Membranous CAV'1 Expression in OSCC Tissue Specimens Is Correlated with the
Aggressiveness of the Tumor and Poor Clinical Outcomes

We examined the clinicopathological relationship and prognostic impact of CAV1
expression levels on the survival of OSCC patients. CAV1 positivity was enhanced in
OSCC nests compared with that in non-cancerous oral epithelia (Figure 5A-F). In OSCC
cells, CAV1 signals were linearly detected in the plasma membrane and granularly in the
cytoplasm (Figure 5C,F). Moreover, the staining intensity in the plasma membrane was
higher than that in the cytoplasm. However, the degree of CAV1 membrane positivity was
heterogeneous across tumors; in some tumors, CAV1 membrane positivity was observed
throughout the tumor (Figure 5B-C), whereas in other tumors, it was observed only in
limited areas (Figure 5E-F).
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Figure 5. Membranous CAV1 expression in oral squamous cell carcinoma (OSCC) tissue and its
correlation with relapse-free survival. (A—-C) Representative photomicrograph of the tumor with
high membranous CAV1 expression (21%). (D-F) Representative photomicrograph of the tumor
with low membranous CAV1 expression (6%). (A, D) H&E staining. (B,C,E,F) Inmunostaining for
CAV1. (C) and (F) are higher-magnification images of (B,E), respectively. Scale bars, 1 mm (A,B,D,E)
and 20 um (C,F). (G) Kaplan—-Meier curve showing relapse-free survival of OSCC patients based on
membranous CAV1 expression. High membranous CAV1 expression is significantly associated with
poor relapse-free survival (p < 0.001). (H) Schematic diagram showing the conclusions of this study.
Cholesterol addition increases the cholesterol level in the plasma membrane and the CAV1 level in
the lipid raft. Meanwhile, the cell promotes cell migration by changing its shape from polygonal to
fan-shaped; polarized morphology with trailing edge localization of CAV1.

Next, since CAV1 was more intensely distributed in the plasma membrane in the CA
cells, as shown in Figure 2B,C, we quantified the area (%) of the OSCC cells with stronger
or comparable membranous CAV1 expression compared with that of endothelial cells, and
63 tumors were divided into two groups with a cutoff value of 15% or greater.

Consequently, 29 tumors (46%) were classified into the group with high membranous
CAV1 expression, and 34 (54%) were classified into the group with low membranous
CAV1 expression. The correlation between membranous CAV1 expression and the clini-
copathological parameters is shown in Table 1. High membranous CAV1 expression was
significantly associated with age (p < 0.01), lymph node metastasis (p < 0.01), clinical stage
(p < 0.01), and regional recurrence (p < 0.01). Moreover, OSCC patients with high mem-
brane expression of CAV1 had lower relapse-free survival (p < 0.001) (Figure 5G). Next,
we performed univariate and multivariate Cox regression analyses of clinicopathological
variables, including CAV1 membrane expression, to determine the potential independent
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prognostic factors for relapse-free survival. The results revealed that the mode of invasion
(p < 0.01) and membranous CAV1 expression (p < 0.01) were significant variables in the

univariate and multivariate Cox regression analyses (Table 2).

Table 1. Relationship of clinicopathological factors of the OSCC cases with membranous

CAV1 expression.

Characteristic N Membranous CAV1 Expression p-Value
High (>15%) Low (<15%)
Age
<Median (72) 32 9 23
>Median (72) 31 20 11 <0.01
Gender
Male 35 14 21
Female 28 15 13 0.31
T-factor
T1/T2 54 22 32
T3/T4 9 7 2 0.07
Primary site
Tongue 58 28 30
Buccal mucosa 4 1 3 0.43
Gingiva 1 0 1
Lymph node
metastasis
Negative 57 23 34
Positive 6 6 0 <0.01
Clinical stage
/1 51 19 32
II/1v 12 10 2 <0.01
Mode of invasion
1/2/3 41 15 26
4C/4D 22 14 8 0.06
Local recurrence
Negative 61 27 34 0.21
Positive 2 2 0
Regional
recurrence
Negative 50 18 32
Positive 13 11 2 <0.01

OSCC, oral squamous cell carcinoma; CAV1, caveolin-1.

Table 2. Univariate and multivariate analyses of clinicopathological parameters and membranous

CAV1 expression in relation to relapse-free survival in OSCC.

Variable Category N Univariate Analysis MX:;‘{;:::te
RR p-Value RR p-Value

o B
Gender fomale 2 1s 04
T-factor ,?;;}Z 594 ggi 0.13
Lymph node metastasis I;I)(e)g?t’;i‘:fee 567 (2)22 0.15
Stage IIII//IIIV 5 29543 011

Mode of invasion AllC/iéi?) ;L; (6);2 <0.001 2;? <0.01

Membranous CAV1 II:I:)%; 5491 96'116 <0.001 8;1; <0.01

CAV1, caveolin-1; OSCC, oral squamous cell carcinoma; RR, risk ratio.
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3. Discussion

The present study demonstrates that cellular cholesterol levels affect the migratory
ability of OSCC cells by regulating cell polarity. We revealed that cholesterol-induced cell
polarization is characterized by the trailing-edge membranous localization of CAV1, which
might be initiated by increased CAV1 in the lipid raft. We also showed that membranous
CAV1 expression in OSCC cells is a potential prognostic factor. This study highlights the
relationship between cellular cholesterol levels and membranous localization of CAV1,
indicating that it potentiates OSCC progression and metastasis.

We showed that cellular cholesterol levels were related to changes in cell morphology
and migration. In particular, cholesterol addition resulted in morphological changes in
cells, with the development of lamellipodia and an increase in cell size in OSCC cells.
Furthermore, cholesterol addition and depletion induced an increase and decrease in OSCC
cell migration, respectively. The importance of cholesterol in cell shape and cell migration
has been widely studied with respect to membrane cholesterol depletion and replenish-
ment [34,35]. For instance, cholesterol depletion by MBCD induces morphological changes,
such as loss of lamellipodia and filopodia, which decrease cell migration [34,35], whereas
cholesterol replenishment after depletion restores normal morphological characteristics
and cell migration capacity in breast cancer cells [35]. However, the effects of cholesterol
supplementation on cellular function have rarely been reported. Qin et al. reported that
cholesterol-loaded mouse macrophages exhibit larger cell sizes than control macrophages
and develop lamellipodia [36], which is similar to our results. They discovered that cellular
cholesterol changes cell shape by increasing pinocytic activity and activating Racl, the
major protein for lamellipodia development; however, cholesterol-loaded macrophages
remained polygonal [36]. Nagao et al. reported that cholesterol load suppresses the migra-
tion ability of macrophages by interfering with Rho activation [37]. A similar result was
reported for tendon-derived stem cells, wherein cholesterol addition disturbed the G0/G1
cell cycle and inhibited directional cell migration [38]. On the contrary, in the present study,
cholesterol-added OSCC cells showed fan-shaped morphology with a decreased circularity
index, which is interpreted as polarized cells [39] and elevated migration ability. There-
fore, we assumed that such cell activation by cholesterol addition may be characteristic of
malignant tumor cells.

Our results suggest that CAV1 plays an important role in cholesterol-induced cell
polarization. We found that cholesterol addition increased the number of polarized cells
exhibiting asymmetric CAV1 distribution at the trailing edge of the plasma membrane.
CAV1 localization at the trailing edge of polarized cells has been observed in a variety of
cells, such as endothelial cells [40-42], mouse embryonic fibroblasts [43], mouse neuronal
cells [44], and prostate cancer cells [45]. CAV1 promotes cell polarization via its inhibitory
effects on other proteins [42], such as Rac and Cdc42, which induce cell protrusion [46]. That
is, CAV1 localization on one side of the plasma membrane potentially causes an induction
in lamellipodia and focal adhesion molecules including ITGB1 on the other side [42].
Beardsley et al. demonstrated the role of CAV1 in cell polarity and migration using CAV1
RNA interference; the suppression of CAV1 attenuates cell polarization and directional
migration in endothelial cells [42]. In addition, cholesterol reportedly has a significant
influence on the sequestration of integrin o, 33 in a model membrane system [47]. Thus,
cholesterol could initiate the segregation of CAV1 and integrins on the plasma membrane,
resulting in cell polarization.

Moreover, the increase in CAV1 levels in lipid rafts due to cholesterol addition may be
related to CAV1 polarization. We demonstrated that cholesterol addition increased CAV1
protein levels in the detergent-resistant (lipid raft) fraction, whereas the detergent-soluble
(non-lipid raft) fraction was less affected; lipid-raft-associated CAV1 was localized at the
trailing edge in the CA cells. In the plasma membrane, cholesterol preferentially orga-
nizes sphingolipids to form a lipid raft, also called the liquid-ordered domain, in which
highly ordered lipid hydrocarbon chains are more tightly packed than the surrounding
lipid bilayer [48,49]. Because cholesterol serves as a glue in the tightly organized lipid
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rafts, the melting temperature of the lipid rafts is higher than that of the non-raft mem-
branes [50]. Therefore, lipid-raft-associated proteins are resistant to TX extraction at low
temperatures [48]. CAV1 is a lipid-raft-associated protein [48] that participates in the forma-
tion of caveolar lipid rafts [51,52]. Genetic ablation of CAV1 completely eradicates caveolae
in mouse embryonic fibroblasts and peritoneal macrophages [52]. Caveolar lipid rafts are
considered the major signaling machinery for cell polarity, as their rear-side localization
assists directional migration in endothelial [40] and neuronal cells [44]. Moreover, increased
CAV1 levels in lipid rafts increase the number of caveolae in the plasma membranes of
caveolin cDNA-transfected lymphocytes [53]. Thus, the relationship between cholesterol,
CAV1, and caveolae formation is important for cell polarization and migration. Therefore,
we assumed that cholesterol initiates cell polarization and promotes migration by upregu-
lating the lipid-raft-associated CAV1 at the trailing edge (Figure 5H), although we could
not specify CAV1 localization to caveolae. However, the molecular mechanisms underlying
the cell polarity conferred by lipid-raft-associated CAV1 remain unclear, and future studies
are warranted.

Apart from cholesterol treatment regulated by MBCD and M3CD-cholesterol com-
plex, other cholesterol-manipulating methods also affect the CAV1 protein level and cell
migration. Similar to our findings, high levels of low-density lipoprotein stimulate the
development of the actin cytoskeleton in human endothelial cells and raise CAV1 protein
levels in lipid rafts without altering overall CAV1 protein levels [54]; however, that study
did not examine cell migration. Fluvastatin also affects cytoskeletal organization and in-
hibits cell migration on fibronectin-coated surfaces in rat vascular smooth muscle cells [55],
comparable to our findings. Thus, cellular cholesterol levels may affect CAV1 protein levels
in lipid rafts and regulate cell motility without being affected by manipulation techniques.
However, activation of cells may vary between cell lines. Contrary to our findings, mevas-
tatin triggers the EGF-Racl signaling pathway in primary human keratinocytes by lowering
the CAV1 protein level, which promotes cell motility [56].

Membranous expression of CAV1 is a possible predictive marker for worse clinical
outcomes in patients with OSCC. In the present study, OSCC with high membranous
CAV1 expression exhibited an advanced clinical stage, increased regional metastasis, and
shorter relapse-free survival. CAV1 is overexpressed in both the membrane and cyto-
plasm of OSCC cells [23,24,26,57]. Overexpression of CAV1 is associated with regional
metastasis [23,25] and poor survival [25,26], despite different scoring methods for CAV1
immunohistochemistry; however, previous studies have not focused on membranous CAV1
expression. Importantly, membranous CAV1 expression has been recognized as a marker
for brain tumors with high-grade malignancies [58]. In astroglial tumors, cytoplasmic
dot-like, cytoplasmic and membrane, and intense membrane CAV1 staining are observed in
grade I, III, and IV tumors, respectively [58], suggesting that CAV1 membrane expression is
an indicator of the aggressiveness of tumors, such as astrocytomas and OSCC. In addition,
based on our results, we speculated that membranous CAV1 expression is a surrogate
indicator for cellular cholesterol levels. However, tissue-based quantification of cholesterol
was not possible because fresh tissue was unavailable in the present study. Further studies
are necessary to confirm this hypothesis.

The present study has several limitations. First, we did not investigate whether other
cholesterol manipulation methods, such as the use of statins for cholesterol depletion and
low-density lipoprotein for cholesterol addition, that have more physio-pharmacological
significance would have the same effects. Second, the direct mechanistic relationship and
molecular mechanisms between CAV1 and cholesterol-induced cellular changes have not
been fully validated. It is also necessary to clarify whether CAV1 reciprocally regulates
cellular cholesterol levels. These issues should be addressed in future research. Third,
since this work is a preliminary examination of the impact of cellular cholesterol on the
activities of OSCC cells, we only evaluated planar cell movement on coverslips. Therefore,
planar and vertical migration of cholesterol-manipulated cells will be confirmed in the
future using 3D models because OSCC cell migration and invasion also depend on the
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tumor microenvironment, which can be explored in 3D models [59,60], and are related to
the underlying substrates [61].

In conclusion, we found that elevated cellular cholesterol levels in OSCC cells induce
an aggressive phenotype by regulating CAV1 in the lipid rafts. Moreover, membranous
CAV1 expression in tissue specimens has been suggested to be a reliable marker for the
prognosis of OSCC. Further studies determining the correlation between cellular cholesterol
levels and CAV1 expression could help in the development of effective treatment strategies
for OSCC.

4. Materials and Methods
4.1. Cell Lines

HSC-2, a well-differentiated OSCC cell line, and HSC-3, a poorly differentiated OSCC
cell line, developed from the metastatic lymph nodes of the floor of mouth and tongue
cancer, respectively, were obtained from the Riken BRC Cell Bank (Tsukuba, Japan). The
cells were maintained in minimum essential medium (MEM) (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, MA, USA) in a humidified atmosphere with 5% CO,/95% air at 37 °C.

4.2. Tissue Samples

We included 63 patients who visited the Niigata University Hospital for surgical treat-
ment of primary OSCC between 2006 and 2019. The experimental protocol for analyzing
the surgical material was reviewed and approved by the Ethical Board of the Niigata
University Graduate School of Medical and Dental Sciences (approval number: 2018-0228).
All experiments were conducted in accordance with the guidelines of the Declaration of
Helsinki. The median age of the patients was 72 years (range: 29-92 years); 36 patients
were male, and 27 were female. Clinical stage was determined according to the Union for
International Cancer Control TNM classification system, 8th edition [62]. Serial sections
were prepared for hematoxylin and eosin (H&E) and immunohistochemical staining as
described in Section 4.12.

4.3. Reagents and Antibodies

MBCD (C4555) and cholesterol (C3045) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Filipin III, a cholesterol probe, was obtained from Cayman Chemical Co. (Ann
Arbor, MI, USA). The primary antibodies used for immunofluorescence assay were as
follows: anti-CAV1 (1:400; D46G3 rabbit IgG mAb; Cell Signaling Technology, Danvers, MA,
USA), anti-PTEN (1:100; clone 17A, mouse IgM mAb, Lab Vision, South San Francisco, CA,
USA), and anti-integrin 31 (ITGB1) (1:100; P5D2, mouse IgG mAb, Chemicon International,
Temecula, CA, USA). Alexa Fluor™ 488-conjugated goat antibodies against rabbit IgG
(1:500), Alexa Fluor™ 488-conjugated goat antibodies against mouse IgG (1:500), Alexa
Fluor™ 568-conjugated goat antibodies against rabbit IgG (1:500), and Alexa Fluor™
555-conjugated goat antibodies against mouse IgM (heavy chain) (1:500) were used as the
secondary antibodies and were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Rhodamine-phalloidin conjugate (1:500; Thermo Fisher Scientific, Waltham, MA,
USA) was used for F-actin staining, and Hoechst 33342 (1:500; Dojindo Laboratories Co.,
Ltd., Kumamoto, Japan) was used for nuclear staining.

4.4. Cholesterol Manipulation

For manipulation of cholesterol levels in cells, we depleted the cholesterol levels
using MBCD and increased them using the M3CD-cholesterol inclusion complex [30]. We
dissolved MBCD powder in distilled water and prepared MBCD stock solution (70 mM),
which was stored at 4 °C. For the depletion of cholesterol levels, the cells were grown for
36-48 h and incubated with 1 mM MBCD dissolved in MEM containing 25 mM HEPES in
5% CO,/95% air at 37 °C. To increase the cholesterol levels, an M3CD-cholesterol complex
(8:1 molar ratio) was prepared. First, the cholesterol powder was dissolved in prewarmed
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100% ethanol (final concentration: 52 mM). Then, aliquots from the cholesterol-ethanol
solution (cholesterol concentration: 10 mM) were prepared, and ethanol was evaporated at
80 °C until only white flakes of cholesterol remained. Subsequently, a solution containing
80 mM MPBCD was added to the white flakes of cholesterol, and the mixture was stirred at
80 °C until cholesterol was completely dissolved in MBCD. The stock solution of the M3CD-
cholesterol complex was stored at 4 °C. Next, we prepared a cholesterol-supplemented
medium by adding MB3CD-cholesterol complex (0.125 mM) to 25 mM HEPES containing
MEM and incubated the mixture at 37 °C for 1 h in a water bath. Then, the cholesterol-
supplemented medium was filtered (pore size, 0.2 um) and added to the cells and proceeded
using the same procedure as cholesterol-depleted cells.

4.5. Cell Viability Assay

The cells (1 x 10*) were grown for 36-48 h in 96-well plates, then incubated with
100 uL of FBS-free medium (control) or cholesterol-treated medium in 5% CO, /95% air at
37 °C for up to 24 h. CellTiter 9%6® AQueous One reagent (Promega Corporation, Madison,
WI, USA) was added, and the absorbance was measured at 490 nm using the GloMax®
Discover System (Promega Corporation, Madison, WI, USA). We evaluated cell viability at
different time points from 4 to 24 h.

4.6. Quantification of Cellular Cholesterol

An AmplexTM Red cholesterol assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
was used for cholesterol quantification. The cells (2 x 10°) were grown in a 35 mm dish for
36—48 h; then, cellular cholesterol was manipulated (as mentioned in Section 4.4) for 4 h.
After washing with ice-cold phosphate-buffered saline (PBS), 200 uL of 1x reaction buffer
was added to the dishes, and they were kept on ice for 25 min. The cells were scraped and
centrifuged at 2300 g for 5 min at 4 °C. The supernatant was transferred to a tube and di-
vided into 5 uL aliquots for the Bio-Rad protein assay (Bio-Rad Laboratories, Inc., Hercules,
CA, USA), and 50 pL/well was added to a 96-well plate for cholesterol quantification. A
mixture containing Amplex™ Red reagent, 1x reaction buffer, horseradish peroxidase,
cholesterol oxidase, and cholesterol esterase was added to each well of a 96-well plate,
and the plate was incubated at 37 °C for 1 h. The fluorescence intensity was measured at
570-590 nm using MikroWin 2000 (Mikrotek Laborsysteme GmbH, Overath, Germany).

4.7. Fluorescence Staining

HSC-2 and HSC-3 cells were seeded on a coverslip in a 35 mm dish at a cell concentra-
tion of 0.5 x 10° and grown for 36-48 h. Cellular cholesterol levels were manipulated for
4 h, as mentioned in Section 4.4, and fluorescence staining was performed. Briefly, the cells
were fixed using 4% paraformaldehyde in PBS for 15 min and permeabilized using 0.2% TX
in PBS at room temperature (RT) for 15 min. To block non-specific binding, the cells were
incubated with 2% normal goat serum (Vector Laboratories, Inc., Burlingame, CA, USA) in
PBS and reacted with primary antibodies overnight at 4 °C. The cells were then incubated
with the respective secondary antibodies and Hoechst 33342 at RT for 1 h. For double
staining with F-actin, rhodamine-phalloidin was also added at the time of incubation with
secondary antibody. The coverslips were mounted using a mounting medium, and the
cells were observed under a conventional fluorescence microscope (Eclipse E600, Nikon
Corporation, Tokyo, Japan). In some experiments, a Dragonfly 505 spinning-disk confocal
microscope system (Andor Technology, Oxford Instruments plc., Abingdon, UK) with a
Zyla 4.2 USB 3.0 detector (Andor Technology, Oxford Instruments plc., Abingdon, UK)
and a Ti2-E microscope (Nikon Corporation, Tokyo, Japan) was used to capture confocal
images. For filipin III staining, the fixed cells were incubated with filipin III (100 pg/mL in
PBS) at RT in the dark for 1 h, and the coverslips were mounted. For filipin Il and antibody
staining, the fixed cells were incubated with filipin III, then permeabilized using 0.02%
TX for 10 min at RT. Afterward, the cells were incubated with primary antibody at 4 °C
overnight, then reacted with secondary antibody, and the coverslips were mounted.
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To evaluate CAV1 expression in a detergent-resistant membrane, TX pre-extraction
of cells was performed as described in a previous study [33]. The cells were washed with
ice-cold cytoskeletal-stabilizing buffer [63] and incubated on ice with 1% TX and protease
inhibitor cocktail (1:50; Nacalai Tesque, Inc., Kyoto, Japan) for 30 min. Next, the cells were
fixed and subjected to immunofluorescent staining without permeabilization.

4.8. Image Analysis

Immunofluorescence images of randomly selected cells (to include at least 50 cells)
were captured from triplicate experiments. All cells, excluding those on the margins, were
analyzed. Morphology was evaluated by automatic tracing of the area and perimeter of
the F-actin-stained cells using Image] software (National Institutes of Health, Bethesda,
MD, USA), and the circularity index (47t x Area/Perimeter?) was calculated. Confocal
images were visualized using ImarisViewer 9.9.1 (Oxford Instruments plc., Abingdon, UK).
The distribution of CAV1 was assessed by determining the distance between the centroid
of the cell and the centroid of CAV1, as per a method reported by Zhang et al. [64]. The
cells that exhibited one-sided membranous distribution of CAV1 were manually counted
as cells with asymmetric membranous CAV1 using CAV1-specific immunofluorescence
analysis. The cells with ITGB1 signals in lamellipodial structures or those with uneven
distribution of PTEN were recognized as the cells with ITGB1 on the leading edge or PTEN
on the trailing edge, respectively.

4.9. Timelapse Imaging and Cell Tracking Analysis

Both HSC-2 and HSC-3 cells (0.5 x 10°) were grown on a coverslip in a 35 mm dish.
After aspiration of the old medium, cholesterol-treated medium or control medium was
added, and timelapse images were taken by a CytoWatcher instrument (WSL-1800-B, ATTO
Corporation, Tokyo, Japan) at 5 min intervals up to 8 h. Then, the images were tracked
using NIS-Elements Advanced Research (Nikon, Tokyo, Japan), and the track plots were
analyzed using the Chemotaxis and Migration tool 2.0 (ibidi GmbH, Gréfelfing, Germany).

4.10. Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from cultured cells (1 x 10°) using Nucleospin (Macherey-
Nagel, Diiren, Germany) and reverse-transcribed into cDNA using a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific, Waltham, MA, USA). A polymerase
chain reaction (PCR) was performed using a specific primer for CAV1 (qHsaCID0022177,
Bio-Rad Laboratories, Inc., Hercules, CA, USA) and SYBR green PCR master mix (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) in a QuantStudio 1 RT-PCR system (Thermo Fisher
Scientific, Waltham, MA, USA). The expression of the peptidylprolyl isomerase A (PPIA,
JBioS, Bio services Co.,LTD, Japan) gene was used to normalize for variance, and 5'-GCA
GTA ATG GGT TAC TTC TGA AAC-3’ (forward) and 5'-TGC CTC AGG TAA TAC ATT
ACA GAC-3 (reverse) were used as primers.

4.11. Western Blotting

Cell lysates were prepared using an UltraRIPA kit for lipid rafts (BioDynamics Labo-
ratory Inc., Tokyo, Japan) according to the manufacturer’s instructions. In brief, the cells
1 x 106) were seeded in a 60 mm dish and treated with cholesterol for 4 h. Then, the cells
were lysed using buffer A on ice for 10 min and centrifuged at 19,300x g for 5 min; the
supernatant yielded a detergent-soluble fraction, i.e., non-raft proteins. The pellet was
washed once with buffer A, incubated with buffer B at RT for 5 min, and centrifuged at
19,300x g for 5 min. The B buffer lysate contained the detergent-resistant fraction and
lipid raft proteins. A protease inhibitor cocktail (1:50) was added to all buffers. Both
detergent-soluble and detergent-resistant lysates (10 pL each) were subjected to a BCA
protein assay (Takara Bio Inc., Shiga, Japan). After adjustment for protein concentration,
the samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under reducing conditions, and the proteins were transferred to polyvinylidene difluoride
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membranes (Bio-Rad Laboratories, Inc.). To prevent non-specific protein binding, the
membrane was blocked using 0.5% ECL blocking agent (GE Healthcare UK, Little Chalfont,
UK) in 50 mM Tris-buffered saline (TBS) (pH 7.4) containing 0.1% Tween-20 (TTBS) for 1 h
at RT. Then, the membranes were incubated with anti-CAV1 (1:1000; D46G3 rabbit, Cell
Signaling Technology, Danvers, MA, USA) diluted with TTBS at 4 °C overnight. After
washing with TTBS, the membranes were incubated with horseradish peroxidase-linked
anti-rabbit IgG antibody (7074S, Cell Signaling Technology, Danvers, MA, USA) diluted
1:3000 in TTBS for 1 h at RT. The target protein bands were visualized using ECL Prime
Western blotting detection reagents (GE Healthcare UK, Little Chalfont, UK). Coomassie
brilliant blue staining was used for protein normalization.

4.12. Immunohistochemistry Staining for CAV1 in Tissue Sections

Immunohistochemistry staining of the paraffin sections was performed using the
ChemMate EnVision system (Dako, Glostrup, Denmark). The sections were deparaffinized
in xylene and rehydrated in ethanol. Antigens were retrieved by boiling the sections
in 0.5 M EDTA (pH 8) using a pressure cooker for 10 min and under high pressure for
3 min. After cooling to RT, endogenous peroxidase was blocked by incubating the sections
with 0.3% hydrogen peroxide for 10 min. The sections were incubated with the primary
antibody anti-CAV1 (1:400; D46G3 rabbit, Cell Signaling Technology, Danvers, MA, USA)
at 4 °C overnight. After washing with TBS, the sections were incubated with EnVision
Plus (Dako, Glostrup, Denmark) at RT for 30 min. The signals were developed using
3, 3/-diaminobenzidine (Dako, Glostrup, Denmark), and the sections were counterstained
using hematoxylin.

4.13. Immunohistochemistry Analysis

The whole microscope slides were scanned using an Olympus Virtual Transmitted
Light Slide Microscope V5120-55 (Evident, Tokyo, Japan). The images were loaded in
QuPath v.0.3.2 software [65] as bright-field images. Since staining of CAV1 was observed
in vascular endothelial cells in all sections, the endothelial cells were selected as positive
controls. Using a thresholder command in QuPath, we measured the region of tumor
cells with membranous CAV1 signals of equal or stronger intensity than those of vascular
endothelial cells and calculated the ratio of tumor area with membranous CAV1 and
total tumor area on each slide. The tumor cells with CAV1 membrane positivity >15%
were classified into the high-expression group, and the tumor cells with CAV1 membrane
positivity of <15% were classified into the low-expression group.

4.14. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6 software (GraphPad
Software, Inc., La Jolla, CA, USA). Experimental data were analyzed using one-way ANOVA
with post hoc Tukey test or Dunn’s test. The association between membranous CAV1
expression and patient characteristics was studied using Fisher’s exact test or the chi-
squared test (n = 63). Survival curves were analyzed using the Kaplan-Meier method, and
statistical analysis was performed using the log-rank test. Univariate and multivariate Cox
regression analyses were performed using JMP 9 software (SAS, Cary, NC, USA). Statistical
significance was set at p < 0.05.
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/ /www.mdpi.com/article/10.3390/ijms24076035/s1.

Author Contributions: Conceptualization, N.N.C., M.Y,, TK. and J.-i.T.; Methodology, N.N.C., M.Y.,
TK. and J.-i.T.; Validation, N.N.C. and M.Y.; Formal analysis, N.N.C., M.Y., SM., TA. and J.-i.T,;
Investigation, N.N.C., M.Y., S.M., TA. and J.-i.T.; Resources, N.N.C. and M.Y,; Data curation, M.Y.;
Writing-original draft preparation, N.N.C. and M.Y.; Writing-review and editing, N.N.C., M.Y,, S.M.,
TA., KH, MK, KL, TK. and J.-i.T.; Visualization, N.N.C. and M.Y.; Supervision, M.Y., TK. and

81



Int. J. Mol. Sci. 2023, 24, 6035

J.-i.T.; Project administration, TK. and J.-i.T.; Funding acquisition, M.Y., TK. and J.-i.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by Grants-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science (JSPS KAKENHI grant nos. JP18K09533 and JP21K(09856 to M.Y.).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and ethical approval was obtained from the Ethical Board of the Niigata University
Graduate School of Medical and Dental Sciences (approval number 2018-0228).

Informed Consent Statement: Informed consent was obtained in the form of an opt-out on the
website. Patients who were rejected were excluded.

Data Availability Statement: The data are available from the corresponding author upon
reasonable request.

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

References

1.  Skotland, T.; Kavaliauskiene, S.; Sandvig, K. The Role of Lipid Species in Membranes and Cancer-Related Changes. Cancer
Metastasis Rev. 2020, 39, 343-360. [CrossRef] [PubMed]

2. Huang, B,; Song, B.-L.; Xu, C. Cholesterol Metabolism in Cancer: Mechanisms and Therapeutic Opportunities. Nat. Metab. 2020,
2,132-141. [CrossRef] [PubMed]

3. Chang, W.-C; Huang, S.-F; Lee, Y.-M.; Lai, H.-C.; Cheng, B.-H.; Cheng, W.-C.; Ho, ].Y.-P;; Jeng, L.-B.; Ma, W.-L. Cholesterol Import
and Steroidogenesis Are Biosignatures for Gastric Cancer Patient Survival. Oncotarget 2017, 8, 692-704. [CrossRef] [PubMed]

4.  Oni, TE,; Biffi G.; Baker, L.A;; Hao, Y., Tonelli C.; Somerville, T.D.D.; Deschénes, A.; Belleau, P; Hwang, C.;
Sanchez-Rivera, EJ.; et al. SOAT1 Promotes Mevalonate Pathway Dependency in Pancreatic Cancer. ]J. Exp. Med. 2020,
217, €20192389. [CrossRef] [PubMed]

5. Hryniewicz-Jankowska, A.; Augoff, K.; Sikorski, A.F. Highlight Article: The Role of Cholesterol and Cholesterol-Driven Membrane
Raft Domains in Prostate Cancer. Exp. Biol. Med. 2019, 244, 1053-1061. [CrossRef]

6. Zhuang, L.; Kim, ].; Adam, R.M.; Solomon, K.R.; Freeman, M.R. Cholesterol Targeting Alters Lipid Raft Composition and Cell
Survival in Prostate Cancer Cells and Xenografts. J. Clin. Investig. 2005, 115, 959-968. [CrossRef]

7. Wang, B.; Rong, X; Palladino, E.N.D.; Wang, J.; Fogelman, A.M.; Martin, M.G.; Alrefai, W.A.; Ford, D.A.; Tontonoz, P. Phospholipid
Remodeling and Cholesterol Availability Regulate Intestinal Stemness and Tumorigenesis. Cell Stem Cell 2018, 22, 206-220.
[CrossRef]

8. Dickinson, A.; Saraswat, M.; Joenvéard, S.; Agarwal, R.; Jyllikoski, D.; Wilkman, T.; Mikitie, A.; Silén, S. Mass Spectrometry-Based
Lipidomics of Oral Squamous Cell Carcinoma Tissue Reveals Aberrant Cholesterol and Glycerophospholipid Metabolism—A
Pilot Study. Transl. Oncol. 2020, 13, 100807. [CrossRef]

9.  Sakurai, K.; Tomihara, K.; Yamazaki, M.; Heshiki, W.; Moniruzzaman, R.; Sekido, K.; Tachinami, H.; Ikeda, A.; Imaue, S.;
Fujiwara, K.; et al. CD36 Expression on Oral Squamous Cell Carcinoma Cells Correlates with Enhanced Proliferation and
Migratory Activity. Oral Dis. 2020, 26, 745-755. [CrossRef]

10. Ganavi, B.S,; Patil, S.; Rao, R.S. Evaluation of Serum Lipids and Lipoproteins as Prognosticators in Leukoplakia. ]. Contemp. Dent.
Pract. 2015, 15, 294-299. [CrossRef]

11.  Acharya, S.; Rai, P; Hallikeri, K.; Anehosur, V.; Kale, J. Serum Lipid Profile in Oral Squamous Cell Carcinoma: Alterations and
Association with Some Clinicopathological Parameters and Tobacco Use. Int. ]. Oral Maxillofac. Surg. 2016, 45, 713-720. [CrossRef]
[PubMed]

12.  Bailwad, S.; Singh, N.; Bailwad, S.A.; Jani, D.R,; Patil, P; Singh, M.; Deep, G.; Singh, S. Alterations in serum lipid profile patterns
in oral cancer: Correlation with histological grading and tobacco abuse. Oral Health Dent. Manag. 2014, 13, 573-579.

13.  Kumar, P; Augustine, J.; Urs, A.B.; Arora, S.; Gupta, S.; Mohanty, V.R. Serum Lipid Profile in Oral Cancer and Leukoplakia:
Correlation with Tobacco Abuse and Histological Grading. J. Cancer Res. Ther. 2012, 8, 384-388. [CrossRef] [PubMed]

14. Codini, M.; Garcia-Gil, M.; Albi, E. Cholesterol and Sphingolipid Enriched Lipid Rafts as Therapeutic Targets in Cancer. Int. J.
Mol. Sci. 2021, 22, 726. [CrossRef]

15. Dongoran, R.A.; Wang, K.H.; Lin, T.J.; Yuan, T.C; Liu, C.H. Anti-Proliferative Effect of Statins Is Mediated by DNMT1 Inhibition
and P21 Expression in OSCC Cells. Cancers 2020, 12, 2084. [CrossRef]

16. Xu, B.; Muramatsu, T.; Inazawa, J. Suppression of Met Signaling Mediated by Pitavastatin and Capmatinib Inhibits Oral and
Esophageal Cancer Cell Growth. Mol. Cancer Res. 2021, 19, 585-597. [CrossRef]

17. Xu, H.; Zhou, S.; Tang, Q.; Xia, H.; Bi, E. Cholesterol Metabolism: New Functions and Therapeutic Approaches in Cancer. Biochim.
Et Biophys. Acta—Rev. Cancer 2020, 1874, 188394. [CrossRef]

18. Ketteler, J.; Klein, D. Caveolin-1, Cancer and Therapy Resistance. Int. . Cancer 2018, 14, 2092-2104. [CrossRef]

19. Liu, P; Rudick, M.; Anderson, R.G.W. Multiple Functions of Caveolin-1. J. Biol. Chem. 2002, 277, 41295-41298. [CrossRef]

20. Ikonen, E.; Parton, R.G. Caveolins and Cellular Cholesterol Balance. Traffic 2000, 1, 212-217. [CrossRef]

82



Int. J. Mol. Sci. 2023, 24, 6035

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Simén, L.; Campos, A.; Leyton, L.; Quest, A.E.G. Caveolin-1 Function at the Plasma Membrane and in Intracellular Compartments
in Cancer. Cancer Metastasis Rev. 2020, 39, 435-453. [CrossRef]

Surguchov, A. Caveolin: A New Link between Diabetes and AD. Cell Mol. Neurobiol. 2020, 40, 1059-1066. [CrossRef] [PubMed]
Hung, K.E; Lin, S.C,; Liu, C.J.; Chang, C.S.; Chang, K.W.; Kao, S.Y. The Biphasic Differential Expression of the Cellular Membrane
Protein, Caveolin-1, in Oral Carcinogenesis. J. Oral Pathol. Med. 2003, 32, 461-467. [CrossRef]

Xue, J.; Chen, H.; Diao, L.; Chen, X,; Xia, D. Expression of Caveolin-1 in Tongue Squamous Cell Carcinoma by Quantum Dots.
Eur. J. Histochem. 2010, 54, 99-103. [CrossRef]

Kato, K.; Miyazawa, H.; Kobayashi, H.; Noguchi, N.; Lambert, D.; Kawashiri, S. Caveolin-1 Expression at Metastatic Lymph
Nodes Predicts Unfavorable Outcome in Patients with Oral Squamous Cell Carcinoma. Pathol. Oncol. Res. 2020, 26, 2105-2113.
[CrossRef]

Auzair, L.B.M.; Vincent-Chong, V.K.; Ghani, WM.N.; Kallarakkal, T.G.; Ramanathan, A.; Lee, C.E.; Rahman, Z.A.A_; Ismail, S.M,;
Abraham, M.T.; Zain, R.B. Caveolin 1 (Cav-1) and Actin-Related Protein 2/3 Complex, Subunit 1B (ARPC1B) Expressions as
Prognostic Indicators for Oral Squamous Cell Carcinoma (OSCC). Eur. Arch. Otorhinolaryngol. 2016, 273, 1885-1893. [CrossRef]
Huang, C.-F; Yu, G.-T.; Wang, W.-M.; Liu, B.; Sun, Z.-J. Original Article Prognostic and Predictive Values of SPP1, PAI and
Caveolin-1 in Patients with Oral Squamous Cell Carcinoma. Int. J. Clin. Exp. Pathol. 2014, 7, 6032—-6039. [PubMed]

Nakatani, K.; Wada, T.; Nakamura, M.; Uzawa, K.; Tanzawa, H.; Fujita, S. Expression of Caveolin-1 and Its Correlation with
Cisplatin Sensitivity in Oral Squamous Cell Carcinoma. J. Cancer Res. Clin. Oncol. 2005, 131, 445-452. [CrossRef] [PubMed]
Mahammad, S.; Parmryd, I. Cholesterol Depletion Using Methyl-3-Cyclodextrin. Methods Mol. Biol. 2015, 1232, 91-102. [CrossRef]
Zidovetzki, R.; Levitan, I. Use of Cyclodextrins to Manipulate Plasma Membrane Cholesterol Content: Evidence, Misconceptions
and Control Strategies. Biochim. Biophys. Acta 2007, 1768, 1311-1324. [CrossRef]

Orlando, K.; Guo, W. Membrane Organization and Dynamics in Cell Polarity. Cold Spring Harb. Perspect. Biol. 2009, 1, a001321.
[CrossRef] [PubMed]

Ridley, A.J.; Schwartz, M. A.; Burridge, K.; Firtel, R.A.; Ginsberg, M.H.; Borisy, G.; Parsons, ].T.; Horwitz, A.R. Cell Migration:
Integrating Signals from Front to Back. Science 2003, 302, 1704-1709. [CrossRef]

Seveau, S.; Eddy, R.J.; Maxfield, ER.; Pierini, L.M. Cytoskeleton-Dependent Membrane Domain Segregation during Neutrophil
Polarization. Mol. Biol. Cell. 2001, 12, 3550-3562. [CrossRef] [PubMed]

Guerra, FS.; da Silva Sampaio, L.; Konig, S.; Bonamino, M.; Rossi, M.1.D.; Costa, M.L.; Fernandes, P.; Mermelstein, C. Membrane
Cholesterol Depletion Reduces Breast Tumor Cell Migration by a Mechanism That Involves Non-Canonical Wnt Signaling and
IL-10 Secretion. Transl. Med. Commun. 2016, 1, 3. [CrossRef]

Kumar, M.; Irungbam, K.; Kataria, M. Depletion of Membrane Cholesterol Compromised Caspase-8 Imparts in Autophagy
Induction and Inhibition of Cell Migration in Cancer Cells. Cancer Cell Int. 2018, 18, 23. [CrossRef] [PubMed]

Qin, C.; Nagao, T.; Grosheva, I.; Maxfield, ER.; Pierini, L.M. Elevated Plasma Membrane Cholesterol Content Alters Macrophage
Signaling and Function. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 372-378. [CrossRef]

Nagao, T.; Qin, C.; Grosheva, I.; Maxfield, ER.; Pierini, L.M. Elevated Cholesterol Levels in the Plasma Membranes of Macrophages
Inhibit Migration by Disrupting Rhoa Regulation. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 1596-1602. [CrossRef]

Li, K;; Deng, Y.; Deng, G.; Chen, P.; Wang, Y.; Wu, H.; Ji, Z.; Yao, Z.; Zhang, X.; Yu, B.; et al. High Cholesterol Induces Apoptosis
and Autophagy through the ROS-Activated AKT/FOXO1 Pathway in Tendon-Derived Stem Cells. Stem. Cell Res. Ther. 2020,
11, 131. [CrossRef]

Lomakin, A.].; Lee, K.C.; Han, S.J.; Bui, D.A.; Davidson, M.; Mogilner, A.; Danuser, G. Competition for Actin between Two
Distinct F-Actin Networks Defines a Bistable Switch for Cell Polarization. Nat. Cell Biol. 2015, 17, 1435-1445. [CrossRef]

Isshiki, M.; Ando, J.; Yamamoto, K.; Fujita, T.; Ying, Y.; Anderson, R.G.W. Sites of Ca?* wave initiation move with caveolae to the
trailing edge of migrating cells. J. Cell. Sci. 2001, 115, 475-484. [CrossRef]

Parat, M.O.; Anand-Apte, B.; Fox, P.L. Differential Caveolin-1 Polarization in Endothelial Cells during Migration in Two and
Three Dimensions. Mol. Biol. Cell 2003, 14, 3156-3168. [CrossRef] [PubMed]

Beardsley, A.; Fang, K.; Mertz, H.; Castranova, V.; Friend, S.; Liu, J. Loss of Caveolin-1 Polarity Impedes Endothelial Cell
Polarization and Directional Movement. |. Biol. Chem. 2005, 280, 3541-3547. [CrossRef]

Sun, X.H.; Flynn, D.C.; Castranova, V.; Millecchia, L.L.; Beardsley, A.R.; Liu, J. Identification of a Novel Domain at the N Terminus
of Caveolin-1 That Controls Rear Polarization of the Protein and Caveolae Formation. |. Biol. Chem. 2007, 282, 7232-7241.
[CrossRef] [PubMed]

Lentini, D.; Guzzi, F; Pimpinelli, E; Zaninetti, R.; Cassetti, A.; Coco, S.; Maggi, R.; Parenti, M. Polarization of Caveolins and
Caveolae during Migration of Immortalized Neurons. J. Neurochem. 2008, 104, 514-523. [CrossRef] [PubMed]

Hill, M.M,; Daud, N.H.; Aung, C.S.; Loo, D.; Martin, S.; Murphy, S.; Black, D.M.; Barry, R.; Simpson, F; Liu, L.; et al. Co-Regulation
of Cell Polarization and Migration by Caveolar Proteins PTRF/Cavin-1 and Caveolin-1. PLoS ONE 2012, 7, e43041. [CrossRef]
Grande-Garcia, A.; Echarri, A.; de Rooij, J.; Alderson, N.B.; Waterman-Storer, C.M.; Valdivielso, ].M.; del Pozo, M.A. Caveolin-1
Regulates Cell Polarization and Directional Migration through Src Kinase and Rho GTPases. . Cell Biol. 2007, 177, 683-694.
[CrossRef]

Ge, Y;; Gao, J.; Jordan, R.; Naumann, C.A. Changes in Cholesterol Level Alter Integrin Sequestration in Raft-Mimicking Lipid
Mixtures. Biophys. ]. 2018, 114, 158-167. [CrossRef]

Simons, K.; Ehehalt, R. Cholesterol, Lipid Rafts, and Disease. ]. Clin. Investig. 2002, 110, 597-603. [CrossRef]

83



Int. J. Mol. Sci. 2023, 24, 6035

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Schmidt, M.L.; Davis, ].H. Liquid Disordered-Liquid Ordered Phase Coexistence in Lipid/Cholesterol Mixtures: A Deuterium 2D
NMR Exchange Study. Langmuir 2017, 33, 1881-1890. [CrossRef]

London, E.; Brown, D.A. Insolubility of Lipids in Triton X-100: Physical Origin and Relationship to Sphingolipid /Cholesterol
Membrane Domains (Rafts). Biochim. Biophys. Acta 2000, 1508, 182-195. [CrossRef]

Fra, A.M.; Williamson, E.; Simons, K.; Parton, R.G. De Novo Formation of Caveolae in Lymphocytes by Expression of VIP21-
Caveolin. Proc. Natl. Acad. Sci. USA 1995, 92, 8655-8659. [CrossRef]

Frank, PG.; W-C Cheung, M.; Pavlides, S.; Llaverias, G.; Park, D.S.; Lisanti, M.P.; Pav-lides, S. Caveolin-1 and Regulation of
Cellular Cholesterol Homeostasis. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, 677-686. [CrossRef]

Smart, E.J.; Ying, Y.S.; Donzell, W.C.; Anderson, R.G.W. A Role for Caveolin in Transport of Cholesterol from Endoplasmic
Reticulum to Plasma Membrane. J. Biol. Chem. 1996, 271, 29427-29435. [CrossRef]

Zhu, Y.; Liao, H.L.; Niu, X.L,; Yuan, Y; Lin, T.; Verna, L.; Stemerman, M.B. Low Density Lipoprotein Induces eNOS Translocation
to Membrane Caveolae: The Role of RhoA Activation and Stress Fiber Formation. Biochim. Biophys. Acta 2003, 1635, 117-126.
[CrossRef]

Sanyour, H.J.; Li, N.; Rickel, A.P; Torres, H.M.; Anderson, R.H.; Miles, M.R; Childs, ].D.; Francis, K.R.; Tao, J.; Hong, Z. Statin-
Mediated Cholesterol Depletion Exerts Coordinated Effects on the Alterations in Rat Vas-cular Smooth Muscle Cell Biomechanics
and Migration. J. Physiol. 2020, 598, 1505-1522. [CrossRef] [PubMed]

Sawaya, A.P; Jozic, I; Stone, R.C.; Pastar, I.; Egger, A.N.; Stojadinovic, O.; Glinos, G.D.; Kirsner, R.S.; Tom-ic-Canic, M. Mevastatin
Promotes Healing by Targeting Caveolin-1 to Restore EGFR Signaling. JCI Insight 2019, 4. [CrossRef] [PubMed]
Jaafari-Ashkavandi, Z.; Aslani, E. Caveolin-1 Expression in Oral Lichen Planus, Dysplastic Lesions and Squamous Cell Carcinoma.
Pathol. Res. Pract. 2017, 213, 809-814. [CrossRef] [PubMed]

Cassoni, P; Senetta, R.; Castellano, I.; Ortolan, E.; Bosco, M.; Magnani, I.; Ducati, A. Caveolin-1 Expression Is Variably Displayed
in Astroglial-Derived Tumors and Absent in Oligodendrogliomas: Concrete Premises for a New Reliable Diagnostic Marker in
Gliomas. Am. J. Surg. Pathol. 2007, 31, 760-769. [CrossRef]

Hoque Apu, E.; Akram, S.U; Rissanen, ].; Wan, H.; Salo, T. Desmoglein 3—Influence on Oral Carcinoma Cell Migration and
Invasion. Exp. Cell Res. 2018, 370, 353-364. [CrossRef]

Haga, K.; Yamazaki, M.; Maruyama, S.; Kawaharada, M.; Suzuki, A.; Hoshikawa, E.; Chan, N.N.; Funayama, A.; Mi-kami,
T.; Kobayashi, T; et al. Crosstalk between Oral Squamous Cell Carcinoma Cells and Can-cer-Associated Fibroblasts via the
TGF-f3/SOX9 Axis in Cancer Progression. Transl. Oncol. 2021, 14. [CrossRef]

Salo, T.; Sutinen, M.; Hoque Apu, E.; Sundquist, E.; Cervigne, N.K.; de Oliveira, C.E.; Akram, S.U.; Ohlmeier, S.; Suomi, F,;
Eklund, L.; et al. A Novel Human Leiomyoma Tissue Derived Matrix for Cell Culture Studies. BMC Cancer 2015, 15, 981.
[CrossRef] [PubMed]

Brierley, J.D.; Gospodarowicz, M.K.; Wittekind, C. TNM Classification of Malignant Tumors, 8th ed.; John Wiley & Sons: Oxford,
UK, 2017; pp. 17-21.

Conrad, P.A.; Nederlof, M.A.; Herman, LM.; Lansing Taylor, D. Correlated Distribution of Actin, Myosin, and Microtubules at the
Leading Edge of Migrating Swiss 3T3 Fibroblasts. Cell Motil. Cytoskeleton. 1989, 14, 527-543. [CrossRef] [PubMed]

Zhang, X.; Hu, Z.; Guo, Y.; Shan, X,; Li, X,; Lin, ]. High-Efficiency Procedure to Characterize, Segment, and Quantify Complex
Multicellularity in Raw Micrographs in Plants. Plant Methods 2020, 16, 100. [CrossRef] [PubMed]

Bankhead, P.; Loughrey, M.B.; Fernandez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G; et al. QuPath: Open Source Software for Digital Pathology Image Analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

84



S International Journal of K\
Molecular Sciences M D\Py
Communication

Positive Linear Relationship between Nucleophosmin Protein
Expression and the Viral Load in HPV-Associated
Oropharyngeal Squamous Cell Carcinoma: A Possible Tool for
Stratification of Patients

Marco D’Agostino !, Marco Di Cecco !, Carla Marani 2, Maurizio Giovanni Vigili 3, Sara Sileno ?,

Chiara Costanza Volpi >(7, Annunziata Gloghini >, Daniele Avitabile °, Alessandra Magenta

and Siavash Rahimi 7-*1

Citation: D"Agostino, M.; Di Cecco,

M.; Marani, C.; Vigili, M.G.; Sileno, S.;

Volpi, C.C.; Gloghini, A.; Avitabile,
D.; Magenta, A.; Rahimi, S. Positive
Linear Relationship between
Nucleophosmin Protein Expression
and the Viral Load in
HPV-Associated Oropharyngeal
Squamous Cell Carcinoma: A
Possible Tool for Stratification of
Patients. Int. J. Mol. Sci. 2023, 24,
3482. https://doi.org/10.3390/
ijms24043482

Academic Editors: Marko Tarle and

Ivica Luksi¢

Received: 12 January 2023
Revised: 2 February 2023
Accepted: 6 February 2023
Published: 9 February 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/).

4,%,1

Experimental Immunology Laboratory, Istituto Dermopatico dell'Immacolata, IDI-IRCCS, 00167 Rome, Italy
Division of Histopathology, Ospedale San Carlo di Nancy, 00165 Rome, Italy

Head and Neck Surgery Departments, Istituto Dermopatico dell Immacolata, IDI-IRCCS, 00167 Rome, Italy
Institute of Translational Pharmacology IFT, National Research Council of Italy (CNR), 00133 Rome, Italy
Diagnostic Pathology and Laboratory Medicine Department, Fondazione IRCCS Istituto Nazionale Tumori,
20133 Milan, Italy

Idi Farmaceutici S.R.L., Pomezia, 00071 Rome, Italy

7 Anatomic Pathology Department, Istituto Dermopatico dell'ITmmacolata IDI-IRCCS, 00167 Rome, Italy
Correspondence: ale.magenta@gmail.com (A.M.); s.rahimi@idi.it (S.R.)

Ul W N =

t These authors contributed equally to this work.

Abstract: Most oropharyngeal squamous cell carcinomas (OPSCCs) are human papillomavirus
(HPV)-associated, high-risk (HR) cancers that show a better response to chemoradiotherapy and are
associated with improved survival. Nucleophosmin (NPM, also called NPM1/B23) is a nucleolar
phosphoprotein that plays different roles within the cell, such as ribosomal synthesis, cell cycle
regulation, DNA damage repair and centrosome duplication. NPM is also known as an activator
of inflammatory pathways. An increase in NPM expression has been observed in vitro in E6/E7
overexpressing cells and is involved in HPV assembly. In this retrospective study, we investigated
the relationship between the immunohistochemical (IHC) expression of NPM and HR-HPV viral
load, assayed by RNAScope in situ hybridization (ISH), in ten patients with histologically confirmed
plé-positive OPSCC. Our findings show that there is a positive correlation between NPM expression
and HR-HPV mRNA (Rs = 0.70, p = 0.03), and a linear regression (r2 =0.55; p = 0.01). These data
support the hypothesis that NPM IHC, together with HPV RNAScope, could be used as a predictor of
transcriptionally active HPV presence and tumor progression, which is useful for therapy decisions.
This study includes a small cohort of patients and, cannot report conclusive findings. Further studies
with large series of patients are needed to support our hypothesis.
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1. Introduction

Oral squamous cell carcinoma (OSCC) and oropharyngeal squamous cell carcinoma
(OPSCC) are the most common types of HNSCC [1-3]. It is well known that tobacco
smoking and alcohol consumption are the main causes of HNSCC [4,5], and despite the
reduction in these risk factors, the incidence of HNSCC has increased [6]. Most OPSCCs are
high-risk (HR) human papillomavirus (HPV)-related [7-9], with HPV16, the most common
genotype involved, representing 86.7% of all HPV-positive OSCCs, followed by HPV18
and HPV33 [10].

Patients with HPV-induced OPSCC have been shown to be younger and are less likely
to have a history of tobacco or alcohol use than patients with HPV-negative OPSCCs. A
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superior socioeconomic status and sexual behaviors have also been associated with the
development of HPV-positive OPSCC [11]. Patients with HPV-associated OPSCC showed a
better clinical outcome compared to those with HPV-negative tumors, with a good response
to chemoradiotherapy. Hence, HPV status is included as a stratification factor for clinical
trials using patients with OPSCC [12,13].

The HPV genome consists of a small double-stranded DNA and includes three major
regions. The early genes (E1-E7) are expressed early in the viral infectious cycle for the
regulation of transcription, plasmid replication and transformation. They encode the E6
and E7 oncoproteins, which are responsible for tumorigenesis [6]. The late genes code
for the major (L1) and minor (L2) capsid proteins involved in the packaging of the viral
genome and virus release. The long control region (LCR) contains the regulatory elements
for transcription and replication. E6 protein binds the tumor suppressor p53 that is involved
in apoptosis and cellular senescence, promoting its degradation [14]. Moreover, the E7
protein interacts and inactivates the retinoblastoma (Rb) tumor suppressor, which plays an
important role in the regulation of the cell cycle. The inactivation of p53 and pRb causes
uncontrolled cell proliferation and apoptosis inhibition, resulting in cellular transformation
and genomic instability [15]. E6 and E7 expression inhibition in oropharyngeal cancer cells
is associated with the restoration of p53 and Rb pathways and increased apoptosis [16].

The nucleolus is known to have a central role in the interaction between the virus and
the infected cell. Indeed, several viruses, including HPV, have evolved molecular strategies
to take control of nucleolar functions, ultimately favoring viral replication and maturation,
such as ribosomal biogenesis, cell cycle progression and apoptosis [17].

The E7 protein has been colocalized with pRB in the nucleolus [18]. It interacts with
pl4arf and the Upstream Binding Factor 1 (UBF1), a key factor in the activation of RNA
polymerase I machinery, thus favoring rDNA transcription [19]. The expression and/or
localization of other nucleolar proteins, such as PICT-1 [20] and nucleolin [21], has been
shown to correlate with HPV18-dependent carcinogenesis [21].

In keeping with the nucleolar role of HPV infection, changes in numbers or in mor-
phometric parameters of silver-stained nucleolar organizer regions (AgNORs) have been
previously proposed as useful predictors of worse prognosis in different forms of HPV-
infected squamous cell carcinomas [22-25]. Recently, the presence of hyperchromasia,
thickening of nuclear contour, and prominent nucleoli on Pap smear have been proposed
as strong indicators of the presence of intraepithelial neoplasia grade 1 (CIN1) or greater
CIN 2-3 [26]. Indeed, AgNOR areas greater than 3.3 um? with concomitant expression of
p16INK4a have been shown to be useful in the identification of high-risk human papillo-
maviruses (HR-HPV) for the development of cervical cancer [27].

Nucleophosmin (NPM, also called NPM1/B23) is a nucleolar phosphoprotein that
plays different roles within the cell, such as ribosomal synthesis, cell cycle regulation, repair
of DNA damage and centrosome duplication [28].

NPM interacts with different proteins from RNA and DNA viruses, including HIV,
HCV, HBV and HPV, and affects the infection process [29]. In fact, NPM is implicated in dif-
ferent steps of the viral replicative cycle, including cytoplasmic nuclear traffic and the final
assembly of viral particles, thus impacting the viral replication efficiency [29]. It has been
shown that NPM levels increased in human foreskin keratinocytes (HFK) overexpressing
E7, following differentiation induced by methylcellulose. Furthermore, in cultured cells and
organotypic structures overexpressing E7 and E6/E7, an NPM protein level upregulation
was found [30]. In addition, NPM downregulation in E6/E7 overexpressing cells provoked
induction of p53 and pRb levels, causing replicative capacity reduction and an increase in
the differentiation marker, Keratin 1, in HFKs [30].

Therefore, NPM is required for proliferation and inhibition of differentiation in primary
keratinocyte cells expressing HPV’s E6 and E7 [30]. The host nucleolar protein NPM is also
required during HPV16 pseudovirus (PsV) assembly since it interacts with L2 minor capsid
protein, playing an important role in establishing the correct interactions between L2 and
L1 during the assembly of the HPV capsid [31].
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Given the importance of the nucleolus in HPV infection and the pivotal role of the
nucleolar protein NPM in the replicative capacity of HPV-infected cells, the aim of this
study is to elucidate the relationship between NPM and the HR-HPV viral load, assessed
by RNAScope, in p16-positive HPV-associated OPSCC.

2. Results

All cases show non-keratinized (“basaloid”) and mixed-type (“keratinized” and “basa-
loid”) SCC morphology [32] and positive p16 immunohistochemical staining according to
the Lewis et al., criteria (Figure 1b) [33].

(@) (b)

Figure 1. HPV-OPSCC: morphology and immunohistochemistry (a) H&E image of “basa-
loid” invasive squamous cell carcinoma; (b) Intense and diffuse positive IHC staining with
anti-p16 antibody.

RNAScope-ISH revealed positive staining for E6/E7 mRNA HR-HPV (Figure 2a,c).
There was a different degree of intensity of staining among the cases. In some cases, the
strong signals formed clusters, indicating a high viral load. The staining was specific and
limited only to the neoplastic cells and dysplastic epithelium. The lymphoid stroma and
normal squamous epithelium were negative.

In a similar way, we found that NPM IHC positivity was also variable in FFPE tissue.
Some cases had low IHC positive staining, whereas others showed intense areas of positive
staining (Figure 2b,d).

Interestingly, NPM IHC intensity positively correlated with high-risk HPV mRNA-IHS
in OPSCC (Rs = 0.70, p = 0.03) (Figure 3). Moreover, a linear relationship was found between
NPM IHC and HR-HPV mRNA, detected by RNAScope (Figure 3). Our data indicate that
NPM is a positively signed direct regressor for HR-HPV mRNA expression. Thus, NPM
expression level could be a predictor of HR-HPV mRNA levels with an average increase
of 1.15 units for each 1-unit increase in NPM expression level. The “true” mean increase
could plausibly be expected to lie between 0.30 and 2.00 (95% confidence interval). The r?
suggests that about 55% of the variability in the HR-HPV mRNA can be explained by its
relationship with NPM expression. The results show that NPM and E6/E7 mRNA HR-HPV
positivity were very similar in patients” categorization.
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Figure 2. HR-HPV ISH and IHC of NPM protein in OPSCC (a,c) RNAScope ISH showing
mild/moderate and large amounts of E6/E7 mRNA HR-HPYV, respectively, (b,d) representative
images of NPM IHC staining of same patients (Pt1, Pt2) depicted in (a,c). Weak and intense staining
correlates with the amount of E6/E7 mRNA.
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Figure 3. Correlation analysis and linear regression between NPM levels and mRNA HR-HPV
expression in OPCCS. Spearman correlation analysis (Rs) and linear regression (r2) between NPM
IHC positivity and mRNA HR-HPV ISH levels. IHC quantification of NPM and E6/E7 mRNA
HR-HPV ISH were quantified by Image J color deconvolution of three adjacent fields for each section
and transformed in arbitrary units (A.U.) of positivity for each patient.
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3. Discussion

The majority of the OPSCCs are HR-HPV-dependent and present a good clinical out-
come in terms of chemoradiotherapy sensitivity compared with HPV-negative HNSCC [34].
p16 is a tumor suppressor protein and belongs to the family of INK4 cyclin-dependent-
kinase inhibitors. Immunohistochemistry with p16 is an excellent surrogate of high-risk
HPV infection [35,36].

However, approximately 20% of pl6-positive OPSCC patients may lack transcriptionally-
active HR-HPV [37-40].

In addition, a positive immunohistochemical reaction with p16 shows the presence or
absence of HR-HPYV infection and does not assess the amount of the viral load. Assuming
that the amount of HPV viral load does establish the progression of the disease, then
the p16 immunohistochemical test could not define the aggressiveness of the disease.
RNAScope complementary to HPV E6/E7 mRNA is a molecular technique, which allows
visualizing viral transcripts in FFPE tissue. HPV-RNAScope demonstrates high sensitivity
and specificity for detection of HPV infection and has been proposed as the clinical standard
for assigning a diagnosis of HPV-positive OPSCC [41-44].

Viral proteins often target the nucleolus, nucleolar proteins are released into the
nucleoplasm and cytoplasm, and in most cases, viral nucleic acids are localized in the
nucleolus. On the other hand, cellular proteins can be relocated to the nucleolus and
participate in the infectious process [17]. Nucleolar proteins, in association with viral
proteins, participate in replicating viruses in the capsid assembly and are often implicated
in the transport of viral particles in the nucleoplasm and cytoplasm. Indeed, several viruses,
including HPV, take advantage of nucleolar functions in order to increase viral replication
and maturation, controlling ribosomal biogenesis, cell cycle progression and apoptosis [17].

The expression of different biomarkers has been linked to HPV carcinogenesis. Given
the importance of the nucleolus, different nucleolar proteins have been used to determine
the progression of HPV infection. For example, PITC1 [20] and nucleolin [21] are two
nucleolar proteins whose expression has been linked to uterine cervical cancer aggressivity.
Additionally, the expression of another cellular protein, proliferating cell nuclear antigen
(PCNA), a protein essential for DNA replication, has been used for this aim [24]. PCNA
expression was associated with high-risk HPV and the progression of cervical intraepithelial
neoplasia (CIN).

In keeping with the nucleolar role of HPV infection, the numbers and the morphomet-
ric parameters of AgNORs have been proposed as useful predictors of worse prognosis in
different forms of HPV-infected squamous cell carcinomas [22-25].

Further, hyperchromasia, thickening of nuclear contour, and prominent nucleoli on
Pap smear have been used as indicators of intraepithelial neoplasia grade 1 (CIN1) or greater
CIN 2-3 [26]. Moreover, AgNOR areas and p16INK4a positivity have been associated with
HR-HPV for the development of cervical cancer [27].

Since NPM is a nucleolar protein that is frequently overexpressed in different types
of tumours [45], we investigated the possible correlation between NPM and HR-HPV
viral load in a small cohort of HPV-related OPSCC, using immunohistochemistry and
RNAScope, respectively.

Our results showed a positive correlation and a linear relationship between the
expression of NPM and HPV E6/E7 mRNA. These data support the hypothesis that
NPM could be used as a predictor of transcriptionally active HPV presence and possibly
tumor progression.

NPM up-regulation is required for the inhibition of differentiation and promotion of
proliferation in differentiating cells, which express E6-E7 [30]. In addition, NPM has a role
in establishing the correct interactions between L2 and L1 during HPV capsid assembly [31].

We previously showed that NPM intracellular protein level is increased by inflam-
matory cytokines and is released into the extracellular space by fibroblasts and primary
keratinocytes upon cytokine stimulation associated with psoriasis [46].
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Interestingly, circulating NPM is upregulated in the plasma of psoriatic patients and
positively correlated with the severity of the disease and some determinants of cardiovas-
cular risk [46].

Moreover, we demonstrated that NPM acts as an alarmin after genotoxic stress treat-
ment and, when it is secreted in the extracellular space, induces inflammation by binding
the Toll-Like Receptor 4 (TLR4) receptor. This interaction activates a signaling pathway
that leads to the translocation of NF-kB in the nucleus with consequent induction of inflam-
matory genes, such as interleukin 6 (IL-6) and cyclooxygenase 2 (COX-2) [47].

We know that an increased level of reactive oxygen and nitrogen species (ROS and
RNS), produced during chronic inflammation, play a pivotal role in tumor progression,
and it is established that NPM is a modulator of the cellular oxidative stress response and
an activator of inflammation pathway. Given the fact that inflammation-mediated DNA
damage provides a potential mechanism of HPV integration and that an excessive amount
of ROS and RNS promote DNA damage [48], it would be reasonable to speculate that NPM
could potentially contribute to HPV integration and the promotion of tumor progression.

Targeting a single host protein to simultaneously impact different steps of viral repli-
cation is an appealing solution. Since NPM induction increases viral replication and also
cell cycle progression, targeting NPM might simultaneously impact on viral replication
and on the neoplastic state that emerges from it [29].

Different groups are currently studying the development and preclinical/clinical
evaluation of NPM inhibitors. Among these, only two have been evaluated in Phase I/1I
cancer clinical trials, the CIGB-300 peptide in HPV-positive cervical cancers [49] and the
synthetic pseudopeptide N6L (NCT01711398) in all solid tumors. CIGB-300 has also been
tested in an HIV infection model with success [50].

Moreover, in cervical cancers treatment, 75% of the patients showed tumor reduction
at colposcopy and 19% exhibited full histological regression. In addition, HPV DNA was
negative in 48% of the previously positive patients. Long-term follow-up did not show
adverse events or recurrences [49].

Since we demonstrated in previous papers that NPM could be considered an extra-
cellular alarmin, the circulating expression of NPM could also be exploited in future
applications as a predictor of HPV viral load by salivary or blood test screening in OPSCC.

In conclusion, our results show that a combination of tests, immunohistochemistry of
NPM and HR-HPV RNAScope-ISH could be used in routine practice to stratify patients
with HPV-positive OPSCC into a group with relatively stable disease and a group with
the progression of malignancy. This finding potentially could have clinical implications
because NPM inhibition could offer therapeutic benefits to these patients.

This study includes a small cohort of patients and, by definition, cannot be regarded
as yielding conclusive findings. Further studies with a larger cohort of patients are needed
to support this hypothesis.

4. Materials and Methods
4.1. Patients

Ten cases of OPSCC were retrieved from archives of Histopathology Division of San
Carlo di Nancy Hospital and Istituto Dermopatico dell’Immacolata (IDI-IRCCS), Rome-
Italy. Haematoxylin and eosin (H&E) stained slides obtained from formalin-fixed paraffin-
embedded (FFPE) lesion tissue were examined.

4.2. Immunohistochemistry (IHC)

Leica Stainer Immunohistochemistry System was used for the pl6 antibody (BD
Biosciences, purified mouse anti-human p16, product number 550834, concentration
31.25 ug/mL, dilution 1:10). Appropriate positive and negative control tissue was used.

NPM IHC was performed on FFPE tissue as previously described [46]. Briefly, sections
were incubated with the anti-human NPM rabbit polyclonal antibody (ab15440; dilution
1:200). Rabbit IgG isotype control (Santa Cruz Biotechnology, Dallas, TX, USA) was used at

90



Int. J. Mol. Sci. 2023, 24, 3482

the same concentration of primary antibody. Polyclonal biotinylated secondary Abs and
staining kits were obtained from Vector Laboratories. Inmunoreactivity was visualized
using the peroxidase reaction with 3-amino-9-ethylcarbazole (AEC, Vector Laboratories,
Burlingame, CA, USA) in H,O, as a substrate and samples were counterstained with
hematoxylin. As a negative control, primary Abs were omitted. Stained sections were
analyzed with the AxioCam digital camera coupled to the Axioplan 2 microscope (Carl
Zeiss AG, Oberkochen, Germany). NPM staining intensity was evaluated by quantitative
analysis (Image J color deconvolution) in three adjacent fields of each section by two
independent observers, not aware of the status of the specimens. The mean values for each
patient’s section expressed as arbitrary units (A.U.) of NPM IHC positivity area were used
for correlation and regression analyses.

4.3. RNAscope-In Situ Hybridization (ISH)

RNAscope-ISH was carried out on sections obtained from FFPE tissue. Bond III
Automated. ISH for HR-HPV E6/E7 mRNA was performed using the RNAscope 2.5 VS
HPV HR18 probe (cat. #312599; Advanced Cell Diagnostics, Inc., Newark, CA, USA),
which recognizes HPV 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73 and
82, genotypes. ISH was performed on an automated platform (Discovery Ultra, Ventana,
Roche, Basel, Switzerland) by using the RNAscope VS Universal HRP assay (Advanced Cell
Diagnostics, Inc.), according to the manufacturer’s instructions. Positive staining has been
identified as brown, punctate dots present in the nucleus and/or cytoplasm. Control probes
for the bacterial gene 4-hydroxy-tetrahydrodipicolinate reductase (DapB), negative control,
and for the housekeeping gene ubiquitin C (UbC), positive control for the evidence of
preserved RNA, have also been included for each case.

4.4. Statistical Analysis

Because of the novelty of the study, whose primary objectives are mainly descriptive
and exploratory, the minimum sample size has not been pre-determined.

Spearman correlation analysis and linear regression analysis were carried out using
GraphPad Prism (version 5.0., GraphPad Software San Diego, CA, USA). A p < 0.05 was
considered statistically significant.
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Abstract: No clinically approved tumor-specific imaging agents for head and neck cancer are currently
available. The identification of biomarkers with a high and homogenous expression in tumor tissue
and minimal expression in normal tissue is essential for the development of new molecular imaging
targets in head and neck cancer. We investigated the expression of nine imaging targets in both
primary tumor and matched metastatic tissue of 41 patients with oral squamous cell carcinoma
(OSCCQ) to assess their potential as targets for molecular imaging. The intensity, proportion, and
homogeneity in the tumor and the reaction in neighboring non-cancerous tissue was scored. The
intensity and proportion were multiplied to obtain a total immunohistochemical (IHC) score ranging
from 0-12. The mean intensity in the tumor tissue and normal epithelium were compared. The
expression rate was high for the urokinase-type plasminogen activator receptor (uPAR) (97%), integrin
av 36 (97%), and tissue factor (86%) with a median total immunostaining score (interquartile range)
for primary tumors of 6 (6-9), 12 (12-12), and 6 (2.5-7.5), respectively. For the uPAR and tissue factor,
the mean staining intensity score was significantly higher in tumors compared to normal epithelium.
The uPAR, integrin ocv36, and tissue factor are promising imaging targets for OSCC primary tumors,
lymph node metastases, and recurrences.

Keywords: oral squamous cell carcinoma; lymph node metastases; molecular imaging; immunohis-
tochemistry; urokinase-type plasminogen activator receptor; tissue factor; integrin ocv36

1. Introduction

Despite advances in diagnostic techniques and postoperative treatment, poor survival
and high recurrence rate remain for patients with oral squamous cell carcinoma (OSCC) [1].
The primary curative treatment is surgery, where the adequate resection margins (>5 mm)
are one of the most important prognosticators [2,3]. Achieving radical resection margins is
challenging when the tumor is surrounded by multiple functionally and aesthetically criti-
cal structures and the border between the tumor and normal tissue is not clearly delineated.
This is reflected in a positive margin rate of 12-30% for OSCC, one of the highest rates
amonyg all solid tumors [2,4,5]. Additionally, the detection and removal of regional lymph
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node metastases by neck dissection is a challenge due to a significant risk of occult micro-
scopic disease that is not detected by conventional preoperative imaging [6]. Currently,
there are no established real-time intraoperative imaging techniques for distinguishing
healthy tissue from tumor tissue in OSCC. The surgeons rely on preoperative imaging and
intraoperative visual and tactile information. Intraoperative margin assessment may be
performed by use of frozen section microscopy, which is time-consuming and prone to
sampling and interpretation errors [7].

Molecular imaging is a rapidly emerging field for the diagnosis and treatment of
cancer, particularly head and neck cancer, in which several targets and modalities have
been studied and are under development [8]. Due to advancements in imaging hardware
and fluorophore biochemistry, targeted fluorescence guided surgery (FGS) is one of the
most promising real-time intraoperative imaging techniques. Especially fluorophores with
excitation and emission in the near-infrared (NIR) spectrum, such as indocyanine green
(ICG) and IRDye800CW, have been investigated due to a relatively high penetration depth
compared to other wavelengths [9,10]. Despite intensive research, no clinically approved
tumor-specific imaging agents for head and neck cancer surgery are currently available [11].
The identification of biomarkers with a high and homogenous expression in tumor tissue
and minimal expression in normal tissue is essential for the development of new molecular
imaging targets in head and neck cancer.

The vascular endothelial growth factor receptor 1 and 2 (VEGFR1 and VEGFR?2) play
important roles in tumor angiogenesis [12]. A high expression of both receptors has been
reported in OSCC [13] and several studies have investigated these receptors as targets for
molecular imaging in different cancers [14]. Integrin «v[33 is another receptor expressed by
tumor cells that plays an important role in tumor angiogenesis [15] and molecular imaging,
and has been explored in several different cancers with promising results [16]. Integrin
av 36 is a member of the same family that has been more thoroughly studied [17-19]. Inte-
grin ov[36 is important for cell migration as it facilitates cell-to-cell and cell-to-extracellular
matrix adhesion. In OSCC, integrin «v {36 has been found to be upregulated, especially
at the invasive margin [20], and involved in different hallmarks of cancer including ep-
ithelial to mesenchymal transition [21], invasion, and migration [20,22]. The epithelial
cell adhesion molecule (EpCAM), like integrins, is a cell adhesion receptor implicated in
metastasis. It has been identified as being overexpressed in several malignancies, including
OSCC [23], and several studies have already investigated the use of both fluorescence and
radionuclide probes [24,25]. Cathepsin E and Poly(ADP-ribose)polymerase-1 (PARP-1)
are both intracellular enzymes that have been shown to be overexpressed in a variety of
malignancies [26,27]. PARP-1 has been examined as a PET-imaging target and a target
for fluorescence imaging in OSCC [28-30], whereas Cathepsin E expression in OSCC has
not been previously described. However, a fluorescence probe has been developed for
Cathepsin E and tested in vivo [31]. The urokinase-type plasminogen activator receptor
(uPAR) is a GPI-anchored cell membrane receptor that turns plasminogen into plasmin at
the cell surface, thus degrading the extracellular matrix [32]. uPAR has been found to be
upregulated in most solid cancers where it facilitates cell invasion and metastasis, and a
high expression has been associated with poor prognosis and metastases [33]. The tissue
factor, a transmembrane glycoprotein that stimulates the extrinsic coagulation pathway,
is thought to have a significant role in tumor progression [34]. An overexpression of the
tissue factor has been reported in several malignancies and is related with poor clinical
outcomes [35,36].

Our aim was to investigate the immunohistochemical (IHC) expression of the above
mentioned, nine interesting imaging targets in both primary tumor and matched metastatic
tissue from OSCC to assess their potential as targets for molecular imaging. For a subgroup,
the tissue from recurrent disease was evaluated.
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2. Results
2.1. Patient Characteristics

In this population of 41 patients with OSCC, the median age at diagnosis was 58 years
(range 23-81 years), and 26 (63%) of the patients were male (Table 1). The majority of
tumors (73%) were moderately differentiated, and tumors were located in the floor of
mouth (56%) and oral tongue (44%). All pathologic T-stages were represented. The majority
of tumors were in stage T1 or T2 at the time of surgery and 38 patients (93%) had histological
confirmed lymph node metastases. Surgery aiming radicality was the first line of treatment
for all patients.

Table 1. Clinicopathological characteristics of 41 patients with oral squamous cell carcinoma.

Characteristics n (%) or Median (Range)
Age, years 58 (23-81)
Gender
Male 26 (63%)
Female 15 (37%)
Location
Tongue 18 (44%)
Floor of mouth 23 (56%)
Tumor differentiation
Low 5 (12%)
Moderate 30 (73%)
High 6 (15%)
Pathologic T-stage
T1 11(27%)
T2 17 (42%)
T3 5 (12%)
T4 5 (12%)
Missing 3 (7%)
Pathologic N-stage
NO 3 (7%)
N+ 38 (93%)

2.2. Immunohistochemical Staining

Primary tumor tissue was obtained from all 41 patients. In a number of patients, there
was insufficient remaining tumor tissue to perform IHC staining for all nine targets, and
normal mucosa was not present or only present in some sections. Formalin-fixed, paraffin-
embedded (FFPE) blocks containing metastatic tissue were available for 28 patients, while
local recurrence tissue was obtained from eight patients. A representative image for each
target’s immunohistochemical staining is shown in Figure 1 and the three most promising
biomarkers in matched tumor samples from the same patient is shown in Figure 2. The
intensity, proportion, and total immune staining score for all targets are shown in Table 2.
An overview of the final expression category in primary tumors and metastases of all
biomarkers is illustrated in Figures 3 and 4, respectively.

2.2.1. Integrin av(36

Integrin av36 expression was seen in nearly all tumor samples (97%) with strong
membrane and cytoplasmic staining in most tumor cells. There was a distinct demarcation
between tumor cells and immune cells in lamina propria and surrounding tissue in submu-
cosa. The staining was homogenous in 80% of all tumor samples (Table 3). The median
staining scores (interquartile range) for primary tumor, lymph node metastases, and local
tumor recurrence were 12 (12-12), 12 (9.75-12), and 12 (12-12), respectively. Except for a
weak staining of muscle cells and a moderate staining of salivary gland ducts, no other
normal cells in the subepithelial layers were positive. Integrin ocv36 was also expressed in
normal epithelium.
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VEGFR2

Cathepsin E

Integrin avp3

Figure 1. Expression of integrin avf36, tissue factor, PARP-1, uPAR, VEGFR1, EpCAM, VEGFR?2,
Cathepsin E and integrin ocv33 in primary tumor tissue of OSCC.
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Figure 2. Expression of CK5 (for visualization of tumor localization), uPAR, integrin «v{36 and tissue
factor in (A) primary tumor, (B) lymph node metastases, and (C) local recurrence.
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Figure 3. Expression of imaging targets in OSCC primary tumors.
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Figure 4. Expression of imaging targets in OSCC lymph node metastases.

2.2.2. uPAR

The overall expression rate was 97% with highly tumor-specific staining, which was
rated as homogeneous in 51% of the samples. uPAR was expressed in 23 /24 metastases
(96%). Both membrane and cytoplasmic staining were found in tumor cells. The total
immune staining scores for primary tumor cells, lymph node metastases, and local tumor
recurrence tissue were 6 (6-9), 6 (4-8), and 6 (6-9.75), respectively. Normal epithelium
exhibited no staining, except for in four cases where weak epithelial staining was seen. In
one case, moderate staining of a lichen planus lesion was observed in the periphery of the
tumor. There was a clear contrast between tumor and surrounding tissue at the deep tumor
margin. Weak to moderate staining was observed in granulocytes.

2.2.3. Tissue Factor

The overall expression rate of tissue factor in tumor tissue was high (86%), but only
with a homogenous pattern in 3% of tumor samples. In half of the primary tumor samples,
tissue factor showed moderate to intense expression. In lymph node metastases, expression
was mainly weak and moderate. Staining scores for primary tumor cells, lymph node
metastases, and local recurrence tumor tissue were 6 (2.5-7.5), 2 (1-5.5), and 4 (0-6),
respectively. Normal epithelium expressed tissue factor in approximately 80% of the
samples, although the staining in this compartment was mostly weak. Salivary duct and
acini cells also showed a weak expression of tissue factor.

2.2.4. PARP-1

A high overall expression rate was seen for PARP-1 (97%), with positive staining of
tumor nuclei, albeit heterogeneously. For primary tumor cells, lymph node metastases,
and local recurrence tumor tissue, the staining scores were 6 (4-9), 6 (6-9), and 6 (4-8),
respectively. Nevertheless, the staining was not very tumor-specific, as several normal cells
were also stained. Lymphocytes, endothelium, muscle tissues, nerve fibers, salivary gland
tissues, plasma cells, and normal epithelium exhibited variable nuclei staining.

2.2.5. VEGFR1

All tumors were positive for VEGFR1, but the staining was not tumor-specific and
contrasted poorly with the normal stroma and epithelium. The VEGFR1 staining scores for
primary tumor, lymph node metastases, and recurrent tumor tissue were 8 (6-8), 8 (6.5-8),
and 8 (3-6), respectively. Macrophages, plasma cells, nerve fibers, endothelium, muscle
tissues, and salivary gland tissues had expression of VEGFR.

2.2.6. EpCAM

EpCAM was expressed in 57% of all tumor samples, but only 3% exhibited a homoge-
nous pattern. In tumor cells, membrane and cytoplasmic stains were seen. The intensity
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of EpCAM positive tumors varied but was generally weak to moderate. Total IHC scores
were 0.5 (0-2.5), 1.5 (0-3), and 1 (0-6) for primary tumor cells, lymph node metastases, and
local recurrence tumor tissue, respectively. Rarely were EpCAM-positive macrophages and
plasma cells observed. Normal epithelium exhibited no staining.

2.2.7. VEGFR2

The overall expression rate of VEGFR2 was 79%, with no tumors displaying homoge-
nous expression pattern. The VEGFR2 antibody staining was present in the cytoplasm of
the tumor cells, although it was mainly weak. The staining scores for primary tumor tissue,
lymph node metastases, and local recurrence were 2 (1-4), 2 (1-4), and 2 (0-2), respectively.
Moderate to weak expression was also seen in normal oral squamous epithelium in 29% of
samples. No expression was seen in the stroma surrounding tumor.

2.2.8. Cathepsin E and Integrin av33

Only one primary tumor and three lymph node metastases showed Cathepsin E
expression. No expression of integrin «av[33 was observed in primary tumors, metastases,
or tissue from local recurrence. The staining scores for both biomarkers for primary tumor
cells, lymph node metastases, and local recurrence tumor tissue were 0 (0-0), 0 (0-0), and
0 (0-0).

2.3. Intensity of Staining in Normal Oral Mucosal Epithelium vs. Tumor Tissue

The mean staining intensity score between normal epithelium and tumor tissue was
compared for all samples where both components were present. The staining intensity was
significantly higher in tumors compared to normal epithelium in uPAR (p < 0.001, n = 37),
VEGFR2 (p = 0.002, n = 41), VEGFR1 (p = 0.001, n = 41), PARP-1 (p = 0.003, n = 40), and
tissue factor (p < 0.001, n = 47). No difference in staining intensity between tumor tissue
and normal epithelium was seen for integrin «v36 (p = 0.380, n = 47) or EPCAM (p = 0.130,
n = 39).

2.4. Biomarker Expression in Primary Tumor Compared to Lymph Node Metastases and Tissue
from Local Recurrence (T-Site)

We examined the correlation between total immune staining scores in primary tumors
and lymph node metastases for each target in cases where tissue from both locations were
available. We identified 28 primary cancers with accessible tissue from lymph node metas-
tasis. All targets with tumor staining exhibited a positive Spearman rank correlation value.
However, only uPAR (spearman correlation = 0.554, p = 0.014), tissue factor (spearman
correlation = 0.615, p = 0.001), and VEGFR2 (Spearman correlation = 0.765, p < 0.001) had
a significant positive correlation between total immune staining scores in primary tumor
and lymph node metastases. Due to small numbers of cases with recurrence, no significant
correlation was found between the total immune staining scores in primary tumors and
tumor tissue from local recurrence, but a tendency toward positive correlation was seen
for uPAR (spearman correlation = 0.395; p = 0.510), EpCAM (spearman correlation = 0.111,
p = 0.834), and PARP-1 (spearman correlation = 0.064, p = 0.905)

3. Discussion

In this study, we have evaluated nine potential molecular imaging targets from
41 OSCC patients with tissue samples from the primary tumor, lymph node metastases,
and local recurrence. This is, to the best of our knowledge, the first study to investigate
and compare multiple potential targets in both primary OSCC tumors and their metastases.
Based on immunohistochemical expression levels and expression patterns in the tumor,
normal epithelium, and surrounding tissue, it was revealed that the uPAR, integrin ov 36,
and tissue factor represent attractive molecular imaging targets in OSCC due to a high
overall expression rate of 97%, 97%, and 86%, respectively. The high expression rates of
uPAR (96%) and integrin «v36 (100%) in lymph node metastases indicate a potential in FGS
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for detecting lymph node metastases during sentinel lymph node biopsy or neck dissection,
which could potentially spare healthy nodes.

We found a highly tumor-specific uPAR expression in most tumor samples (97%), with
a moderate to intense staining in both primary tumors and metastases. Our results are
in accordance with previous immunohistochemical studies that have also found a high
tumor-specific expression of uPAR in OSCC, with an absence of staining in the surrounding
normal squamous epithelium and weak expression in tumor-associated inflammatory cells
(macrophages, neutrophils, and fibroblasts), with a sharp demarcation at the deep tumor
margin [37-39]. Interestingly, our current study demonstrated uPAR expression in 96% of
metastasis, which indicates that combined targeted strategies against the tumor as well
as metastatic disease seem possible. Different molecular imaging modalities have been
explored for uPAR. In clinical trials, uPAR-targeted PET imaging using a peptide-based
tracer has been studied for several cancers including OSCC, where a prognostic value
was demonstrated [40—-43]. No studies have yet investigated the diagnostic potential of
uPAR-targeted PET imaging in OSCC, but a Phase II clinical trial is currently underway
(NCT02960724). Few clinical studies have been conducted on FGS using uPAR-directed
probes. In a cell-line-based xenograph proof-of-concept study conducted at our institution,
it was shown that uPAR-targeted optical near-infrared fluorescence imaging using ICG con-
jugated to AE-105 can be used to identify small lymph node metastases during surgery [44].
Boonstra et al. also investigated uPAR-targeted FGS in cell-line-based xenograph models
with an antibody-based tracer (hybrid ATN 658) conjugated to a fluorophore (ZW800-1),
and showed that this modality could also identify primary tumors and lymph node metas-
tases [45]. Clinical trials investigating uPAR-targeted FGS are ongoing in patients with oral
cancer, lung cancer, and glioblastoma (EudraCT no. 2022-001361-12, 2021-004389-37 and
2020-003089-38).

The tissue factor also demonstrated a tumor-specific expression, but at a lower rate
(86%) and with a more heterogeneous pattern than uPAR. The expression of the tissue factor
in lymph node metastases was less compared to the primary tumor tissue. These results
are consistent with similar immunohistochemistry studies on primary tumor tissue from
oral and oropharyngeal squamous cell carcinoma, which found tissue factor expression
rates of 58% and 76%, respectively [37,46]. As, an imaging target tissue factor has been
poorly investigated in OSCC, but the potential in several other cancers has been explored.
In preclinical studies, the tissue factor has been investigated as a target for FGS, SPECT, and
PET using tissue factor-specific monoclonal antibodies in both anaplastic thyroid cancer,
glioblastoma, and pancreatic cancer xenografts with promising effect [47-50]. In 2021,
an antibody drug (tisotumab vedotin)-targeting tissue factor was approved by FDA for
treatment of metastatic cervical cancer [51]. Subsequently the tissue factor-targeted PET-
imaging with a protein (FVIIa) labeled with '8F was successfully tested first in a human
study and proposed as a future diagnostic tool prior to tissue factor-targeted treatment [52].
The high expression of the tissue factor in OSCC and the recent development of tissue
factor-targeted tracers in other solid cancers makes it a promising imaging agent in OSCC.

Integrin av36 was also highly expressed in our study, with a clear contrast at the
deep tumor margin. However, a high integrin av[36 expression was also seen in normal
squamous cell epithelium without a significant difference in the intensity score between
a tumor and normal epithelium. Our findings suggest that molecular imaging drugs
targeting integrin avp36 may provide a distinct contrast at the deep margin but less at
the superficial margins. These results are in line with those obtained by Baart et al., who
investigated the immunohistochemical expression of integrin ocv36 in both OSCC and
cutaneous squamous cell carcinoma of the head and neck [38]. They also proposed integrin
av6 as a target for FGS in OSCC, especially due to the clear discrimination at the deep
margin and compared to EGFR, they found less staining of the normal epithelium. Integrin
av 36 has been studied as a PET-imaging target in different cancers. In 2019, Hausner et al.
successfully performed a first in human studies by exploring PET/CT with a radiolabeled
integrin ocv36-binding peptide in patients with metastatic colon, breast, and pancreas
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cancer [18]. Later, Quigley et al. tested a Ga-68-labeled peptide (Ga-68-Trivehexin) for
human PET/CT imaging of head, neck, and pancreatic cancer, with results showing a high
tumor-specific uptake and no uptake in tumor-associated inflammation [19]. Integrin av (36
has, to our knowledge, not been tested as a target for fluorescent imaging in OSCC patients.
However, Ilyia et al. showed imaging potential in in vitro head and neck cancer models
with quantum dots conjugated to an integrin av6-specific peptide [53]. A human trial
by de Valk et al. has studied integrin ov[36-targeted near-infrared fluorescent peptides
(cCRGD-ZW800-1) in 12 patients with colon carcinoma and was able to show cancer-specific
imaging in both open and laparoscopic surgery [54]. Studies investigating integrin ov[36 as
a target for fluorescent imaging in OSCC have not yet been published, but a clinical trial
with cRGD-ZW800-1 (NCT 04191460) is planned to investigate whether this modality can
improve the rate of adequate surgical resection margins in OSCC.

PARP-1 showed mostly moderate and moderate to high expression levels in the tumor
nuclei, but it appears less suitable as an imaging target compared to uPAR, av36, and
tissue factor, owing to the non-specific staining of several different cell-types in the lamina
propria and submucosa as well as the staining of normal squamous epithelium. Even
though some expressions of PARP-1 are present in normal tissues, this biomarker might
not be excluded as a target for molecular imaging, because the density of the nuclei in
tumor cells are higher compared to normal tissues [28]. Kossatz et al. recently investigated
a topically applied PARP-1-specific fluorescence agent for the use of early diagnosis of
OSCC in a Phase 1 study with 12 patients, where the fluorescence signal showed a tumor
to normal ratio > 3 [30]. However, the topical approach is probably confined to early stage
disease or screening of mucosal lesions, as the penetration depth is limited (300 um in
the trial by Kossatz et al.). VEGFR1 and VEGFR?2 did not appear promising for imaging
purposes in our study, as their expression was limited, and the tumor specificity was low.
No studies have yet examined the molecular imaging of these targets in OSCC, but different
angiogenesis inhibitors for the treatment of head and neck squamous cell carcinoma have
been thoroughly investigated, with bevacizumab being the most promising [55].

This study has some limitations. First, a biomarkers appropriateness as an imaging
target is determined by several factors in addition to its overexpression. The target selection
criteria system has been suggested as a tool to identify potential imaging targets and
consists of seven different criterions. However, several of these are either difficult to
measure (tumor to normal ratio greater than 10) or questionable (internalization of the
tracer) [56]. Second, immunohistochemistry has several inherited limitations, including
the selection of an antibody clone, which can affect the intensity and proportion of the
stained tumor tissue substantially. In addition, both a manual and semi-quantitative scoring
method were used, and several different scoring systems exists. This is a subjective estimate
and interobserver variability is unavoidable. Third, the small sample size of tissues from
lymph node metastases and tissues from local tumor recurrence compared to primary
tumors limits the interpretation of the results. This study does not provide new diagnostic
methods in pathology to diagnose OSCC earlier than with current methods, but rather
focuses on the potential future targets for molecular imaging.

4. Materials and Methods
4.1. Patient and Tissue Selection

From an existing, well-defined database consisting of patients diagnosed with OSCC
between 20002011 and surgically treated at the department of Otolaryngology, Head and
Neck Surgery and Audiology at Rigshospitalet (Copenhagen, Denmark), we randomly
selected 41 patients. Microscopy slides were retrieved from the archives of the Department
of Pathology and one FFPE tissue block containing both tumor tissue and normal epithelium
were selected from each patient for following IHC staining. Of the 41 patients, 28 patients
also had available tissue from lymph node metastases and 8 patients from recurrent disease.
Clinicopathological data were obtained from medical and pathology reports. The 7th
edition of the TNM Union for International Cancer Control (UICC) staging system was used.
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4.2. Selection of Imaging Targets

Through literature search, we identified nine targets with previously described over-
expression in several cancers, including head and neck, and for which there is a potential
for rapid translation into clinical settings due to earlier research/probe development. The
following biomarkers were selected: integrin av[36, tissue factor, poly(ADP-ribose) poly-
merase 1 (PARP-1), urokinase plasminogen activator receptor (uPAR), vascular endothelial
growth factor receptor 1 (VEGFR1), epithelial cell adhesion molecule (EpCAM), vascular
endothelial growth factor receptor 2 (VEGFR2), Cathepsin E, and integrin av33. Immuno-
histochemical staining for cytokeratin 5 (CK5) was used to visualize tumor location. Despite
its great imaging potential, epidermal growth factor receptor (EGFR) was not included as it
is very well characterized in OSCC and clinical trials with targeted tracers are currently
being performed (NCT03134846 and NCT03733210).

4.3. Immunohistochemistry

The expression of all targets was determined for both the primary tumor, metastasis,
and tissue from local recurrence. Tumor tissue had been fixated in 10% formalin solution at
room temperature for 24 h and then embedded in paraffin at the time of collection. FFPE
blocks were stored at room temperature. Tissue sections of 4 pm were cut and IHC staining
with integrin ov33, integrin ov 36, tissue factor, and EPCAM were performed using a semi-
automated autostainer, Ventana Benchmark Ultra (Roche Diagnostics). Manual staining
was performed for the following biomarkers: Cathepsin E, PARP-1, uPAR, VEGFR1, and
VEGEFR2. Antibodies, reagents, and methods used for IHC analysis are listed in Appendix A.
Briefly, the slides were incubated at 60 °C for 60 min before being deparaffinized in
HistoClear solution, rehydrated in graded ethanol, and submerged in water. Different
antigen retrieval methods were used depending on the target. All antibodies were used
at optimal dilutions, which were determined using positive and negative control staining
(data not shown). Secondary staining with HRP-conjugated antibody was performed
by incubation for 30—40 min. The reaction was visualized with Envision DAB+ for the
manual staining and with DAB+ chromogen solution for the autostainer. Digital pictures
for Figure 4 were obtained using Zeiss Axioscan with 10 X zoom.

4.4. Assessment of Immunohistochemical Staining

Two specialized head and neck pathologists (GL and AF) reviewed and scored all
samples blinded to clinical data. In the event of a disagreement, individual slides were
examined together to obtain a consensus score. Each sample was assessed according
to highest staining intensity in tumor compartment, proportion of stained malignant
tumor tissue in the total tumor area, expression pattern in tumor tissue (homogenous or
heterogeneous), and intensity in normal epithelium. Proportion and intensity scores were
generated using a point system: 0% (0), 1-10% (1), 11-50% (2), 51-75% (3), and 76-100% (4),
and none (0), weak (1), medium (2), and strong (3), respectively. The staining intensity of
normal epithelium around the tumor tissue was scored in the same way. The proportion
and intensity scores for tumor tissue were multiplied to provide a single combined score
and a total immune staining score (TIS), which is similar to previous studies [38,57-59].
This resulted in a score ranging from 0 to 12, which was divided into four final expression
categories: 0 = absent; 1-5 = low; 6-8 = intermediate; and 9-12 = high expression. For each
target, the proportion of patients categorized as low, intermediate, and high expression
was calculated. The expression rate was calculated as the proportion of samples with low,
intermediate, and high expression.

4.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS statistics 25.0. The median and
interquartile range of the staining score were calculated for primary tumor, lymph node
metastases, and recurrence. Wilcoxon signed-rank test was used to compare the intensity of
immunohistochemistry staining of tumor to normal oral mucosal epithelium. Correlation
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between total immune staining scores in primary tumor and in lymph node metastases was
tested using Spearman’s correlation test. Results were considered statistically significant at
the level of p < 0.05.

Bar charts were made using GraphPad Prism version 9.3 for PC, GraphPad Software,
La Jolla, California, USA.

5. Conclusions

In conclusion, the uPAR, integrin «v36, and tissue factor are promising imaging
targets for OSCC. Molecular imaging based on a single target that could be used for both
pre- and intraoperative imaging of a primary tumor, lymph node metastases, and in cases,
of recurrence would be a powerful tool for the diagnosis and treatment of OSCC.

Author Contributions: Conceptualization, M.L., A.C,, KJJ., AK., KK. and C.v.B.; data curation,
M.L. and K]J.; formal analysis, M.L., KJ., G.L.,, KK. and A.-M.K.F,; funding acquisition, C.v.B.;
methodology, M.L., A.C,, K]J., A-MKF, AK, KK. and C.v.B.; software, M.L.; supervision, A.C.,
G.L., A-MKF, AK. and C.v.B.; writing—original draft, M.L.; writing—review and editing, M.L.,
A.C,KJ,G.L,A-MKF and C.v.B. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Candys Foundation, grant number no. 2015-138.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the Danish National Committee on Health and Research Ethics
(H-2-2012-050). Data were handled according to the rules of the Danish Data Protection Agency.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data reported in this study are available from the corresponding
authors upon reasonable request.

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

Appendix A

Table Al. Primary antibodies used for immunohistochemistry.

Catalog . Monoclonal/ e ..
Target Source Number Species Polyclonal Dilution Staining Method
. L Automatic, VENTANA
Cytokeratin 5 Novocastra CK5-L-CE Mouse Monoclonal No dilution BenchMark THC
. Automatic, VENTANA
Integrin oev33 R&D Systems MAB3050 Mouse Monoclonal 1:500 BenchMark THC
. ) Automatic, VENTANA
Integrin av36 ABCAM ab181551 Mouse Monoclonal 1:500 BenchMark IHC
. . Automatic, VENTANA
Tissue Factor Sekisui 4509 Mouse Monoclonal 1:50 BenchMark THC
o Automatic, VENTANA
EPCAM Cell Marque 5435676001 Mouse Monoclonal No dilution BenchMark THC
Cathepsin E Abcam Ab36996 Rabbit Polyclonal 1:2000 Manual
PARP1 Abcam Ab32138 Rabbit Monoclonal 1:25 Manual
uPAR Genetex GTX100467 Mouse Monoclonal 1:500 Manual
VEGFR1 Abcam Ab32152 Rabbit Monoclonal 1:75 Manual
VEGFR2 Cell Signaling 55B11 Rabbit Monoclonal 1:300 Manual
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Abstract: In this study, we aimed to evaluate the influence of interactions between mast cells (MCs)
and oral squamous cell carcinoma (OSCC) tumor cells on tumor proliferation and invasion rates
and identify soluble factors mediating this crosstalk. To this end, MC/OSCC interactions were
characterized using the human MC cell line LUVA and the human OSCC cell line PCI-13. The
influence of an MC-conditioned (MCM) medium and MC/OSCC co-cultures on the proliferative and
invasive properties of the tumor cells was investigated, and the most interesting soluble factors were
identified by multiplex ELISA analysis. LUVA /PCI-13 co-cultures increased tumor cell proliferation
significantly (p = 0.0164). MCM reduced PCI-13 cell invasion significantly (p = 0.0010). CC chemokine
ligand 2 (CCL2) secretion could be detected in PCI-13 monocultures and be significantly (p = 0.0161)
increased by LUVA /PCI-13 co-cultures. In summary, the MC/OSCC interaction influences tumor
cell characteristics, and CCL2 could be identified as a possible mediator.

Keywords: mast cells; MCs; oral squamous cell carcinoma; OSCC; soluble factors; CC chemokine
ligand 2; CCL2; MCP-1

1. Introduction

Mast cells (MCs) are potent effector cells of the immune system involved in numer-
ous physiological and pathological conditions, such as angiogenesis, tissue remodeling,
wound healing, IgE-dependent allergic disease, infection-induced immune responses, and
autoimmune inflammatory disease [1].

Depending on the tumor entity and MC localization (intratumoral vs. tumor stroma),
tumor-promoting and tumor-inhibiting effects have been described. Evidence also suggests
that MCs are involved in the progression of various malignomas. Thus, MCs in the stroma
of malignant melanoma, pancreatic carcinoma, or gastrointestinal adenocarcinoma are
associated with poor patient prognosis [2]. In contrast, a tumor-suppressive effect has been
demonstrated for intratumoral MCs in prostate carcinoma [3].

During tumor progression, MCs accumulate near blood vessels located around the
tumor, secreting several mediators promoting angiogenesis and suppressing the immune
response, including vascular endothelial growth factor (VEGF), histamine, tumor necrosis
factors (TNF-«), and interleukin 18 (IL-18) [4]. Similarly, MC-specific proteases such as
chymase and tryptase (MCT) are crucial for degrading the extracellular matrix (ECM) and
inducing angiogenesis, thereby promoting tumor progression [4]. Stem cell factor (SCF) is
critical in the MC/tumor cell interaction. Therefore, SCF expressed by tumor cells promotes
MC migration and activation, leading to an increased release of more SCF molecules by
tumor cells in a positive feedback loop [5].
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In addition to their importance in local tumor progression, MCs are involved in lymph
node metastasis (LNM) [6]. Hence, it has been demonstrated that the number of MCT-
positive (MCT™) intratumoral MCs positively correlates with the number of emerging
LNMs in gastrointestinal malignancies. These properties additionally attribute a special
role to MCs as biomarkers for prognosis assessment and as potential targets for future
tumor therapies [4,6].

In addition to their effect on tumor progression and metastasis, MCs seem relevant in
drug-based tumor therapy. Immune checkpoint inhibitors (ICIs) may experience reduced
efficacy due to the presence of MCs. In a mouse model, a high intratumoral MC density
was associated with a lower efficacy of immunotherapies targeting programmed cell death
protein 1 (PD-1) inhibitors in melanoma cells [7]. Combining tyrosine kinase inhibitors, such
as sunitinib or imatinib, which target MCs, substantially increases the response to therapy
with PD-1 inhibitors in mice [7]. High MC density has also been associated with increased
resistance to therapy in other malignancies, such as breast or prostate tumors [3,8].

In the oral cavity, a high MC density mainly aids inflammatory processes in dis-
eases such as gingivitis or periodontitis [9]. The relevance of tumor-associated MCs in
oral squamous cell carcinoma (OSCC) progression has been controversially described [9].
Angiogenesis plays a crucial role in OSCC progression and promotes local spread and
metastasis [10]. It has been shown that more blood vessels and MCs are found in the
environment of OSCC compared to healthy oral mucosa, supporting the hypothesis that
MCs have a tumor-promoting effect in OSCC by inducing angiogenesis [10]. In contrast,
MC density has recently been shown to decrease from oral potentially malignant disorders
(OPMD) to OSCC [11], and increased vascularity in OSCC appears to be inversely related
to MC density [12,13]. These findings suggest a protective role of MCs in OSCC. Increased
MC density has also been described in oral leukoplakia, which may be associated with
the progression toward invasive carcinoma [14]. Various studies have shown a tumor-
promoting effect through the induction of angiogenesis and degradation of the ECM. MC
density has been associated with increased tumor progression in lip carcinoma [15] and
with a poorer prognosis in tongue malignancies [16]. However, a low MC density in the
stroma of OSCC was associated with poorer prognoses for patients compared to those with
a high MC density [17]. In line with these results, we recently showed in many patient
tissue samples that a high MC density in the tumor-associated stroma of OSCC is positively
correlated with longer overall survival (OS) and reduced MC degranulation [18].

Although the influence of MCs on OSCC progression is already known, it is still
unclear which molecules mediate MC/OSCC interactions. In this study, we investigated
MC/OSCC interactions, considering the influence on tumor cell proliferation and invasion
and identified CC chemokine ligand 2 (CCL2) as a potential interaction mediator.

2. Results
2.1. Influence of the MC/OSCC Interaction on Tumor Cell Proliferation

To investigate the influence of the MC/OSCC interaction on tumor cell proliferative
behavior, OSCC cell line PCI-13 was cultured in LUVA (MC)-conditioned medium (MCM),
and LUVA /PCI-13 co-cultures were performed. Proliferation was measured using a BrdU
uptake assay. Untreated PCI-13 cells served as controls. Data show that PCI-13 cell prolifer-
ation increased when treated with MCM compared with untreated controls. A significant
(p = 0.0164) increase in PCI-13 cell proliferation was demonstrated for LUVA/PCI-13
co-cultivation compared to the untreated controls (Figure 1A).

In summary, a significant effect of direct MC/OSCC interactions on PCI-13 cell prolif-
eration was observed (p = 0.0164).
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Figure 1. In vitro analysis of MC/OSCC interactions: (A) Influence on OSCC cell proliferation. PCI-
13 cells cultured in unconditioned medium (PCI-13), PCI-13 cultured in MC-conditioned medium
(MCM), and LUVA /PCI-13 co-cultures, based on 5 x 10° OSCC cells, respectively. (B) Influence on
OSCC cell invasion. PCI-13 cells cultured in unconditioned medium (PCI-13) and PCI-13 cells cultured
in MCM. (C) Multiplex ELISA analysis of known MC/tumor cell interaction partners: CXCL1, IL-6,
IL-8, IL-10, CCL2, CCL3, MMP-2, MMP-9, OX40L, CCL5, SCF, TGF-1, TNF-«, and VEGF. Cell
medium alone as control (control), PCI-13 conditioned medium (PCI-13), LUVA conditioned medium
(LUVA), and medium from LUVA /PCI-13 co-cultures (LUVA /OCI-13).
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2.2. Influence of the MC/OSCC Interaction on Tumor Cell Invasion

PCI-13 cells were cultured in MCM, and tumor cell invasion assays were performed
to investigate the effects of the MC/OSCC interaction on tumor cell invasive behavior.
PCI-13 cells cultured in an untreated medium served as controls. The invasion analysis
data revealed a significant (p = 0.0010) reduction in PCI-13 tumor cell invasion compared to
untreated controls (Figure 1B).

In conclusion, a significant effect of the indirect OSCC cell stimulation on PCI-13 tumor
cell invasion was observed (p = 0.0010).

2.3. Identification of Known MC/Tumor Cell Mediators

An individual multiplex ELISA assay was performed with MC/tumor cell interaction
partners already known from the literature [19] to identify potent factors in the conditioned
media mediating the MC/OSCC interaction: chemokine (C-X-C motif) ligand 1 (CXCL1),
interleukin 6 (IL-6), interleukin 8 (IL-8), interleukin 10 (IL-10), chemokine (C-C motif)
ligand 3 (CCL3), matrix metalloproteinase 2 (MMP-2), matrix metalloproteinase 9 (MMP-9),
0OX40 ligand (OX40L), CC chemokine ligand 5 (CCL5), stem cell factor (SCF), transforming
growth factor beta 1 (TGF-31), tumor necrosis factor alpha (TNF-«), vascular endothelial
growth factor (VEGF), and CC chemokine ligand 2 (CCL2). Conditioned media of PCI-
13 and LUVA monocultures and LUVA /PCI-13 co-cultures were compared accordingly.
Unconditioned cell culture media was the control.

Of the soluble factors mentioned above, significant release differences could only be
detected for CCL2, TNF-a, and VEGF, shown in Figure 1C (all p-values < 0.05). CCL2
was not detectable in the control media and was only detected to a minor extent in the
PCI-13- and LUVA-conditioned media. However, a significant increase in CCL2 release
was detected in the co-cultures, compared with the PCI-13- and LUVA-conditioned media
(p =0.0161 and p = 0.0035, respectively; Figure 1C). While TNF-a was undetectable in the
control media, the high release could be detected in PCI-13-conditioned media and a low
release in LUVA-conditioned media. However, co-culturing did not significantly increase
or decrease TNF-« release in either cell line (Figure 1C). VEGF could not be detected in
the control media, but a strong release was detectable in the tumor cell-conditioned media
and a low release in the MC-conditioned media. However, no significant increase or
decrease in VEGF release could be detected in the co-cultures compared with the tumor
cell-only-conditioned media (Figure 1C).

In conclusion, a significant increase in CCL2 release could be detected by MC/OSCC
co-culturing (all p-values < 0.05), suggesting that this factor may be a mediator in the
MC/OSCC interaction.

3. Discussion

Despite advances in diagnostic and therapeutic options, the prognosis of patients
with high OSCC stages has hardly improved over the past decades [20]. MC density in
the tumor microenvironment (TME) of OSCC influences the OS and thus could be an
interesting approach for targeted tumor therapy [18]. However, the factors mediating
MC/OSCC interactions are far from known. In this study, we investigated the effect of
direct and indirect MC stimulation on the proliferative and invasive behavior of OSCC
tumor cells in vitro. We identified CCL2 as a potential mediator in OSCC for the first time.

The TME, with its numerous tumor-infiltrating host cells, is critical for disease pro-
gression and metastasis [21]. Mast cells comprise a large proportion of immune cells in the
TME [22]. However, in several studies, precise MC localization has already been defined as
a critical factor for the effect of MCs on tumor cells and patient survival. Therefore, high
MC density in TME leads to a more prognostically favorable outcome because MCs inhibit
tumor expansion and invasion [2]. In OSCC, different effects have been described for the
same MC localization patterns, ranging from antitumor to tumor-promoting [15,17,23].
Iamaroon and colleagues analyzed the association between MCs and angiogenesis in OSCC
and premalignant dysplasia by immunohistochemistry [23]. The authors demonstrated an
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association between high MC density and OSCC progression and invasion, which were
also positively correlated with increased vascular sprouting in tumor tissue [23]. Rojas
et al. described a tumor-promoting MC effect in lip carcinoma [15]. Moreover, healthy and
premalignant altered lip tissue was analyzed for MC density by immunohistochemistry.
The analysis confirmed increased immune cells and blood vessel density in carcinomas
compared to healthy lip tissue [12]. In contrast, Attramadal et al. demonstrated that
low MC density was associated with decreased OS in OSCC patients [17]. An immuno-
histochemical analysis was performed on 62 tissue samples from patients with T stages
1 and 2 OSCC. The MC number in the immediate tumor-surrounding stroma indicated a
tumor-suppressive effect of MC in OSCC [17].

MCs have the ability to promote tumor proliferation and invasion both by direct stim-
ulation and indirectly by modulating the TME [24]. The mitogenic activity of tumor cells is
partially dependent on the secretion of MC proteases, such as tryptase and chymase [24].
In this study, we confirmed this direct effect through MC/OSCC co-cultivation. However,
our studies of indirect MC stimulation of OSCC invasion suggest a reciprocal effect. Thus,
different effects appear to occur in the interaction between MCs and OSCC, highlighting the
opposing roles of MCs in tumor progression and complicating our current understanding.

It has been described that CCL2 is able to trigger tumor inflammation. TME is a
major cause of immunosuppression, while CCL2 is the most potent chemoattractant in
macrophage recruitment and a potent trigger of chronic inflammation [21]. Hence, various
proinflammatory, stimulatory and signaling molecules, such as TNF-«, can transcriptionally
activate CCL2, and oncogenes such as p53 and RB directly regulate CCL2 expression [21].
Moreover, tumor cells can actively secrete CCL2. This CCL2 is responsible for recruiting
various immune effector cells, such as macrophages, myeloid-derived suppressor cells
(MDSCs), mesenchymal stem cells (MSCs), and regulatory T cells (Tregs) [21]. A mouse
model study demonstrated that the CCL2/CCR2 axis is involved in MC recruitment during
the inflammatory response [25]. MC attraction via CCL2 has also been demonstrated for
pancreatic tumors [26].

In OSCC, we demonstrated for the first time a possible link between MCs and tumor
cells via CCL2 as a mediator, consistent with these results. The CCL2 increase by co-
cultivation seems parallel to the increase in tumor cell proliferation, suggesting a possible
autocrine tumor cell activation. Indirect MC stimulation resulted in a reduction in tumor
cell invasiveness. Therefore, as mentioned, MC localization (in direct tumor cell contact
vs. more distant in the TME) exerts a differential influence in OSCC. In our opinion, CCL2
may be involved in MC recruitment and could be an interesting starting point for targeted
antitumor therapy. However, further studies are needed to understand the exact functional
relationships better.

4. Materials and Methods

All further described measurements were performed in triplicate in three independent
experiments for each cell line.

4.1. Cell Culture

Human OSCC cell line PCI-13 was obtained from the University of Pittsburgh Cancer
Institute (UPCI, Pittsburgh, PA, USA) [27]. CD34+, c-kit+, and CD13+ human MC cell
line LUVA was obtained from KERAFAST (Kerafast, Boston, MA, USA). PCI-13 cells were
cultured in MEM with Earle’s salts, 2.2 g/L NaHCQO3, stable glutamine, and low endotoxin
(Merck, Darmstadt, Germany), supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Biochrom, Berlin, Germany), 1% nonessential amino acids (NEAA) (PAN Biotech,
Aidenbach, Germany), 100 U/mL penicillin, and 100 ug/mL streptomycin (PAN Biotech),
and incubated in a humidified chamber with 5% CO; at 37 °C. Human MC suspension cell
line LUVA was cultivated in 20 mL of StemPro™-34 SFM medium (Thermo Fisher Scientific,
Waltham, MA, USA) in upright T175 flasks and incubated in a humidified chamber with
5% CO, at 37 °C.
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4.2. Preparation of Conditioned Cell Culture Media

An amount of 5 x 103 cells of the PCI-13 cell line was transferred to 10 mL StemPro™-
34 SFM medium (Thermo Fisher Scientific, Waltham, MA, USA) and cultured in T175
flasks. After incubating for 48 h in a humidified chamber with 5% CO, at 37 °C, 20 mL
of the stem cell medium per bottle were harvested and transferred to a Falcon tube. Cells
remaining in the medium were removed by centrifugation at 1250 rpm at room temperature
for 5 min. The medium was stored at —80 °C in 20 mL aliquots. An amount of 5 x 10 cells
of the MC cell line LUVA was cultured in 20 mL of StemPro™-34 SFM medium (Thermo
Fisher Scientific, Waltham, MA, USA). After 24 h, the medium was replaced with a fresh
stem cell medium. Cells were cultivated in a humidified chamber with 5% CO, at 37 °C.
Conditioned medium was harvested, transferred into a Falcon tube, and centrifuged for
5 min at 1000 rpm at room temperature. The supernatant was separated from the LUVA
cell pellet and stored at —80 °C in 20 mL aliquots.

4.3. Mast Cell-Tumor Cell Co-Cultures

OSCC cell line PCI-13 was transferred into StemPro™-34 SEM medium (Thermo Fisher
Scientific, Waltham, MA, USA) and cultured in T175 flasks to confluence (minimum 48 h
incubation, Figure 2A). Twenty-four hours after attachment, the medium was replaced
with 20 mL of StemPro™ medium, and 5 x 103 LUVA cells were added per flask. Medium
and 5 x 103 cells were harvested and served as the control. The rest of the PCI-13 cells
were divided (5 x 10 cells) into new T175 flasks. Cells were co-cultured, ranging from
48 to 72 h (Figure 2B). The medium was collected and centrifuged at 200x g for 10 min at
room temperature to collect LUVA cells grown in suspension. After collecting LUVA cells
by separation from the medium, the PCI-13 cell line growing in monolayer was trypsinized
and collected as cell pellets. Collected media (control and after co-culture) were centrifuged
at 750 g for 10 min, transferred into new falcon tubes, and again centrifuged at 1500x g
for 10 min. All media and cell pellets were stored at —80 °C in aliquots.

(A) | )

Figure 2. Cell line cultivation: (A) PCI-13 monoculture and (B) LUVA /PCI-13 co-culture.

4.4. BrdU Cell Proliferation Assay

Amounts of 5 x 10 cells of the PCI-13 cell line and 1.5 x 10* cells of the LUVA cell line
were seeded per well of a 96-well plate in 100 pL cell culture medium and incubated for 24 h.
Cells were incubated for 4 h with bromodeoxyuridine (BrdU) at a final concentration of
10 pL. According to the manufacturer’s instructions, proliferation analyses were performed
using a BrdU-Cell Proliferation ELISA kit (Roche, Penzberg, Germany). The absorbance
was measured using a microplate reader (BioRad, Feldkirchen, Germany) at 450 nm (control
wavelength 655 nm).
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4.5. Tumor Cell Invasion Assays

Corning®® BioCoat™ growth factor reduced matrigel invasion chamber with an
8.0 um PET membrane and Corning®® BioCoat™ control inserts with an 8.0 um PET
membrane were used (Corning, Corning, NY, USA). Before the experiment, 500 uL of warm
(37 °C) serum-free culture medium was added to the interior lumen of the inserts and
incubated for 2 h at 37 °C for rehydration. The medium was carefully removed from the
inserts, and 7 x 10* cells in a culture medium containing 0.1% BSA were added per insert.
After 10 min incubation at 37 °C, 600 nL of chemoattractant (20% FBS in culture medium)
was added to each well. Then, cells were incubated for 24 h at 37 °C in a humidified
chamber with 5% CO,. After 24 h, the medium and the remaining cells that had not
migrated through the membrane pores were removed using cotton tip swabs. Inserts were
incubated with 70% ethanol for 10 min to allow for cell fixation. Ethanol was removed,
and the membrane was dried at room temperature for 15 min. Inserts were incubated
with DAPI in 0.1% Triton X-100/PBS for 10 min at room temperature to visualize cells that
had migrated through the membrane. Inserts were dipped twice in PBS and left in fresh
PBS in wells, and three pictures of different areas of the membrane in each insert were
taken using a fluorescence microscope (Zeiss, Oberkochen, Germany). Based on pictures of
stained nuclei, the number of migrated cells was semi-automatically counted using the FIJI
software [28] (Figure 3).

@ (B)

Figure 3. Tumor cell invasion: (A) Invasive PCI-13 cells without indirect MC stimulation and
(B) Invasive PCI-13 cells after indirect MC stimulation (MCM).

4.6. Multiplex ELISA Array

An individual multiplex ELISA assay (Quantibody; RayBiotech Inc., Peachtree Corners,
GA, USA) was designed with MC/tumor cell interaction partners already known from the
literature [19]: CXCL1, IL-6, IL-8, IL-10, CCL3, MMP-2, MMP-9, OX40L, CCL5, stem cell
factor (SCF), TGF-f1, TNF-a, VEGF, and CCL2.

The conditioned media of the PCI-13 and mast cell lines (LUVA) and LUVA /PCI-13
co-cultures were compared accordingly. The concentration of each soluble factor was
determined by RayBiotech Inc. using their Quantibody service. An unconditioned cell
culture medium served as the control.

4.7. Statistical Analysis

Statistical analysis of all in vitro experiments was performed using independent Stu-
dent’s t-tests and one-way ANOVA. All tests were performed at a significance level of
o = 5% using the Prism 9 statistical software (GraphPad, La Jolla, CA, USA).

5. Conclusions

MC/OSCC interactions affect tumor cell characteristics, and thus, tumor progression,
making them interesting candidates for targeted tumor therapy. In this study, we identified
CCL2 for the first time in OSCC as a potential mediator of this interaction. Data suggest
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that CCL2 may promote tumor cell proliferation. Further studies should characterize the
functional relationships.
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Abstract: It is known that E2F2 (E2F transcription factor 2) plays an important role as controller in
the cell cycle. This study aimed to analyse the expression of the E2F2 gene and E2F2 protein and
demonstrate E2F2 target microRNAs (miRNAs) candidates (miR-125b-5p, miR-155-3p, and miR-
214-5p) in oral squamous cell carcinoma tumour and margin samples. The study group consisted
50 patients. The E2F2 gene and miRNAs expression levels were assessed by qPCR, while the E2F2
protein was assessed by ELISA. When analysing the effect of miRNAs expression on E2F2 gene
expression and E2F2 protein level, we observed no statistically significant correlations. miR-125b-
5p was downregulated, while miR-155-3p, and miR-214-5p were upregulated in tumour samples
compared to margin. We observed a difference between the miR-125b-5p expression level in smokers
and non-smokers in margin samples. Furthermore, HPV-positive individuals had a significantly
higher miR-125b-5p and miR-214-5p expression level compared to HPV-negative patients in tumour
samples. The study result showed that the E2F2 gene is not the target for analysed miRNAs in OSCC.
Moreover, miR-155-3p and miR-125b-5p could play roles in the pathogenesis of OSCC. A differential
expression of the analysed miRNAs was observed in response to tobacco smoke and HPV status.

Keywords: oral squamous cell carcinoma; OSCC; E2F2; miR-125b-5p; miR-155-3p; miR-214-5p;
tumour; margin

1. Introduction

Oral squamous cell carcinoma (OSCC) is considered one of the most common cancers
in the head and neck squamous cell carcinoma (HNSCC) region. More than 300,000 new
cases were reported worldwide in 2020 according to GLOBOCAN 2020 analysis [1]. It is
also worth adding that this type of cancer is characterized by a 5 year survival rate ranging
only from 45 to 50% [2,3]. It is believed that 80% of squamous cell carcinoma cases are due
to alcohol consumption and smoking as risk factors [4,5]. However, the genetic background
of this cancer type seems still insufficiently understood. Therefore, it seems reasonable to
search for new biomarkers for an improved diagnosis and prognosis of the disease.

The E2F family of transcription factors includes eight proteins (E2F1-E2F8). These
factors play an important role in cell proliferation and cell-cycle progression, regulate
autophagy, mitochondrial functions, and the DNA damage response [6,7]. Pocket proteins,
such as hypophosphorylated retinoblastoma protein Rb, and related proteins p107 and p130
can critically control E2F activity [6]. Changes in the E2F gene expression were analysed in
several types of cancer—breast cancer, gastric cancer, liver cancer, and non-small-cell lung
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cancer [6,8-11]. The higher E2F2 expression levels were significantly associated with poor
prognosis in patients with non-small-cell lung cancer [6,8].

MicroRNAs (miRNAs) are a class of small, non-coding RNAs with about 18-22 nu-
cleotides. The action mechanism of miRNA is based on binding to the 3’-UTR of mRNAs
and silencing them [12,13]. These types of RNA are involved in the post-transcriptional
regulation of approximately 60% of human genes [14]. miRNAs play an important role
in modulating processes such as embryogenesis, cellular development, cell proliferation,
cell metabolism, and homeostasis [13]. The importance of miRNAs in cancer biology
was first demonstrated by Calin et al. [15] in a study to determine frequent deletions and
downregulation of miR15 and miR16 in chronic lymphocytic leukaemia [15]. Currently,
many studies on miRNAs focus on how these molecules affect gene expression in car-
cinogenesis. miRNAs are tissue-specific and may be seen as oncogenic (OncomiRs) when
involved in the repression of tumour suppressor gene expression. In addition, miRNAs as
tumour suppressors (oncosuppressor miRs) can also participate in the downregulation of
oncogenes [16,17]. Some studies examine the role of miRNA in various cancers, such as
pancreatic [18], colon [19], prostate [20,21], renal [22], bladder [23], breast [24], cervical [25],
ovarian [26], lung [27], and HNSCC [28]. To date, analyses of the role of miRNAs in HNSCC
pathogenesis are focused generally on studies of miRNAs, such as miR-375, miR-1234,
miR-103, miR-638, miR-200b-3p, miR-191-5p, miR-24-3p, miR-572, miR-483-5p, miR-20a,
miR-22, miR-29a, miR-29b, mir-let-7c, miR-17, miR-374b-5p, miR-425-5p, miR-122, miR-
134, miR-184, miR 191, miR-412, miR-512, miR-8392, miR-21, miR-31, miR-155, miR-196a,
miR-196b, miR-9, miR-29¢, miR-223, miR-187, Let-7a, miR- 27, miR-34, miR-92, miR-124,
miR-125a, miR-136, miR-139, miR-145, miR-146a, miR-200, miR-195, and miR-205 [29-33].

This study aimed to analyse the expression of the E2F2 gene and E2F2 protein and
demonstrate E2F2 target miRNA candidates (miR-125b-5p, miR-155-3p, and miR-214-5p)
in oral squamous cell carcinoma tumour and margin samples.

2. Results
2.1. Patient Sociodemographic and Clinical Characteristics

In the patient cohort group, the median age was 62.5 years (range: 27-87 years). There
were 38 (76%) men and 12 (24%) women; 27 (54%) reported alcohol consumption; 28 (56%)
patients who were smokers; and 17 (34%) who were both smokers and alcohol users. HPV
16 DNA was found in 13 of 50 samples (26%). The 3 year survival rate for all patients was
approximately 24%. Clinical parameters of the OSCC group are shown in Table 1.

Table 1. Clinical parameters of the OSCC group.

Clinical Parameters Patients, n (%)
Histological grading
G1 (Well differentiated) 9(18)
G2 (Moderately differentiated) 23 (46)
G3 (Poorly differentiated) 18 (36)
T classification

T1 10 (20)
T2 23 (46)
T3 16 (32)

T4 1(2)

Nodal status

NO 24 (48)

N1 2 (4)
N2 20 (40)

N3 4(8)

Patient status at 3 years

Alive 12 (24)
Dead 38 (76)
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2.2. E2F2 Gene Expression and E2F2 Protein Expression in Tumour Samples Compared to
Margin Samples

We found no statistically significant differences in the E2F2 expression gene level and
E2F2 protein level in tumour samples compared to margin samples. The median E2F2
relative gene expression in the tumour was 0.263 (0.145-0.578) and 0.47 (0.051-0.784) in the
margin. While the median E2F2 protein level in the tumour was 0.129 ng/ug (0.051-0.238)
and 0.082 ng/ug (0.047-0.282) in the margin (Figure 1). We also showed no effect of gene
expression on protein expression in the examined tissues.
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Figure 1. The E2F2 mRNA expression and E2F2 protein level in tumour and margin samples.

2.3. miR-125b-5p, miR-155-3p, and miR-214-5p Expression in Tumour Samples Compared to
Margin Samples

Analysis of the relative expression levels of the tested miRNAs demonstrated statisti-
cally significant levels for only one (miR-155-3p) of the tested miRNAs when comparing
tumour versus margin samples. The tests showed that miR-125b-5p (p-value = 0.235) was
downregulated, while miR-155-3p (p-value = 0.013), and miR-214-5p (p-value = 0.368) were
upregulated in tumour samples compared to the margin samples (Figure 2).
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Figure 2. The relative expression levels of tested miRNAs in tumour samples compared to mar-
gin samples.
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2.4. Correlation of E2F2 Gene Expression and E2F2 Protein Concentration with
miRNAs Expression

When analysing the effect of miRNAs expression on E2F2 gene expression and E2PF2
protein level, we observed no statistically significant difference in the tumour samples.
We showed a similar observation in margin samples. Figure 3 presents the correlation
between the expressions of E2F2 gene, E2F2 protein, and the tested miRNAs in tumour and
margin samples.

Tumour
Spearman's rank 1.0
correlation 125b-5p 155-3p 214-5p
coefficient
E2F2 gene -0.02 0.07 -0.13
E2F2 protein 0.07 0.25 -0.06
Margin 0
Spearman's rank
correlation 125]:7-5[3 155-313 214-5]3
coefficient
E2F2 gene -0.04 -0.28 -0.07
E2F2 protein 0.10 0.21 0.04 -1.0
Tumour
p-value 125b-5p 155-3p 214-5p
E2F2 gene 0.91 0.68 0.47
E2F2 protein 0.70 0.17 0.77
Margin
p-value 125b-5p 155-3p 214-5p
E2F2 gene 0.81 0.08 0.69
E2F2 protein 0.64 0.31 0.85

Figure 3. Correlation between the expressions of E2F2 gene, E2F2 protein, and the tested miRNAs in
tumour and margin samples.

2.5. Correlations between E2F2 Gene Expression and Sociodemographic and Clinicopathological Features

No association was found between the E2F2 gene expression levels, age, gender,
smoking, alcohol consumption, HPV status and clinical parameters (N and G) in tumour
and margin samples, except T parameter. The patients with T1 had a significantly higher
gene expression level of E2F2 than patients with T2 (0.581 vs. 0.237; p-value = 0.019) and T3
(0.581 vs. 0.145; p-value = 0.004) in tumour samples. Furthermore, we noticed that high
E2F2 gene expression levels in the margin could contribute to a lower 3 year survival rate
(p-value = 0.026).

2.6. Correlations between E2F2 Protein Expression and Sociodemographic and
Clinicopathological Features

No association was found between the E2F2 protein expression levels, age, gender,
smoking, alcohol consumption, and clinical parameters (T and G) in tumour and margin
samples, except N parameter. The patients with NO had a significantly lower protein level
of E2F2 than patients with N3 (0.125 vs. 0.581; p-value = 0.022) in tumour samples. At
the same time, protein expression was lower in HPV-positive individuals compared to
HPV-negative patients (0.035 vs. 0.164; p-value = 0.002) in tumour samples (Figure 4).
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p-value = 0.002 (HPV-positive compared to HPV-negative in tumours)

12 p-value = 0.777 (HPV-positive compared to HPV-negative in margins)
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Figure 4. E2F2 protein level in HPV-positive compared to HPV-negative patients.

2.7. Correlation of miRNAs Expression Level with Sociodemographic and Clinicopathological Variables

We also assessed the correlation of the expression levels of selected miRNAs with
demographics and clinical characteristics of the patients. When analysing the effect of smok-
ing on miRNAs expression, we observed a statistically significant difference between the
miR-125b-5p expression level in smokers and non-smokers (0.568 vs. 2.194; p-value = 0.009)
in margin samples. In addition, the patients with G2 had a significantly lower miR-125b-5p
expression level than patients with G3 (0.507 vs. 0.992, p-value = 0.008) in tumour samples.
Furthermore, HPV-positive individuals had significantly higher miR-125b-5p and miR-214-
5p expression levels in tumour samples compared to HPV-negative patients (2.629 vs. 0.627;
p-value = 0.035 and 7.942 vs 1.684; p-value = 0.039, respectively). Figures 5-7 present the
expressions of the tested miRNAs in HPV-positive compared to HPV-negative patients.

p-value = 0.035 (HPV-positive compared to HPV-negative in tumours)
p-value = 0.585 (HPV-positive compared to HPV-negative in margins)
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Figure 5. The relative expression level of miR-125b-5p in HPV-positive compared to HPV-negative patients.
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Figure 6. The relative expression level of miR-155-3p in HPV-positive compared to HPV-negative patients.
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Figure 7. The relative expression level of miR-214-5p in HPV-positive compared to HPV-negative patients.

3. Discussion

It is known that E2F2 plays an important role as a controller in the cell cycle [6]. Our
study demonstrated no statistically significant differences in the E2F2 expression gene level
and the E2F2 protein level in tumour samples compared to margin samples. Still, we found
a higher expression of E2F2 gene in the margin samples, while E2F2 protein level was
higher in the tumour specimens. Furthermore, we noticed that the tumour progression
could be associated with a decrease in gene expression. High E2F2 gene expression levels in
the margin could contribute to a lower 3 year survival rate. Moreover, the patients with NO
had a significantly lower protein expression level of E2F2 than patients with N3 in tumour
samples. At the same time, protein concentration was lower in HPV-positive individuals
compared to HPV-negative patients in tumour samples. Perhaps these results are related to
the ambiguous role of E2F2 as a transcription factor in cell cycle regulation. This protein
can act as both a promoter of cell division and a suppressor. Furthermore, changes in gene
expression profile in normal samples could be explained by Slaughter’s model of “field
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cancerization”. According to this idea, in the samples of the margin without a trace of the
tumour, cells genetically altered by the action of carcinogens could be present [34,35]. It is
also noteworthy that E7 is a well-known HPV oncogene that plays a critical role in cellular
growth control pathways. E7 targets the retinoblastoma protein Rb of tumour suppressor
for proteasome-mediated degradation, and this protein can critically control the E2F family
of transcription factors activity [6,36].

For many years, there has been interest in research with regard to the use of miRNAs as
potential diagnostic and prognostic biomarkers in many types of cancers. Based on several
studies, it can be assumed that miRNAs (for example microRNA-let-7a, miR-125b, miR-
146b-3p, miR-638, miR-31, miR-218, miR-454-3p and miRNA-936) could play an important
role in targeting E2F2 expression. The analyses concerned with types of cancer, such as
breast cancer, ovarian cancer, colon cancer, gastric cancer, prostate cancer, hepatocellular
carcinoma, non-small cell lung cancer cell, glioma, and laryngeal cancer, suggested that
miRNAs, by targeting E2F2, could be involved in cancer progression, overall survival
of patients, and response to radiochemotherapy [37—46]. Moreover, circ_ RPPH1/miR-
146b-3p/E2F2 axis could promote the progression of breast cancer and circCUL2/miR-
214-5p/E2F2 axis-suppressed retinoblastoma cells [46,47]. When analysing the effect of
miRNAs expression on E2F2 gene expression and E2F2 protein concentration, we observed
no statistically significant differences in the OSCC tumour samples. However, we showed
a similar observation in margin samples.

The miR-125 family is highly conserved and composed of a few homologs (e.g., miR-
125a-3p, miR-125a-5p, miR-125b-1 and miR-125b-2) [48]. Some studies showed miR-125b
could be downregulated in many types of tumours. Decreased miRNA expression was
found in carcinomas of bladder [49], breast [50,51], liver [52,53], ovary [54,55], as well as
Ewing’s sarcoma [56]. Upregulation of miR-125b is also known to reverse the effects of
drug resistance in ovarian cancer cells and nasopharyngeal carcinoma cells [57,58]. In this
work, we demonstrated that miR-125b-5p was downregulated in tumour samples but not
at statistically significant levels. However, it is noteworthy that the patients with G2 had a
significantly lower miR-125b-5p expression level than patients with G3 in tumour samples.
This result confirms previous analyses. The study by Shiiba [59] and others has shown
a downregulated expression of miR-125b in OSCC-derived cell lines and OSCC samples.
Furthermore, forced expression of miR-125b has been observed to enhance radiosensitivity
in OSCC cells. Moreover, miR-125b expression is correlated with OSCC tumour staging and
survival [59]. Our tests showed a statistically significant difference between the miR-125b-
5p expression level in smokers and non-smokers in margin samples. The Doukas et al. [60]
analysis demonstrated that tobacco could play a role in miRNA expression modification in
HNSCC. The tobacco-specific nitrosamine—NNK (4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone) has been identified as an important inducing factor in the upregulation of miR-21
and miR-155 and in the downregulation of miR-422 [60]. Perhaps miR-125b-5p expression
is also regulated by NNK. Furthermore, HPV-positive individuals had a significantly higher
miR-125b-5p expression level in tumour samples compared to HPV-negative patients. Our
observation thus confirms the result of another study. The analysis of miRNA expression
in cells transfected with HPV 11, 16, and 45 showed that this virus could be a modifier of
miRNAs expression. It is noteworthy that the most upregulated miRNA is miR-125a-5p in
cancers such as head and neck and gastric cancer [61].

The miR-155 host gene (MIR155HG) produces two different miRNA strands: miR155-
5p and miR-155-3p [62]. In our study, we showed a statistically significant increased
expression of miR-155-3p in tumour samples compared to margin samples. Several studies
reported higher miR-155-5p expression in OSCC tumour samples [63-65]. Furthermore,
miR-155-5p overexpression was associated with ESCC (oesophageal squamous cell carci-
noma) tumour aggressiveness [66] and lymph node metastases and relapse OSCC [64,65]. It
is worth adding that a meta-analysis based on eight studies including 709 HNSCC patients
(279 presenting OSCC) showed that the OSSC subgroup had a worsening survival for
patients with a high expression of miR-155-5p in tumour samples [33].
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In our study, the last of the miRNAs analysed was miR-214-5p. miR-214-5p is known
as a tumour-suppressive miRNA that plays a role in the pathogenesis of cancers such
as osteosarcoma [67], hepatocellular carcinoma [68], and pancreatic cancer [69]. It is
also noteworthy that miR-214-5p was upregulated in the tongue squamous cell carci-
noma cisplatin-resistant subline [70]. Yao and others [71] demonstrated that miR-214-5p
expression had a negative correlation with E2F2 expression in pancreatic cancer tissue
samples [71]. Our study showed no association between miR-214-5p level and E2F2 ex-
pression, but HPV-positive individuals had a significantly higher miR-214-5p expression
compared to HPV-negative patients in tumour samples. However, the role of miR-214-5p
in HPV replication has not been reported. Interestingly, Patil et al.’s [72] study indicated
that miR-214-5p regulates viral replications of hepatitis E virus [72].

In summary, one of the main limitations of this study is the small sample size. In
addition, our results should be confirmed in studies using OSCC cell lines.

4. Materials and Methods
4.1. Patient and Samples

In total, 50 paired tumour and matching margin specimens were collected from pa-
tients with OSCC. The tissues were obtained following surgical resection at the Department
of Otorhinolaryngology and Oncological Laryngology, Faculty of Medical Sciences in
Zabrze, Medical University of Silesia in Katowice. Tumour staging was based on the
American Joint Committee on Cancer (AJCC, version 2007) [73,74] and the WHO Classifi-
cation of Head and Neck Tumours [75]. The normal tissues (margins) were checked and
classified as cancer-free by pathologists. The main inclusion criteria were: written informed
consent to participate in the study, age over 18 years, no metabolic diseases (e.g., diabetes,
hypertension) or no chronic inflammatory diseases, a diagnosis of primary tumours, and
no history of preoperative radio- or chemotherapy. All laboratory analyses were performed
at the Department of Medical and Molecular Biology, Faculty of Medical Sciences in Zabrze,
Medical University of Silesia in Katowice. The samples were transported to the Department
on ice. The study was approved by the Bioethics Committee of the Medical University of
Silesia (approval no. KNW/022/KB1/49/16 and no. KNW/002/KB1/49/11/16/17).

4.2. RNA and miRNAs Extraction and Quantification

The methodology for the extraction was presented in a previous study [76]. All
tissue samples were homogenized with FastPrep®-24 homogenizer (MP Biomedicals, Solon,
CA, USA) with ceramic beads Lysing Matrix D (MP Biomedicals, Solon, CA, USA). The
RNA and miRNAs were extracted using the RNA isolation kit (catalog number RIK 001,
BioVendor, Brno, Czech Republic) to the standard instruction. The concentration and purity
of the isolated RNA was determined using spectrophotometry in NanoPhotometer Pearl
UV /Vis Spectrophotometer (Implen, Munich, Germany) [76].

4.3. Selection of Candidate MicroRNAs to E2F2 Target

The target miRNAs of the E2F2 gene were predicted by miRCode (version 11) [77],
miRDB (version 6.0) [78], and TargetScan (version 7.2) [79] online databases.

4.4. Complementary DNA (cDNA) Synthesis

The methodology for the cDNA synthesis was presented in a previous study [76]. Total
RNA (5 ng) was reverse-transcribed into cDNA using a high capacity cDNA reverse tran-
scription kit with RNase inhibitor (Applied Biosystems, Foster City, CA, USA) according to
manufacturer’s protocol. The compound mix was prepared in a 20 uL. volume containing:
2 uL of 10x Buffer RT; 0.8 pL of 25x dNTP mix (100 mM); 2 pL of 10x RT random primers;
1 uL of MultiScribe® reverse transcriptase; 1 uL of RNase inhibitor; 3.2 uL of nuclease-free
H,0; and 10 pL of previously isolated RNA. The reaction was processed in Mastercycler
personal (Eppendorf, Hamburg, Germany) with the following thermal profile: 25 °C for
10 min, 37 °C for 120 min, 85 °C for 5 min, and 4 °C-oo [76].
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Furthermore, the obtained RNA (5 ng) was reverse-transcribed using TagMan® Ad-
vanced miRNA cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA) according
to manufacturers’ protocol. The whole procedure consisted four reactions with different
profiles, which are presented in Table 2. The reactions were prepared in Mastercycler
personal (Eppendorf, Hamburg, Germany).

Table 2. cDNA synthesis procedure using TaqMan® Advanced miRNA cDNA synthesis kit (Applied
Biosystems, Foster City, CA, USA) according to manufacturer’s protocol.

Reaction Composition

Component Volume
10x Poly(A) Buffer 0.5 uL
ATP 0.5 uL
Patom thepoy 4 Fos) neyme o
tailing reaction RNase-free water 1.7 uL
Thermal Profile
Step Temperature Time
Polyadenylation 37°C 45 min
Stop reaction 65 °C 10 min
Hold 4°C Hold
Reaction Composition
Component Volume
5x DNA Ligase Buffer 3uL
50% PEG 8000 45ulL
Perform the adaptor 25 If{lgxli?g‘/:jeap tor (1)2 ﬁII:
ligation reaction Poly(A) tailing reaction product 5ulL
RNase-free water 0.4 uL
Thermal Profile
Step Temperature Time
Ligation 16 °C 60 min
Hold 4°C Hold
Reaction Composition
Component Volume
5x RT Buffer 6 uL
dNTP Mix (25 mM each) 1.2 uL
20x Universal RT primer 1.5 ul
Perform the reverse 10x RT enzyme mix 3ul
transcription (RT) Adaptorligation reaction product 15 uL
reaction RNase-free water 3.3 uL
Thermal Profile
Step Temperature Time
Reverse transcription 42°C 15 min
Stop reaction 85°C 5 min
Hold 4°C Hold
Reaction Composition
Component Volume
2x miR-Amp master mix 25 uL
20x miR-Amp primer mix 2.5 ulL
RT reaction product 5uL
Perform the miR-Amp RNase-free water 17.5 uL
reaction Thermal Profile
Step Temperature Time Cycles
Enzyme activation 95°C 5 min 1
Denature 95°C 3s 14
Anneal/extend 60 °C 30s
Stop reaction 99 °C 10 min 1
Hold 4°C Hold 1
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4.5. E2F2 Gene and miRNAs Expression Analysis

The methodology for the E2F2 gene expression analysis was presented in a previous
study [35]. The relative gene expression (RQ) analysis was performed by Real-Time PCR
(QPCR) using TagMan® gene expression assays, QuantStudio 5 Real-Time PCR System, and
Analysis Software v1.5.1 (Applied Biosystems, Foster City, CA, USA). The kit was supplied
with primers and fluorescently marked molecular probes. The glyceraldehyde-3-phosphate
dehydrogenase gene (GAPDH) was used as an endogenous control. Five surgical margin
samples were used as a calibrator. The comparative threshold cycle (Ct) method 2~#4¢t
was used to determine the RQ. The qPCR was performed in a volume of 20 uL using 1 uL
of cDNA, 10 pL of TagMan® fast advanced master mix (Applied Biosystems, Foster City,
CA, USA), 1 uL of TagMan® gene expression assays (Assay ID: Hs00914334_m1 for E2F2,
and Assay ID: Hs03929097_g1 for GAPDH), and 8 L of nuclease-free H,O (EURx, Gdansk,
Poland). Thermal cycle for all analysed genes was: 95 °C for 20 s, followed by 40 cycles of
95 °C for 1 s, and 60 °C for 20 s [76].

The relative expression (RQ) of miR-125b-5p, miR-155-3p, and miR-214-5p were as-
sessed based on the guidelines by the TagMan® advanced miRNA assays (Applied Biosys-
tems, Foster City, CA, USA). The kit was supplied with primers and fluorescently marked
molecular probes. All reactions were performed in QuantStudio 5 Real-Time PCR System
and Analysis Software v1.5.1 (Applied Biosystems, Foster City, CA, USA). The housekeep-
ing miR-361-5p was used for normalizing the expression. Five surgical margin samples
were used as a calibrator. RQ was calculated using 2-24Ct after normalization with the
reference miRNA. The qPCR was performed in a volume of 20 puL using 5 uL of cDNA
(1:10 dilution), 10 uL of TagMan® fast advanced master mix (Applied Biosystems, Foster
City, CA, USA) and 1 uL of TaqMan® advanced miRNA assay (assay ID: 477885_mir for
miR-125b-5p, assay ID: 477926_mir for miR-155-3p, assay ID: 478768 _mir for miR-214-5p,
and assay ID: 478056_mir for miR-361-5p). Thermal cycle for all analysed miRNAs was:
95 °C for 20 s, followed by 40 cycles of 95 °C for 1's, and 60 °C for 20 s. Table 3 presents the
sequence of the tested miRNAs.

Table 3. Sequences of analysed miRNAs.

miRNA Mature miRNA Sequence
miR-125b-5p UCCCUGAGACCCUAACUUGUGA
miR-155-3p CUCCUACAUAUUAGCAUUAACA
miR-214-5p UGCCUGUCUACACUUGCUGUGC
miR-361-5p (Housekeeping control) UUAUCAGAAUCUCCAGGGGUAC

4.6. E2F2 and Total Protein Concentration Determinations

The tumour and margin tissue samples were homogenized with a homogenizer Bio-
Gen PRO200 (PRO Scientific Inc., Oxford, CT, USA) at a speed 10,000 RPM (5 times 1 min at
2 min intervals) in nine volumes of cold PBS (EURx, Gdarisk, Poland). Then, the suspensions
were sonicated with the ultrasonic processor UP100H (Hilscher, Teltow, Germany).

Enzyme-linked immunosorbent assay (ELISA) technique was used to evaluate E2F2
protein concentrations in tissue homogenates. Enzyme-linked immunosorbent assay kit
(Assay ID: SEJ182Hu, Cloud-Clone Corp., Houston, TX, USA) was used for the tests
according to the manufacturer’s instructions. Absorbance was recorded at 450 nm wave-
length and calibrated according to the standard curve in Synergy H1 microplate reader
(BioTek, Winooski, VT, USA) and results were calculated with Genb 2.06 software (BioTek,
Winooski, VI, USA). The sensitivity of this assay was 0.059 ng/mL. Precision-measured as
the coefficient of variation was <10% (intra-assay) and <12% (inter-assay).

The quantified total protein was performed using AccuOrange™ protein quantitation
kit (Biotium, Fremont, CA, USA) according to the standard instructions. The samples were
assayed in a 100-fold dilution. The detection range of the assay was 0.1-15 pug/mL protein.
The fluorescence was measured with excitation/emission at 480/598 nm (SYNERGY H1
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microplate reader; BIOTEK, Winooski, VT, USA). The E2F2 protein concentrations for each
sample were normalized to the total amount of protein in the tissue lysates. Values were
expressed in ng/ug protein.

4.7. HPV 16 Detection

DNA was extracted from tissue samples using a gene matrix tissue DNA purification
kit (EURx, Gdansk, Poland) according to the manufacturer’s instructions. The concentration
and purity of the isolated DNA was prepared using spectrophotometry in NanoPhotometer
Pearl UV /Vis Spectrophotometer (Implen, Munich, Germany). HPV was detected using
AmpliSens® HPV 16/18-FRT PCR kit (InterLabService, Moscow, Russia) according to
manufacturers’ protocol. The PCR was performed in a volume of 25 pL using 7 pL of
PCR-mix-1-FEP/FRT HPV; 8 uL mixture of PCR-buffer-FRT, TagF polymerase, and 10 pL
of DNA. The amplification program was as follows: 95 °C for 20 s, followed by 45 cycles of
95 °C for 20 s, and 60 °C for 1 min. All PCR reactions were performed using in QuantStudio
5 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).

4.8. Statistical Analyses

The Shapiro-Wilk test evaluated the distribution of variables. The median with inter-
quartile range (25-75%) was used to describe miRNAs expression, E2F2 gene expression,
and E2F2 protein concentration. The Mann-Whitney U test was used to compare the
sociodemographic and clinical characteristics, miRNAs, E2F2 gene, and E2F2 protein level.
Correlations between miRNAs, E2F2 gene, and E2F2 protein concentration were calculated
using Spearman’s rank correlation analysis. The level of statistical significance was set at
0.05. The statistical software STATISTICA version 13 (TIBCO Software Inc., Palo Alto, CA,
USA) was used to perform all the analyses.

5. Conclusions

The study result showed that the E2F2 gene is not the target for analysing miRNAs
in OSCC. Moreover, miR-155-3p and miR-125b-5p could play roles in the pathogenesis of
OSCC. A differential expression of the analysed miRNAs in response to tobacco smoke and
HPYV status was observed.
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Abstract: The Wnt/ 3-catenin, EGFR, and PI3K pathways frequently undergo upregulation in head
and neck squamous carcinoma (HNSCC) cells. Moreover, the Wnt/ 3-catenin pathway together
with Hedgehog (Hh) signaling regulate the activity of cancer stem cells (CSCs). The aim of this
study was to investigate the effects of the combinatorial use of the Wnt/ 3-catenin and Hh pathway
inhibitors on viability, cell cycle progression, apoptosis induction, cell migration, and expression
of CSC markers in tongue (CAL 27) and hypopharynx (FaDu) cancer cells. Co-inhibition of Wnt
signaling with EGFR or PI3K pathways was additionally tested. The cells were treated with selective
inhibitors of signaling pathways: Wnt/ 3-catenin (PRI-724), Hh (vismodegib), EGFR (erlotinib), and
PI3K (HS-173). Cell viability was evaluated by the resazurin assay. Cell cycle progression and
apoptosis induction were tested by flow cytometric analysis after staining with propidium iodide and
Annexin V, respectively. Cell migration was detected by the scratch assay and CSC marker expression
by the R-T PCR method. Mixtures of PRI-724 and vismodegib affected cell cycle distribution,
greatly reduced cell migration, and downregulated the transcript level of CSC markers, especially
POUS5F1 encoding OCT4. Combinations of PRI-724 with erlotinib or HS-173 were more potent in
inducing apoptosis.

Keywords: Wnt pathway; hedgehog pathway; 3-catenin; PRI-724; vismodegib; erlotinib; HS-173;
head and neck cancer; cancer stem cells; synergism

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) are a diverse group of tumors
that share common clinical risk factors, including smoking tobacco, often with concomitant
abuse of high-proof alcohol, or oncogenic virus infection (mainly the human papilloma
virus, HPV, or the Epstein-Barr virus, EBV). On the other hand, HNSCCs are characterized
by heterogeneous genetic and molecular abnormalities, including the most frequently
occurring mutations of TP53, and mutations/alterations in other cell cycle regulators or
epigenetic changes [1]. According to the Global Cancer Statistics 2020, new cases of lip
and oral cavity cancers amounted to 2.0%, followed by other head and neck localizations:
larynx (1.0%), nasopharynx (0.7%), oropharynx (0.5%), and hypopharynx (0.4%). Lip and
oral cavity cancers had the highest incidence rate per 100,000 in the male population of
Melanesia (22.2), South Central Asia (13.3), and Eastern Europe (9.2) [2].

The rapid development of pharmaceutical and medical sciences has resulted in trans-
lational ‘bench to bedside” studies allowing for more robust treatment of oncological
disorders. Since epidermal growth factor receptor (EGFR) is commonly overexpressed
among HNSCC patients, EGF signaling was thought to be a good target for HNSCC
treatment. Unfortunately, despite the dysregulation of EGFR expression reaching 90% of
cases, only 10-30% of patients respond to monotherapy based on EGFR inhibitors like
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cetuximab, a chimeric mouse-human IgG1 antibody against the extracellular domain of
EGEFR [3]. It has been suggested that EGFR-directed therapies can be improved by the
concurrent targeting of EGFR-related PI3K/ Akt signaling and by searching for combination
therapies with other molecular targets important for the growth of HNSCC [4,5]. In this
regard, our earlier study showed that the effects of erlotinib, a small-molecule inhibitor of
EGFR, can be augmented by the concurrent use of inhibitors of KDM4 or KDM6 histone
lysine demethylases [6].

In previous years, an idea arose to pharmacologically target/inhibit the Wnt canon-
ical (B-catenin-dependent) signaling pathway because its dysregulation, also based on
epigenetic mechanisms, can be observed as early as at the pre-cancerous stage, like oral
submucous fibrosis [7]. The dysregulation in Wnt/ 3-catenin signaling stimulates HNSCC
cell proliferation, supports the avoidance of apoptosis, and improves cell migration [8,9].
Wnt canonical signaling can be inhibited at various levels of signal transduction, starting
from the maturation of Wnt ligands, through pathway activation at the cell membrane,
further secondary transduction of signals through the cytoplasm, and finally to the mod-
ulation of TCF/LEF transcription factor activity in the nucleus. In fact, both synthetic
and natural compounds can affect particular targets [10-14]. Our previous research on
six HNSCC cell lines allowed for the identification of two suitable protein targets: Por-
cupine, the O-acyltransferase required for the maturation of Wnt ligands, and the inter-
action of p-catenin with CBP, which is crucial for the activation of transcription of Wnt
signaling target genes [15]. In the first case, the inhibition has an influence on both canon-
ical and non-canonical Wnt signaling, but the second target selectively attenuates the
Wnt/ 3-catenin pathway.

Stem cells (SCs) play an indispensable role in hierarchical development during embryo-
genesis and remain active in adult tissues to maintain their self-renewal ability. Moreover, it
is now widely acknowledged that tumors contain a population of so-called cancer stem cells
(CSCs), which can support phenotypically diverse tumor mass growth and create resistance
to standard therapy [16]. The presence of CSCs was also detected in HNSCCs, and targeting
this subpopulation of cells has become a potential new therapeutic strategy [9,10,14,17,18].
Importantly, Wnt/ 3-catenin pathway inhibition had anti-stemness potential in HNSCC
cells [19]. Indeed, this pathway maintains the activity of both normal and cancer stem
cells [10]. Hedgehog (Hh) is another pathway responsible for the viability and function
of normal SCs and CSCs, and it is active in different types of head and neck cancers [20].
Thus, Wnt/ 3-catenin and Hh pathways can both be involved in the promotion of CSCs
in HNSCC, which can potentiate the development of cancer. There is crosstalk between
these pathways, and recently, the GSK-33 kinase activity state was shown to be important
for both Wnt and Hh signaling control [21]. Moreover, EGFR and PI3K/ Akt signaling are
able to accelerate the tumorigenic potential of HNSCC cells and present crosstalk with Wnt
and Hh pathways [22]. Currently, there are limited data about the potential usefulness and
benefits of targeting the Hh pathway in HNSCC. Vismodegib (GDC-0449) is a small, orally
administrable molecule that inhibits the Hh pathway and was approved by the U.S. Food
and Drug Administration for the treatment of basal cell carcinoma (BCC) [23]. However,
evidence regarding its biological activity in HNSCC is scarce.

Considering the above data and our previous research, we aimed to analyze the influ-
ence of Wnt/3-catenin pathway inhibition by PRI-724 and Hedgehog pathway inhibition
by vismodegib, individually and in combinations, on the viability, cell cycle progres-
sion, apoptosis induction, and cell migration of squamous cell carcinoma of the tongue
(CAL 27) and hypopharynx (FaDu) cancer cells. The results were compared to the effects
of the co-inhibition of Wnt/(3-catenin and better-known molecular targets in HNSCC,
particularly the EGF receptor (targeted by erlotinib) and PI3 kinase (targeted by HS-173).
Furthermore, we evaluated the influence of PRI-724 and vismodegib on the expression of
selected genes related to CSC to preliminarily check the potential of Wnt and Hh pathway
inhibition in modulating their levels in CAL 27 and FaDu cells. All combinations demon-
strated beneficial effects in HNSCC cells, but the profile of biological activity differed. The
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mixtures of PRI-724 and vismodegib were especially interesting because of their ability to
accumulate cells in the G1/GO phase, greatly reduce cell migration, and downregulate the
transcript level of genes expressed by cancer stem cells.

2. Results
2.1. Expression of the Components of the Wnt/B-Catenin Pathway Is Increased in Higher Grade
HNSCC Tumors

We have previously tested the value of the inhibition of canonical Wnt signaling to
treat HNSCC cells [15], and we hypothesized that the effects of Wnt pathway inhibition
could be further augmented by co-treatment with chemicals targeting other key signaling
pathways. Indeed, the analysis of TCGA data corroborated that the Wnt pathway is
frequently dysregulated in HNSCC, and the changes increase with tumor grade (Figure 1).
Figure 1A contains data on the expression of several genes related to the first step of
Wnt/ 3-catenin signaling activation. These initial events are based on the attachment of the
Wnt ligand to the Frizzled (FZD) receptor. Further, a co-receptor (LRP) and the cytoplasmic
protein Dishevelled (DVL) bind together to form a Wnt-FZD-LRP-DVL complex, which
leads to downstream effects.

Figure 1B presents data on the expression of the essential elements of the nuclear part
of canonical Wnt signal transduction, especially 3-catenin and CREB binding protein (CBP).
PRI-724, the small-molecule inhibitor of the Wnt/ 3-catenin pathway used in this study,
blocks the interaction between (3-catenin and CBP, which is crucial for their transcriptional
activity. A complex of 3-catenin and CBP binds to and activates transcription factors (TCF1,
TCEFE3, TCF4, LEF1) and promotes the expression of canonical Wnt signaling target genes,
e.g., the anti-apoptotic survivin (BIRC5) and claudin 1 (CLDN1)—a component of tight
junction complexes.

In general, the expression of Wnt/3-catenin pathway-related genes was higher in
HNSCC samples than in normal epithelium samples and showed growth with the increase
in tumor grade. This suggests that the progression of HNSCC relies on the elevated activity
of Wnt/p-catenin signaling. Thus, in this study, the inhibition of the Wnt/[3-catenin
pathway was considered the central and starting point of co-treatment strategies of HNSCC
cells with combinations of PRI-724 and inhibitors targeting other molecular pathways.

2.2. Vismodegib and PRI-724 Reduce the Viability of CAL 27 and FaDu Cells

We performed the resazurin assay to establish the influence of vismodegib, an inhibitor
of the Hedgehog pathway, on the viability of CAL 27 cells (tongue cancer) and FaDu cells
(hypopharyngeal cancer). The sub-toxic effect (IC25) was reached for both CAL 27 and
FaDu cells at a similar level. However, at concentrations above 20 uM CAL 27 cells were
more sensitive to vismodegib in comparison to FaDu cells (Figure 2A).

In the same assay, PRI-724 showed similar effects on both tongue and hypopharynx
cancer cells. However, around the IC50 value, once again, CAL 27 cells were more affected
than FaDu cells (Figure 2B).

Table 1 shows the concentrations of vismodegib and PRI-724, which reduced cell
viability by 25% (IC25) or by 50% (IC50) in CAL 27 and FaDu cells. The IC25 and IC50
values for erlotinib and HS-173 were established in our previous research [6] and are also
shown in Table 1 with an asterisk.
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Figure 1. The results of the analysis of Wnt/ 3-catenin pathway-related gene expression data available
from The Cancer Genome Atlas using the UALCAN tool. The differences in the level of gene
expression depending on tumor grade (grade 1—well-differentiated, grade 4—undifferentiated),
compared with normal epithelium, are shown. The asterisk (*) above the bar denotes statistically
significant changes in comparison to normal control samples, * p < 0.05, ** p < 0.01. (A) Exemplary
genes related to the transduction of the signal from Wnt ligand to cytoplasm: Frizzled receptors
(FZD1, FZD6, FZD8), LRP6 co-receptor, and cytoplasmic protein Dishevelled (DVL2, DVL3) that
relays Wnt signals from receptors to downstream effectors. (B) Genes related to the nucleic part
of Wnt signal transduction: f3-catenin (CTNNBI) creating complexes with CREB binding protein
(CREBBP), exemplary transcription factors (transcription factor 4—TCF4, lymphoid enhancer binding
factor 1—LEF1), and target genes of Wnt/ 3-catenin pathway (survivin—BIRC), claudin 1—CLDNT).
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Figure 2. The effect of vismodegib (A) and PRI-724 (B) on the viability of CAL 27 and FaDu cells after
48 h of incubation, as determined by the resazurin assay. The chemical structure of the compounds
is also presented. The results are the mean values from three independent experiments with four
technical repeats + SD.

Table 1. The IC25 and IC50 values for CAL 27 and FaDu cells based on the resazurin assay.

CAL 27 FaDu
Compound
I1C25 [uM] IC50 [uM] I1C25 [uM] IC50 [uM]
PRI-724 2.6 8.3 21 14.6
vismodegib 18.0 39.4 21.0 74.8
erlotinib 03* 29* 0.6* 70*
HS-173 0.09 * 0.2* 0.125* 0.8*

*1C25 and IC50 values determined by the resazurin assay and previously reported [6].

2.3. Combinations of PRI-724 with Other Inhibitors Present Better Synergistic Effects in
FaDu Cells

In this research, we wanted to compare the effects of the inhibition of Wnt canonical
signaling by PRI-724 with the inhibitors of three other important pathways—Hedgehog,
EGFR, and PI3K. Firstly, we evaluated the effects of the combinations of inhibitors on
the viability of CAL 27 and FaDu cells. Detailed information about the concentrations

and proportions of chemicals as well as the effects on viability reduction can be found in
Supplementary Table S1.
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The collected data were analyzed using the CompuSyn software, version 1.0 (down-
loaded from the website www.combosyn.com on 31 May 2021). This software can be used
to calculate single-drug and drug-combined pharmacodynamics. The unique mathematical
system analysis for dose-effect dynamics led to the discovery of the median-effect equation
(MEE), the unified biodynamics, pharmacodynamics, and bioinformatics general principle.
This unified dynamics algorithm allows using a few dose data points to create an automated
quantitative simulation, unlike the traditional, expensive experimental approach that uses
many dose data points to fit an empirical curve.

The results of analyses refer to the ‘Combination Index” (CI). There are three general
conclusions concerning the CI value. CI = 1 denotes that the experimental result of the
drug combination compared to the effects of individually used compounds is additional
(additive effect). A CI value below 1 reflects better experimental effects than just the
mathematically calculated addition of single compound activity and is called synergism.
Conversely, a CI above 1 suggests the loss of some of the effects associated with the action
of individual compounds (antagonism).

When the proportions between concentrations of mixed compounds are changeable,
only the CI for a particular mixture can be calculated. However, when this proportion is
stable, e.g., 1:1, CompuSyn software creates plots showing CI (the character of interaction)
in a broad concentration range, extrapolating experimental data. On the 0X axis, the
parameter ‘fraction affected’ (Fa) is used. Fa means the intensity of the effect, in this case,
the reduction of cell viability. Fa = 0 denotes a lack of viability reduction, and Fa =1is a
synonym for total cell death.

We showed dose—effect curves for individual PRI-724 and vismodegib, which were
evaluated by the CompuSyn software for the first time (Figure 3A). Figure 3B presents
dose-effect curves for PRI-724 combined with either vismodegib, erlotinib, or H5-173. The
Combination Index calculated for each mixture in the form of plots showing the character
of interaction between two inhibitors in the function of Fa is shown in Figure 3C.

Based on the analysis of the interaction between the compounds, it can be stated that
the combination of PRI-724 and HS-173 synergistically reduced the viability of FaDu cells
(Figure 3C). In other cases, synergism was detected for a part of the effect range. Two
mixtures in FaDu cells needed higher concentrations of compounds to reach synergistic
effects, namely, Fa > 0.45 for the combination with vismodegib and Fa > 0.50 for the
combination with erlotinib. In CAL 27 cells, the best results were observed for the mixture
of PRI-724 and erlotinib, where synergism appeared for Fa > 0.30. In turn, data for the
combinations of PRI-724 with vismodegib (Fa < 0.80) and HS-173 (Fa < 0.70) suggest weak
synergism below the indicated Fa.

In all further experiments, we used the concentrations of compounds presented
in Table 1.

2.4. Signaling Inhibitors Affect Proliferation Mostly by Cell Cycle Arrest in the G1/GO Phase

We performed an analysis of the cell cycle distribution of CAL 27 and FaDu cells
to establish the possible influence of mixtures of chemicals on the induction of cell cycle
arrest (Figure 4). In CAL 27 cells (Figure 4A), PRI-724 at IC25 and both concentrations
of vismodegib induced the accumulation of cells in the G1/GO0 phase. The same effect
was observed previously for erlotinib [6]. Interestingly, the treatment of cells with PRI-724
at IC50 caused the opposite effect, i.e., the reduction of the G1/GO0 population of CAL
27 cells. Such a result was also present in PRI-724 at IC50 combined with vismodegib at
IC25, suggesting that the activity of Wnt/ 3-catenin inhibitor was dominant. However, both
mixtures of erlotinib and PRI-724 were able to arrest cells in G1/GO0 phases.
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Figure 3. The results of the analysis of the combinatorial effects between PRI-724 and vismodegib,
erlotinib, or HS-173 on cell viability by the resazurin assay. CAL 27 and FaDu cells were treated
with increasing concentrations (Supplementary Table S1) of the individual compounds and their
combinations for 48 h. Control cells were treated with vehicle (DMSQO). Mean values from three
independent experiments were used in calculations using the CompuSyn software (version 1.0).
Dose-effect curves for individual compounds (A) or their combinations (B) were generated. Plots
(C) represent the evaluation of the Combination Index (CI), where CI < 1 (the area below the dotted
line in plots) denotes a synergistic effect between compounds. Fa—Fraction affected: viability
reduction from lack of effect (0) to maximal effect (1; viability = 0%), E—erlotinib, H—HS-173,
P—PRI-724, V—vismodegib.
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Figure 4. The effect of PRI-724, vismodegib, erlotinib, HS5-173, and their combinations on the cell
cycle distribution in CAL 27 (A) and FaDu (B) cells after 48 h of incubation. The cell cycle distribution
(G1/G0, S, and G2/M phases) was measured by flow cytometric analysis of cells after propid-
ium iodide staining. DMSO-vehicle-treated cells were used as a negative control, while topotecan
(100 nM) was used as a positive control for cell cycle arrest. Exemplary flow cytometry plots are
shown on the right side. Mean values + SD from three independent experiments are shown. The
asterisk (*) inside the bars denotes a statistically significant increase in cell population between the
analyzed compound used alone or in combination, and the control (ctrl), * p < 0.05, ** p < 0.01;
(#) inside the bars denotes a statistically significant decrease in cell population between the analyzed
compound used alone or in combination, and the control (ctrl), # p < 0.05, ## p < 0.01.

The accumulation of FaDu cells in G1/GO0 phases was the main effect for all the com-
binations of PRI-724 with vismodegib and erlotinib (Figure 4B). A significant change for
individually used PRI-724 or vismodegib was found only at IC50 concentrations. Surpris-
ingly, mixtures of PRI-724 with HS-173 significantly reduced the G1/G0 population of cells
with the concomitant accumulation of cells in S and/or G2/M phases, although HS-173 at
IC25 [6] and PRI-724 at IC25 individually had no effect or even showed the opposite effect,
like in the case of PRI-724 at IC50.
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2.5. Combinations of PRI-724 with Erlotinib or HS-173 Exert Better Pro-Apoptotic Effects

In the next step, we evaluated whether the changes in cell cycle distribution were
also followed by the induction of apoptosis (Figure 5). Both CAL 27 and FaDu cells were
susceptible to a slight induction of apoptosis after individual exposure to PRI-724 and
vismodegib, except PRI-724 at IC25 in CAL 27 cells. The same scale of action was previously
observed for erlotinib and HS-173 [6]. The combination of PRI-724 with vismodegib failed
to improve the effects. In turn, combinations of PRI-724 with erlotinib and HS-173 enriched
the population of apoptotic cells. Discrimination between early and late phases of apoptosis
points to the appearance of the early stages of apoptosis after 48 h of incubation with the
evaluated compounds, including a 100 nM concentration of topotecan—the positive control
for apoptosis.

APOPTOSIS PROFILE

(A) CAI- 27 : Efj‘:‘:l?l'l e

&
[
|
1

S
o

!

T

[ ]

wow
o v
TR
—

% of apoptotic cells
=N
"o un
+—+—

[
o
!

T

T

ANNEXINY A

ctrl

APOPTOSIS PROFILE
B Late 2g0p 00
000% s20%

I1CAL 27

* b
72 g 2085 %)
v EanyApes
L]

‘:.untuu. soptts
PRI-7241C25+

& & G0 G 0 & & G & erlotinib 1C25
& PELFE PPE PP P&
A e P ¥ R > A ) o
MGG O NC, & 8 Ny o oo
& & &S SIS O 2 & F e i
¥ ® IO * & C,QX & 3%
X X X 2
PN Y (R : :
) & & ¢ ax b AV AV s G
Dearly apoptosis 0 501“‘ /\q’u QQS/\ & & & 8l u
@ late apoptosis & topotecan 100 nM
(8)
FaDu
45 T P ]
a0 + f 1
2 35 - BE ] F "y :
§ 30 + ctrl
Eas L[ F o tansen
2 o o
o 20 + *{ FaDu
3 *% * P
‘s 5T x| |** *x H
xR 10 + =\ | . =% |
5 _ﬁ . AwEm .
0 T T T T T T T T T T T T T T T T PRI-724 IC50+
Hs-173 1C25
> O A 9 R
& FELE FEE P PF &
A A ; 0 P 0 RS D A S s ]
AL 629’ be% ,Sz,@ be?o <% R Ny o * Fabu
& S S F & & I 2° FE & 5
& & & @ ¥ . g® g:
RS & o .0 ,\‘:} %Q & 3 r:
e V& N © 1
0 D Y IR o "
. & & b A O AV =
O early apoptosis B A A A¥ AV A <
AV AV AV QQ)’ QQY & & SR
[ late apoptosis Q® qu qQ} topotecan 100 nM

Figure 5. The effect of PRI-724, vismodegib, erlotinib, HS-173, and their combinations on the
induction of apoptosis in CAL 27 (A) and FaDu (B) cells after 48 h of incubation. The apoptotic cells
were detected by flow cytometric analysis after Annexin V and 7-Aminoactinomycin D staining.
DMSO-vehicle-treated cells were used as a negative control, while topotecan (100 nM) was used as a
positive control for apoptosis induction. Exemplary flow cytometry plots are shown on the right side.
Mean values + SD from three independent experiments are shown. The asterisk (*) inside the bars
denotes a statistically significant increase in cell population between the analyzed compound used
alone or in combination, and the control (ctrl) for early or late apoptotic cells, * p < 0.05, ** p < 0.01;
(#) above the bars denotes a statistically significant increase in total apoptotic cells between the
analyzed compound used alone or in combination, and the control (ctrl), # p < 0.05, ## p < 0.01.
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2.6. PRI-724 Combined with Vismodegib or Erlotinib Synergistically Reduced Cell Migration

Besides cell cycle arrest and the induction of apoptosis, the inhibition of signaling
pathways can reduce the migration rate of cancer cells. We introduced the scratch assay to
check the potential benefits of combining PRI-724 with other inhibitors (Figure 6).
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Figure 6. The scratch assay (cell migration) was performed for PRI-724, vismodegib, erlotinib, HS-
173, and their combinations in CAL 27 (A-C) and FaDu (D-F) cells. Results (mean values + SD)
were calculated from four experiments (A,D). The asterisk (*) above the bars denotes a statistically
significant decrease in migration rate between the analyzed compound used alone or in combination,
and the control (ctrl), * p < 0.05, ** p < 0.01, *** p < 0.001. Exemplary microscopic images of the scratch,
which were taken at the beginning and after 18 h of incubation with the compounds, are shown (B,E).
The scale bar represents 500 um. The assessment of the type of interaction between compounds using
the modified Biirgi formula is shown (C,F). The addition of effects (0.85 < g < 1.15) is highlighted in
yellow, while synergistic effects (g > 1.15) are highlighted in green.
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All individually used compounds decreased cell migration in both CAL 27 and FaDu
cells, except PRI-724 and vismodegib at IC25 concentrations in FaDu cells (Figure 6D).
Notably, strong effects, with a >40% reduction in migration rate, were detected for vismod-
egib. Mixtures of chemicals significantly decreased the migration of CAL 27 and FaDu
cells. Excellent results, with a reduction of approximately 80%, were obtained for the
combination of PRI-724 at IC50 with vismodegib at IC25.

Next, we performed an analysis of the type of interaction between chemicals with
regard to their effect on cell migration (Figure 6C,F). PRI-724 mixed with vismodegib or
erlotinib had a synergistic effect on cell migration, most prominently in the case of the
mixture with vismodegib at IC25 in FaDu cells (Figure 6F). The single use of vismodegib
IC50 presented a beneficial effect, and its combination with PRI-724 IC25 led to only
additive inhibition of migration. Similarly, the mixture of PRI-724 and HS-173 showed
additive effects.

2.7. ALDH1A1, SOX2, and POUSF1 Genes Were Differentially Expressed among HNSCC Patients

Cancer stem cells (CSCs) play an important role in tumor development, survival,
recurrence, and metastasis. Thus, we retrieved data from The Cancer Genome Atlas (TCGA)
and analyzed the expression profile of ALDH1 (ALDH1A1), SOX2 (50X2), and OCT4
(POUSF1) genes related to CSC in HNSCC, using the UALCAN tool [24,25]. Transcript
levels were compared between HNSCC cases (1 = 520) and normal epithelium samples
(n = 44). The expression of ALDH1A1 and SOX2 was significantly lower in the population
of HNSCC patients, but POU5F1 showed upregulation (Figure 7A).
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Figure 7. The results of the analysis of ALDH1A1, SOX2, and POUSF1 gene expression data available
from The Cancer Genome Atlas using the UALCAN tool. (A) The comparison of the level of
expression between normal epithelium and HNSCC tumor samples. (B) The differences in the level of
gene expression in relation to tumor grade (grade 1—well-differentiated, grade 4—undifferentiated),
compared with normal epithelium. The asterisk (*) above the bar denotes statistically significant
changes in comparison to normal control samples, * p < 0.05, ** p < 0.01.

Next, we analyzed the differences in gene expression levels depending on tumor grade
(Figure 7B). The transcript level of ALDH1 was strongly reduced in grade 1 tumors, and in
grade 4, the level was similar to normal tissue. The expression of SOX2 was significantly
lower in grades 2 and 3, and upregulated in grade 4. Finally, the transcript level of OCT4
gradually increased from grade 1 to grade 4 tumors. In general, the expression of CSC-
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related genes was higher in histologically more advanced HNSCC cases, where the role of
CSC is probably increasing.

2.8. Vismodegib Effectively Reduced the Expression of Cancer Stem Cells-Related Genes in CAL27
and FaDu Cells

Wnt and Hedgehog signaling pathways have an influence on the CSC population and
can control each other’s activities. Thus, we decided to compare the activity of Wnt and
Hedgehog pathway inhibitors against the ALDH1A1, SOX2, and POU5F1 genes.

On the one side, PRI-724 upregulated the expression of ALDHIA1 and SOX2 in
CAL 27 cells (Figure 8A) and SOX2 in FaDu cells (Figure 8B). In other cases, there was
no significant change. On the other side, vismodegib in one or both concentrations was
able to decrease the expression of the evaluated genes, with the exception of ALDHIAT in
FaDu cells.
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Figure 8. The effect of PRI-724 and vismodegib on the relative transcript levels of ALDH1A1, SOX2,
and POUSF1 genes in CAL 27 (A) and FaDu (B) cells. Mean values =+ SD from three independent
experiments with three replicates per R-T PCR reaction are shown. The level of DMSO-treated cells
was considered to be 1. The asterisk (*) above the bar denotes statistically significant changes in
comparison to control (* p < 0.05, ** p < 0.01), (#) denotes statistically significant changes in comparison
to PRI-724 (# p < 0.05, ## p < 0.01), and (") denotes statistically significant changes in comparison to
vismodegib (™" p < 0.01).
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The expression of ALDH1A1 was unchanged in FaDu cells, but in CAL27 cells, a
reduction was present for the mixture of PRI-724 IC25 and vismodegib IC50. Two other
combinations represented balanced effects on gene expression, i.e., between an induced
level for PRI-724 and a decreased level for vismodegib. The co-treatment of CAL27 cells
with PRI-724 IC25 and vismodegib IC50 decreased the expression of SOX2 compared to
the control. Due to intensively upregulated expression of SOX2 under the influence of
PRI-724 and significantly downregulated expression after vismodegib treatment, mixtures
of PRI-724 in both concentrations with vismodegib IC25 resulted in an intermediate level of
expression. However, the effect of vismodegib IC50 was dominant in mixtures. For FaDu
cells, the effects of combinations were similar to those seen for vismodegib alone, but the
mixture of PRI-724 IC50 with vismodegib IC25 presented the opposite action compared to
PRI-724 used individually.

Finally, POU5F1 expression was downregulated by approximately 70% after exposure
of CAL 27 and FaDu cells to PRI-724 IC50 and vismodegib IC25.

3. Discussion

Molecularly targeted therapy based on the inhibition of EGFR signaling did not
meet expectations for the improvement of the clinical fate of patients with HNSCC [26].
Thus, new potential targets have been intensively searched for. Wnt canonical signaling
is considered a potential target, due to various genetic and epigenetic dysregulations
affecting its activity, which are found in HNSCC cells, also at pre-clinical stages [8,10,27].
The inhibition of the nuclear interaction between CBP acetyltransferase and 3-catenin
translocated from the cytoplasm to the nucleus was described in our previous research as
the best way to target this pathway [15]. Particularly, a small-molecule PRI-724 inhibitor
was tested. Others have also reported the beneficial effects of this chemical. PRI-724
showed positive results in early-stage clinical trials with advanced ovarian cancer or
pancreatic adenocarcinoma patients. Moreover, it showed therapeutic potential in soft
tissue sarcomas, leading to a reduction in cancer cell viability, disruption of cell cycle
progression, and promotion of apoptosis in pre-clinical tests [28]. Results from the same
study also pointed to the synergistic activity of the combination of PRI-724 with standard
chemotherapeutics such as doxorubicin or trabectedin. In other research, PRI-724 blocked
the proliferation and formation of fibrolamellar hepatocellular carcinoma organoids [29]. In
addition, the antitumor properties of PRI-724 were found in the cisplatin-resistant human
embryonal carcinoma NTERA-2 cells [30] or in the human neuroendocrine tumor BON]1,
QGP-1, and NCI-H727 cells [31]. In acute myeloid leukemia, the FLT3 gene (which encodes
a class III receptor tyrosine kinase that regulates hematopoiesis) is frequently mutated,
and FLT3-mutant cells are able to promote the Wnt/[3-catenin pathway by activating
Integrin av(33/PI3K/Akt/GSK-3f signaling [32]. The inhibition of FLT3 signaling by
sorafenib or quizartinib with the concomitant use of PRI-724 to block the transcriptional
activity of -catenin improved the effects against acute myeloid leukemia stem cells [33].
Indeed, monotherapy based on PRI-724 and other Wnt pathway inhibitors is insufficient
in molecularly diverse tumor cells, and thus PRI-724 should rather be combined with
chemicals affecting other molecular targets.

Targeting the Wnt/(3-catenin pathway exerted better effects in HPV-positive than
in HPV-negative HNSCC tumors, in which a combinatorial treatment could have more
prominent effects [34]. Interestingly, stronger anti-neoplastic and radiosensitizing effects of
[-catenin inhibition were shown in HPV-negative cells, but greater anti-migratory potential
was detected in HPV-positive HNSCC cells [35]. The different profiles of action against HPV-
positive and HPV-negative cancer cells might be related to the diverse molecular features
of these etiologically distinct groups of tumors [36]. Moreover, we also detected therapeutic
crosstalk between PI3K/Akt/GSK-3§3 signaling and the Wnt pathway in HNSCC. In this
regard, the mixture of an Akt kinase inhibitor together with either a Porcupine inhibitor
(IWP-O1) or an inhibitor of CBP/ 3-catenin interaction (PRI-724) potentiated cell viability
reduction in tongue SCC cells growing in 3D-culture as spheroids [37].
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Wnt signaling is one of the master regulators of stem cells during embryogenesis and
in selected adult tissues, but also during carcinogenesis [38]. Indeed, targeting cancer stem
cells by inhibiting the Wnt canonical pathway is one of the possibilities to cure colorectal
cancer [39], but obviously it should also be tested in all Wnt signaling-dependent tumors.
Hedgehog (Hh) signaling is another pathway controlling SC and CSC [38,39]. Since 2012,
vismodegib, an inhibitor of the Hh pathway, has been registered for the treatment of basal
cell carcinoma (BCC) [23]. Although BCC and HNSCC are different types of tumors, some
molecular similarities can be observed. In a case of sporadic BCC in an 80-year-old man,
both Wnt and Hh signaling pathways were overexpressed [40]. In addition, the insulin-like
growth factor 2 mRNA-binding protein 1 (IGF2BP1), a target gene of Wnt signaling, was
overexpressed and further promoted the transcription level of Glil, a transcription factor in
the Hh pathway. More than twenty years ago, Mullor et al. (2001) described the ability of
Glil to activate the expression of several Wnt ligands in early frog embryos [41]. Moreover,
in RTOG10 cells, Glil induced the transformation of epithelial cells via the induction
of Snail, a repressor of E-cadherin, which released p-catenin from the cell membrane
compartment and induced its translocation to the cell nucleus [42].

Interactions between Wnt and Hh pathways and their special role in cancer stem cells
were the basis of the idea to evaluate the effects of the simultaneous treatment of HNSCC
cells by PRI-724 and vismodegib. Targeting EGFR and related signaling pathways led to
limited effects against HNSCC [3]. For this reason, we previously performed experiments
on CAL 27 and FaDu cells to test the effects of erlotinib (an EGFR inhibitor) and HS-173
(a PI3K kinase inhibitor) separately and in combination with inhibitors of KDM4 and
KDMB6 histone demethylases [6]. Individual compounds had limited influence, e.g., on
the induction of apoptosis. However, cell death was synergistically potentiated after
the addition of KDM inhibitors. In the current study, we used erlotinib and HS-173 in
mixtures with PRI-724 to compare their effects with the anti-neoplastic influence of the
combined use of PRI-724 and vismodegib. Importantly, recent studies have shown that
PRI-724, vismodegib, and erlotinib were less active in non-cancerous HaCaT keratinocytes,
suggesting some selectivity of these chemicals towards cancer cells [43—45].

The sensitivity of tongue cancer-derived CAL 27 cells and hypopharyngeal cancer-
derived FaDu cells to Wnt and Hh pathway inhibitors was similar at sub-toxic concen-
trations (IC25). In turn, lower concentrations of both chemicals were needed to reach
a 50% reduction in viability in CAL 27 cells compared to FaDu cells. Interestingly, the com-
bination of PRI-724 and vismodegib had a rather weak synergistic effect on CAL 27 cells
viability, while this combination of compounds at higher concentrations showed syner-
gism in FaDu cells. Thus, hypopharyngeal tumor cells were more susceptible to the dual
inhibition of Wnt and Hh signaling. A similar correlation was seen for the mixture of
PRI-724 and erlotinib, whereas PRI-724 and the PI3K kinase inhibitor HS-173 acted highly
synergistically in the full range of concentrations.

The incubation of CAL 27 and FaDu cells with vismodegib for 48 h resulted in the
enrichment of the G1/GO0 population of cells with a concomitant slight induction of the
percentage of apoptotic cells. These results are generally consistent with the data gen-
erated by Freitas et al. (2020). They compared the effects of Hh pathway inhibitors
vismodegib and itraconazole and conventional chemotherapeutics doxorubicin (DOX)
and 5-fluorouracil (5-FU) used individually. Uncombined vismodegib clearly reduced the
viability of CAL 27 cells after 48 h of incubation, but pro-apoptotic and anti-proliferative
effects were much weaker than in the case of DOX and 5-FU [46].

The effectiveness of vismodegib was previously assessed in the basal cell carcinoma
line BCC-1 and in the tongue cancer line SCC-25 in combination with irradiation. In both
cellular models, the treatment resulted in reduced cell proliferation and radiosensitiza-
tion [47]. In another study, vismodegib mixed with docetaxel, cisplatin, or cetuximab
additively enhanced the anti-neoplastic effects in HNSCC samples derived ex vivo [48].
In our study, mixtures of the Wnt/ 3-catenin pathway inhibitor with vismodegib caused
the accumulation of hypopharyngeal cancer cells in G1/GO0 phases. In CAL 27 cells, the
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combination of PRI-724 IC50 and vismodegib IC25 enriched rather S phase cells, similarly
to the sole use of PRI-724 IC50. A more significant induction of apoptosis appeared upon
individual exposure of cells to PRI-724 and vismodegib, and this effect was lost in the
mixture with vismodegib at higher concentrations. We can assume that the combination of
Wnt and Hh signaling inhibition has better anti-proliferative than pro-apoptotic effects. A
higher induction of apoptosis was detected in the other tested groups. PRI-724 combined
with erlotinib or HS-173 presented a significant increase in apoptotic cell populations,
although its individual use had rather low efficacy [6]. In cell cycle analysis, erlotinib
had a dominant influence in combination with PRI-724. However, despite no effect of
individually applied HS-173, its combination with PRI-724 was able to block cell cycle in
S and G2/M phases in FaDu cells. Because of the synergistic effect on the reduction of
viability and the highest induction of apoptotic death of HNSCC cells (among the evaluated
combinations), the simultaneous disruption of Wnt and PI3K pathways seems to be an
interesting option for further research in the field of pharyngeal SCC tumors.

The inhibition of signaling pathways may also have an influence on cell migration.
Thus, we performed the scratch assay for all the tested inhibitors used individually and
in combinations. CAL 27 and FaDu cells were susceptible to the reduction of migration
rate, and vismodegib demonstrated better activity than the other chemicals. In contrast, the
inhibition was not so significant in lung SCC H1703 and H12170 cells [49]. Furthermore,
co-treatment of HNSCC cells with Wnt and Hh, EGFR, or PI3K inhibitors significantly
reduced their migration. PRI-724 with vismodegib at a lower concentration (IC25) exerted a
highly synergistic reduction of migration rate, especially in FaDu cells. Therefore, although
the joint inhibition of Wnt/ 3-catenin and Hh signaling is unable to strongly induce cell
death, it can intensively affect HNSCC proliferation and migration. In addition, PRI-724
with erlotinib also acted in a synergistic way. Thus, the potential of EGFR inhibitors in
HNSCC tumors can still be improved.

In HNSCC tumors, cancer stem cells are present and can be detected by increased
expression of, e.g., ALDH1 (ALDH1A1 gene), SOX2 (SOX2 gene), and OCT4 (POU5F1
gene) [50-52]. We checked the expression levels of these genes among HNSCC patients
based on data available from The Cancer Genome Atlas. We observed a decreased mRNA
level for ALDH1 and SOX2, but an increased transcript level for OCT4. Moreover, advanced
grade 4 tumors (potentially richer in the CSC population) showed the highest expression
of those genes. SOX2 and OCT4 mRNA expression was increased compared to normal
tissue. We assumed that in cancer cells, which contain a sub-population of CSC, the
downregulation of CSC markers should be more visible in the case of over-expressed
transcripts, like OCT4 mRNA. We wanted to preliminary check if Wnt/ 3-catenin and/or
Hedgehog signaling inhibitors are able to modulate the transcript level of those CSC-
related genes in CAL 27 and FaDu cells. Indeed, in FaDu cells, ALDH1A1 lacked any
significant changes. Surprisingly, incubation with the Wnt signaling inhibitor induced
the expression of those CSC markers, but in contrast, the inhibition of Hh decreased their
transcript level. The opposite effect for PRI-724 probably results from differences in time to
evoke and sustain molecular changes after Wnt or Hh pathway inhibition. Hypothetically,
gene expression upregulation after exposure to PRI-724 might be a secondary effect after
the initial decrease in expression because, in other research, CBP/[3-catenin targeting
had inhibitory effects in lung cancer stem cells [53]. However, the gene encoding the
OCT#4 protein, which was overexpressed in patient-derived samples, was importantly
downregulated in response to single and combined inhibitors. The expression of OCT4
is directly regulated by 3-catenin in HNSCC stem-like cells, and higher levels of both
OCT4 and [3-catenin correlate with the worst prognosis for patients [54], so our results from
CAL 27 and FaDu cells point to beneficial effects of the applied combination of inhibitors.
Vismodegib was shown to reduce OCT4 (POUS5F1) expression in biliary tract cancer Mz-
ChA-1 and Sk-ChA-1 cells [55]. What is noteworthy is that in our study, vismodegib
potently counteracted the inducing effect of PRI-724 in relation to ALDH1A1 and SOX2
expression, and the combinations showed more beneficial effects. These results are in
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line with the synergistic effects of Wnt and Hh pathway co-inhibition with respect to cell
migration, cell cycle disruption, and viability. However, in future studies, the direct impact
of PRI-724 and vismodegib on the CSC subpopulation must be evaluated.

The balancing of the exerted effects and the potentialization of activity speak in favor
of using the combinations of PRI-724 with not only vismodegib but also with erlotinib and
HS-173, and they invite more detailed subsequent studies. It should also be remembered
that the molecular landscape of cancer cells differs between patients and is dynamic. In the
future, by working with, e.g., ex vivo cultured cancer cells derived from HNSCC patients,
the different profiles/endotypes of tumors might be identified. Artificial neural network
analysis [56] based on new data can help establish the association between tumor profiles
and benefit from the combinations proposed in this article.

4. Materials and Methods
4.1. Cells and Culture Conditions

Commercially available HNSCC cells were used in the experiments: CAL 27 cells
derived from tongue cancer and FaDu cells derived from hypopharyngeal cancer were
both purchased from the American Type Culture Collection (ATCC).

The cells were grown in high-glucose DMEM medium (Biowest, Nuaillé, France),
supplemented with 10% FBS (EURx, Gdarisk, Poland) and 1% antibiotic solution (penicillin
and streptomycin; Biowest, Nuaillé, France), and were cultured under standard conditions
(37 °C, 5% COy, 95% humidity) in an incubator (Memmert, Schwabach, Germany).

4.2. Chemicals and Cell Viability Assay

Four small-molecule inhibitors of signaling pathways were used in the research. The
Wnt canonical signaling inhibitor PRI-724, the Hedgehog signaling inhibitor vismodegib,
and the EGF receptor intracellular domain inhibitor erlotinib were ordered from Selleck
Chemicals (Pittsburgh, PA, USA), while the inhibitor of the p110« domain of PI3K was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of the compounds
were prepared in DMSO and stored in aliquots at —20 °C.

Cells (10*/well) were seeded into black 96-well plates. After 24 h of pre-incubation,
a fresh medium containing different concentrations of the compounds (single or in com-
bination) was added. Control cells were treated with vehicle (DMSO < 0.2%). After 48 h,
cells were washed with PBS buffer, and fresh medium containing 1 pug/mL resazurin
(Sigma-Aldrich, St. Louis, MI, USA) was added. After 2 h of additional incubation, the
fluorescence was measured (ex—530 nm, em—590 nm) using an Infinite M200 multiplate
reader (Tecan, Grodig, Austria). Three independent experiments were performed, with
four separate replicates per experiment.

The influence of the combination of PRI-724 inhibitor with other compounds in re-
lation to cell viability was determined by the evaluation of the Combination Index (CI)
using the CompuSyn software (downloaded from the website www.combosyn.com on
31 May 2021) [57]. The synergistic action of the chemicals in combinations was identified
when CI < 1.

4.3. Analysis of the Cell Cycle Distribution

The effect of single compounds and combinations of PRI-724 with other inhibitors on
cell cycle distribution was analyzed using the Muse® Cell Cycle Kit (Merck, Darmstadt,
Germany) according to the manufacturer’s protocol. Briefly, 2 x 10° cells per well were
seeded in 6-well plates. After 24 h of pre-incubation, the growth medium was replaced
with fresh medium (2 mL per well) containing IC25 and/or IC50 concentrations of the
compounds, and the cells were incubated for an additional 48 h. The cells incubated
with DMSO served as a negative control, while cells incubated with 100 nM topotecan
(Sigma-Aldrich, St. Louis, MI, USA) served as a positive control for cell cycle arrest. After
incubation, cells were collected by trypsinization, washed with PBS buffer, fixed in ice-cold
70% ethanol, and stored overnight at —20 °C. The next day, fixed cells were collected by
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centrifugation and washed with PBS buffer. The distribution of cells depending on cell cycle
phase (G1/G0, S, G2/M) was analyzed with the Muse® Cell Analyzer (Merck, Darmstadt,
Germany) after staining with propidium iodide solution in the presence of RNase A for
30 min. The data were analyzed using Muse® 1.5 Analysis software (Merck, Darmstadt,
Germany). All the experiments were done in triplicate.

4.4. Analysis of Apoptosis

The externalization of phosphatidylserine was applied as a marker of apoptotic cells
and analyzed using the Muse® Annexin V and Dead Cell Kit (Merck, Darmstadt, Germany)
according to the manufacturer’s protocol. The 7-aminoactinomycin D (7-AAD) stain was
applied as a counterstain to Annexin V to discriminate between early and late apoptotic cells.
Briefly, 2 x 10° cells per well were seeded in 6-well plates. After 24 h of pre-incubation, the
growth medium was replaced with fresh medium (2 mL per well) containing IC25 and/or
IC50 concentrations of the compounds, and the cells were incubated for an additional 48 h.
The cells incubated with DMSO served as a negative control, while cells incubated with
100 nM topotecan (Sigma-Aldrich, St. Louis, MI, USA) served as a positive control for
active apoptosis. Subsequently, the cells were collected and stained with Annexin V and
7-AAD in a culture medium solution. After 20 min of incubation, the cells were analyzed
by flow cytometry on the Muse® Cell Analyzer (Merck, Darmstadt, Germany), and the data
were further evaluated using Muse® 1.5 Analysis software (Merck, Darmstadt, Germany).

4.5. Analysis of Cell Migration Using the Scratch Wound Assay

Cell migration was assessed by the scratch assay. Cells (5 x 10°) were seeded into
24-well plates and grown overnight to reach confluency. A scratch was performed using a
10 uL tip. Wells were rinsed twice with PBS buffer to remove detached cells, and fresh
medium with a reduced FBS concentration (0.5%) containing IC25 and/or IC50 concentra-
tions of the compounds was added. Subsequently, representative microscopic photographs
of scratch areas were taken by a JuLI FL microscope (NanoEntek, Seoul, Republic of Korea)
directly after the addition of compounds (0 h) and after 18 h. Area covered by cells (%) was
assessed using JuLl FL software, and the difference in the coverage of the growth area by
cells between 18 h and 0 h time points was calculated for each well. The experiment was
repeated four times. The relative effect of the tested compounds on cell migration (RM)
was calculated using the following formula:

tested compound area after 18 h — tested compound area after O h
M = , , x100% (1)
negative control area after 18 h — negative control area after 0 h

The combinatorial effects of the compounds on cell migration were evaluated using the
modified Biirgi formula [58,59] in order to assess the type of interaction between chemicals
used in IC25 and/or IC50 concentrations. The g factor was calculated using the equation:

g = Pmix
(Pl + Pz) — (Pl X Pz)

@

where P; denotes the effect of PRI-724 treatment, P, denotes the effect of a second com-
pound (vismodegib, erlotinib, or HS-173) treatment, and P,,;, denotes the effect of a combi-
nation of chemicals. Antagonistic effects were detected when g < 0.85, while synergistic
effects (potentiation of action) were detected when g > 1.15. The compounds were consid-
ered to act independently of each other (additive effects) if g was in the range 0.85-1.15.

4.6. Expression Analysis Based on TCGA

In Figures 1 and 7, we present the analysis of gene expression data available from The
Cancer Genome Atlas (TCGA). We used the UALCAN tool (https:/ /ualcan.path.uab.edu,
accessed on 11 April 2023 and 7 June 2023) [24,25] to show differences in the expression of
genes related to the Wnt signaling pathway between healthy controls and HNSCC patients
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depending on the histological cancer grade (Figure 1) or genes related to cancer stem cells
(Figure 7) between healthy controls and HNSCC patients and among HNSCC patients
depending on the histological cancer grade (1-4).

4.7. 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, Gdansk, Poland), and samples were subjected to
reverse transcription by the NG dART RT Kit (EURx, Gdansk, Poland), according to the
manufacturer’s instructions.

For the quantitative R-T PCR analyses, the SG qPCR Master Mix (EURx, Gdansk,
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 at 95 °C for 15 s, primer annealing at 56 °C for 30 s, elongation at 72 °C for 30 s
with fluorescence measurement, and subsequently followed by melting curve analysis. The
relative mRNA expression of Aldehyde dehydrogenase 1 —ALDH1 (ALDH1A1 gene), SRY
(sex determining region Y)-box 2—SOX2 (SOX2 gene), and Octamer-binding transcription
factor 4—OCT4 (POUS5F1 gene) was determined. The expression of the TATA-box-binding
protein (I'BP gene) was used to normalize the data. The AACt method was used for
fold-change quantification. Three independent experiments were performed with three
technical repeats for each sample during R-T PCR. The sequences of primers used in the
research are listed in Table 2.

Table 2. Primers used in the R-T PCR.

Gene Forward Primer Reverse Primer
ALDHI1A1 5 CTGTCCTACTCACCGATT 5'CCTCCTTATCTCCTTCTTCTA
POU5F1 5'GGTTCTATTTGGGAAGGTAT 5'CATGTTCTTGAAGCTAAGC
SOX2 5 ATGGTTGTCTATTAACTTGT 5'TCTCTCCTCTTCTTTCTC

TBP 5 GGCACCACTCCACTGTATC 5 GGGATTATATTCGGCGTTTCG

4.8. Statistical Analysis

To analyze the significance of differences between controls and signaling pathway
inhibitors: PRI-724, vismodegib, erlotinib, and HS-173, a one-way ANOVA test with the
Tukey post hoc test was performed, with p < 0.05 considered significant. The analyses were
performed using STATISTICA software (version 11.0).

5. Conclusions

This in vitro study implicated new directions in the development of molecularly
targeted treatment of head and neck squamous carcinoma. The active status of the Wnt/ 3-
catenin pathway stimulates the progression of HNSCC cells, but as previously reported,
anti-cancer effects should be improved by co-targeting other signaling pathways important
for HNSCC carcinogenesis. According to our results, Wnt/ 3-catenin and Hh signaling can
interact with each other, so their concomitant inhibition presented in this research might be
a good strategy to attenuate the growth of HNSCC tumors. Simultaneous inhibition of the
Wnt and Hh pathways caused pronounced effects concerning decreased proliferation and
migration. CAL 27 and FaDu cells, although coming from different locations of HNSCC,
were in general both sensitive to the combinatorial inhibition of Wnt/3-catenin and Hh
pathways. Notably, the simultaneous blockade of the EGFR-related pathways and Wnt/ 3-
catenin pathway also presented promising results. The migration of HNSCC cells was
diminished by mixtures of PRI-724 and erlotinib, or HS-173, to a lesser extent. However,
the anti-proliferative activity and more robust induction of apoptosis can be the basis for
the improvement of the anti-neoplastic effects of EGFR and PI3K inhibitors.

The main concepts of signaling pathway co-inhibition and the findings of this research
are summarized in Figure 9.
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Effects of combinations of inhibitors detected in CAL 27 and FaDu cells
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Figure 9. A summary of the main concepts and results of the study. Wnt/3-catenin signaling was
inhibited by the PRI-724 small molecule, which targets the interaction between nuclear 3-catenin
and the CREB binding protein (CBP). PRI-724 was combined with the Hedgehog pathway inhibitor
vismodegib, which blocks the Smoothened protein; the epidermal growth factor receptor (EGFR)
pathway inhibitor erlotinib, which interacts with the cytoplasmic tyrosine kinase domains of EGFR;
and the phosphoinositide 3-kinase (PI3K) inhibitor HS-173, which targets the p110a domain of PI3K.
The effects detected in CAL 27 and FaDu cells after treatment with each combination of inhibitors
used in this research are listed in the frame (upper panel), and appropriate numbers appear next
to arrows denoting compound mixes in the head and neck cancer cell schematic representation.
CSC, cancer stem cells; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol
3,4,5-trisphosphate.

The results are preliminary, and thus the full potential of the combinations of the
studied chemicals should be further evaluated. The prospective research will cover testing
the discussed molecularly targeted drug combinations in other cell lines to evaluate the
generalizability of current results and the mechanism of action. More advanced in vitro
models will be introduced, including three-dimensional cultures of cancer cells (spheroids,
organoids) and co-cultures with fibroblasts to observe micro-environmental interactions
between signaling pathways. Ex vivo culture of patient-derived cancer cells might be the
final model for evaluating this treatment concept before in vivo experiments.

Wnt/ 3-catenin and Hh pathways are both related to the control of CSCs. The expres-
sion of exemplary CSC-related genes among HNSCC patients increases in parallel with
tumor stage. Concomitant inhibition of Wnt/ 3-catenin and Hh pathways was able to partly
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reduce their transcript levels in CAL 27 and FaDu cells. Therefore, further experiments
should also verify the usefulness of co-targeting those two signaling pathways for affecting
CSCs in HNSCCs. Such an effect can be crucial for preventing cancer recurrence, which
is thought to be tightly connected with the subpopulation of cancer stem cells resistant to
current therapy.
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Abstract: In the last few decades, circulating cell-free DNA (cfDNA) has been shown to have an
important role in cell apoptosis or necrosis, including in the development and evolution of several
tumors and inflammatory diseases in humans. In this regard, periodontitis, a chronic inflammatory
disease that can induce the destruction of supporting components of the teeth, could represent a
chronic inflammatory stimulus linked to a various range of systemic inflammatory diseases. Recently,
a possible correlation between periodontal disease and cfDNA has been shown, representing new
important diagnostic-therapeutic perspectives. During the development of periodontitis, cfDNA
is released in biological fluids such as blood, saliva, urine and other body fluids and represents
an important index of inflammation. Due to the possibility of withdrawing some of these liquids
in a non-invasive way, cfDNA could be used as a possible biomarker for periodontal disease. In
addition, discovering a proportional relationship between cfDNA levels and the severity of periodon-
titis, expressed through the disease extent, could open the prospect of using cfDNA as a possible
therapeutic target. The aim of this article is to report what researchers have discovered in recent years
about circulating cfDNA in the development, evolution and therapy of periodontitis. The analyzed
literature review shows that cfDNA has considerable potential as a diagnostic, therapeutic biomarker
and therapeutic target in periodontal disease; however, further studies are needed for cfDNA to be
used in clinical practice.

Keywords: periodontitis; circulating cell-free DNA; oral disease; periodontics; tooth loss: oral
cancer; trials

1. Introduction

Periodontitis is a chronic disease that affects 10% of the world’s population [1]. It
is characterized by the interaction among bacterial, inflammation and genetic factors.
Specific virulent oral microbials cause the host immune response in patients with a genetic
predisposition. The inflammation of the periodontal tissues could result, if not properly
treated, in clinical attachment loss (CAL), the formation of periodontal pockets and alveolar
bone resorption, which could finally lead to tooth loss [2,3]. Recent studies showed that
the immune system cells release cfDNA during periodontal inflammation to promote
alveolar bone resorption [4,5]. For this reason, cfDNA has captured the attention of the
periodontal area.

Today, cell-free DNA (cfDNA) is commonly used as a biomarker in prenatal analysis
and in the oncology field. Over the last years, cfDNA has caught the interest of scientists

157



Int. J. Mol. Sci. 2023, 24, 9981

in other medical fields; for instance, cardiovascular disease [6], autoimmune diseases [7],
sepsis [8], trauma [9] and others.

The term “liquid biopsy” specifies several body fluids that can be collected, such as
blood and saliva. When high levels of biomarkers are found in saliva, they can be related
to head and neck pathologies. Cell-free DNA (cfDNA) and mitochondrial cell-free DNA
(mtDNA) are two markers that can be found in the body fluid of patients affected by oral
conditions [10,11].

Several studies have found a greater concentration of cfDNA and mtDNA in the
body fluids of patients affected by different cancer types than in healthy ones. For this
reason, clinics have started to investigate the presence of the same circumstances in oral
conditions, such as oral squamous cancer. Desai proposed the use of total cfDNA level
as a screening marker for the early detection of oral precancer lesions and cancer [12].
A study conducted by Lin et al. [13] examined the cfDNA level in patients affected by
oral squamous cell carcinoma (OSCC) compared to healthy ones. Their results showed
that the cfDNA level was higher in patients affected by OSSC compared to the control
group. These outcomes were similar to the results obtained in other studies that evaluated
the same markers for solid cancers [14,15]. In particular, Lin et al. [13] obtained these
outcomes in patients with extensive tumors, cervical lymph node metastasis and TNM
(Tumor-Node-Metastasis) staging. The authors concluded that cfDNA is an independent
indicator of cervical lymph node metastasis. According to these results, other researchers
have investigated the concentration of these markers in the blood of patients affected by
head and neck squamous cell carcinoma. Mazurek et al. [16] observed an increase of cfDNA
in patients with N2-N3 lymph node metastasis affected by head and neck squamous cell
carcinoma. They did not observe an increase in ¢fDNA level in patients with NO-N1 lymph
node metastasis.

Sayal et al. [17] evaluated the cfDNA and mtDNA levels in patients affected by
head and neck squamous cell carcinomas (HNSCCs). They observed higher levels of
cfDNA and mtDNA in patients affected by HNSCCs compared to healthy ones. Moreover,
they evaluated how these two markers change their level in the case of oral leukoplakia
(precancer oral lesion). From this evaluation, it also emerged that in precancerous oral
lesions, the cfDNA and mtDNA level changed compared to the healthy patients. The
authors claim that the variation in the concentration of these markers could be used to
estimate the grade of epithelial dysplasia and for surveillance among patients [17]. A recent
study conducted by Sayal et al. [18] shows that the level of mtDNA is correlated with
survival in patients affected by HNSCC. The higher concentration of cfDNA and mtDNA
in body fluid can also be associated with other conditions, including inflammation and
infection [19]. Therefore, cfDNA and mtDNA concentrations can vary in periodontitis,
considering it is an inflammatory disease.

CfDNA was proposed as a new biomarker to study the disease’s evolution and pro-
gression in the periodontal field. A different concentration of cf DNA was seen among
healthy patients, periodontally affected and gingivitis-affected patients [20]. Moreover, a
recent study has shown therapeutic results in treating periodontitis in mice using nanopar-
ticles that remove cfDNA [4]. The aim of this article is to report what was discovered
about the relationship between ¢fDNA and periodontitis in the last few years. Additionally,
it will underline the possible uses of cfDNA as a marker in periodontitis for diagnosis
and therapy.

2. Cell-Free DNA

In 1948, Mandel and Metais were the first to discover and describe cfDNA in the
human plasma [21], as fragments of nucleic acids present in many fluids of the human body.
The release of cfDNA is influenced by different variables such as age, smoking, physical
exercise, sex, diet, infection, oxidative stress and pregnancy [22-24]. It originates from three
main mechanisms:
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e Apoptosis, in which the cell DNA is processed by endonucleases with the production
of short fragments of DNA [25]. CfDNA originates from apoptosis and is formed by
double-stranded fragments of about 150-200 base pairs [26].

e Necrosis is a mechanism of death common in cases of trauma and sepsis due to
chemical or physical stimuli [27-29]. This mechanism [30] is correlated among Kilobase
pairs of cfDNA [25]. cfDNA originating from necrosis has a longer length due to the
increased time required to eliminate the necrotic cells, while the clearance of apoptotic
cells requires less time [31].

e NETosis is a process that induces the neutrophil’s death after its contact with exoge-
nous agents [25] and represents an active source of cfDNA. It is a particular process
based on the release of traps (NETs, neutrophil extracellular traps) by neutrophils to
contrast and kill microbes [32]. NETs are composed of histones and DNA. During the
NET mechanisms, DNA is released in two forms: vital and suicidal NETosis. In their
vital form, neutrophils release DNA and perform their phagocytic activity against
pathogens [33,34], while in suicidal NETosis, the programmed death of neutrophils
occurs after their contact with a pathogen [35,36].

CfDNA can be found in different forms; for instance, in free fragments, linked to
proteins or packed in extracellular vesicles [37]. A cfDNA fragment is defined when there
is DNA alone without other molecules [38].

It is possible to identify three types of cfDNA in the human fluid: endogenous
nuclear DNA (or genomic DNA), mitochondrial DNA (mDNA) and bacteria ((DNA) or
viral DNA [39,40]. Genomic DNA and mDNA can be transported by extracellular vesicles
(EVs) [41]. Recently, EVs were discovered as another form of active cfDNA release [22].
These extracellular vesicles originated from the fusion of intraluminal microvesicles
and can carry DNA both in their lumen and on their surfaces [42]. There are three
main types of extracellular vesicles: exosomes, microvesicles and apoptotic bodies [43].
In EVs, it is possible to find genomic DNA, mitochondrial DNA, RNA, proteins and
lipids [44]. Different studies showed that extracellular vesicles carrying DNA play
different functions in cellular communication, immune system control, homeostasis and
material transportation [45-47].

Normally, in a healthy patient, the concentration of ¢fDNA in the plasma is less
than 10 ng for mL [48]. In cases of trauma, systemic disease, heart disease, cancer and
inflammation, cfDNA concentration increases [49]. An endogenous source of cfDNA is
the fetal cell-free DNA present in the blood of pregnant individuals. This type of cfDNA
can be detected through a non-invasive procedure (non-invasive prenatal testing), and it
can be used to identify a possible mutation in the fetus’s DNA. For example, using this
marker, it is possible to search for the presence of trisomies [50]. In oncology cfDNA a
blood sample can be used to search for a specific DNA methylation related to a specific
cancer. Additionally, the analysis of specific DNA methylation present in the cancer’s cells
shows the presence of recurrence after the conclusion of the treatment or which type of
therapy is better [25,51].

To maintain homeostasis, the cfDNA produced is typically removed by the endonu-
cleases, such as DNase I. Endonucleases are enzymes capable of deleting nucleic acids. A
system is defined as healthy when a balance exists between the release of cfDNA and the
removal of cfDNA. CfDNA is digested by DNases and removed from the bloodstream
through the liver, kidneys and spleen. The correct and rapid removal of cfDNA avoids the
occurrence of an inflammatory process [52]. DNases are present in blood and saliva [53,54].
When free DNA is linked with EVs or with other molecules, it is more resistant to the
activity of DNases [38].

3. CfDNA and Periodontitis

The presence of hyperactive polymorph nucleate neutrophils (PNMs), which character-
ize periodontitis [55,56], induces the NETs system’s overstimulation. The NETs system, in
the gingival sulcus of a healthy patient, allows the removal of bacterial, pathogen-associated
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molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), releasing
cfDNA and peptides [57,58]. DAMPs consist of intracellular components, such as proteins
and nucleic acids, which the cells release during their necrosis process [59]. In the case of
periodontitis, the level of the NETs system increases, causing the alteration of homeostasis
and chronic inflammation [57,58].

Normally, during a proinflammatory immune process, the Toll-like receptors (TRLs)
interact with different substances and allow the beginning of inflammation. In many
inflammatory diseases, this process is altered, and TRL9 is involved [60]. It was discovered
that the abnormal functioning of TRL9 plays a role in the development and establishment
of periodontitis. An in vivo study showed that animals without TRL9 were resistant to
the development of periodontitis. The same results were obtained in an in vitro study
conducted by Kim et al. [61] and Crump et al. [62]. Moreover, a strong relationship was
observed between TRL9 and periodontopathic bacteria [63]. TRL9 is one of the main
receptors of cfDNA, and its interaction causes the beginning of the inflammatory process
in alveolar bone inflammation [4]. TRL9 is normally present in the basement and sub-
basement cells of the oral and pocket epitheliums [64]. In the periodontal pocket of patients
affected by periodontitis, the TRL9 level is higher than that of healthy patients [63]. This
discovery could be related to the active role of cfDNA in the development and progression
of periodontitis [65]. In fact, a study conducted by Huang et al. [4] showed the relationship
between high levels of cf DNA and elevated alveolar bone destruction in patients affected
by periodontitis. In another study conducted by Huang et al. [66], it was found that cfDNA
actively participates in bone resorption. The authors evaluated this activity by measuring
the cfDNA level in GCF of patients during the post-operative 24 h in the sites where bone
grafting was inserted. From the results of this evaluation, it was observed that the bone
loss obtained after the alveolar bone grafting may be related to increased cfDNA levels in
GCF [66].

The ¢fDNA in the mouth derivates from bacterial DNA (bDNA) [67,68], epithelial
death cells of the periodontal tissue [69] and neutrophil extracellular traps (NETs) [70]
(Figure 1). NETosis, in the mouth, physiologically avoids bacteria colonization on the
gingival cells [71]. Excessive production of NETs interrupt homeostasis, allowing harmful
periodontal bacterial entrance [57,58].

One of the sources of endogenous cfDNA is mtDNA. Correct mitochondrial function
is fundamental for maintaining health. In the case of periodontitis, the dysfunction of
mitochondria participates in the pathogenesis of the disease [72]. The role of dysfunctional
mitochondria in the pathogenesis of periodontitis is probably related as mtDNA has
similarities with bacterial DNA [73]. This characteristic underlines how mtDNA presence
in the extracellular environment stimulates inflammation in many inflammation-related
diseases [74]. In periodontitis, the presence of mtDNA in the extracellular space is caused
by periodontal pathogens that stimulate the NETs activity [75,76]. In a study conducted
by Liu et al. [74], it was demonstrated, for the first time, that in a culture of gingival
fibroblasts affected by periodontitis, the exposition of periodontal pathogens has caused
the release of mtDNA. Moreover, they observed an increase in mtDNA in mice affected
by periodontitis compared to the control group [74]. In agreement with this study, it was
proved that mtDNA outside the cells leads to bone resorption [77]. Furthermore, another
study discovered that bDNA increases the extracellular mtDNA release, resulting in TRL9
activation [78].
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Figure 1. Description of the main mechanisms of origin of cfDNA in the organism and cfDNA’s
structural characteristics that each mechanism produces.

As mentioned before, cf DNA is normally removed from liquids due to the presence
of DNases. DNases are a group of enzymes that hydrolyze cfDNA, allowing its removal
from the body fluids. It could be possible that the incorrect functioning of the salivary
DNases is another reason why the cfDNA level increases in periodontitis [79]. It was seen
that periodontal bacteria could influence the activities of DNases [80]. Only one study
has evaluated the activity of salivary DNases in periodontitis patients. This study did not
show differences in the activity of DNases between patients affected by periodontitis and
healthy patients. These results could be linked to the fact that the samplings were frozen
and stored [79]. Therefore, it is not yet clear whether there is a correlation with cfDNA
concentration. For these reasons, further studies are necessary for a better understanding.
Additionally, further evaluation should analyze the DNases activity immediately after
the levy.

CfDNA could be a new instrument to understand the status of periodontitis status. The
short length of cfDNA can be a limit for its search, but due to different new technological
methods, today, its detection is possible [25,81,82]. These methods are fluorescence [83],
genomic sequencing [84] and polymerase chain reaction (PCR) [85]. In periodontology,
cfDNA concentration was investigated in blood, saliva and gingival crevicular fluid (GCF)
(Figure 2) [85]. Different studies have analyzed the level of cfDNA in periodontopathic
patients and healthy patients in these different biofluids.
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Figure 2. Description of the main methods of sampling biological fluids (blood, saliva and GCF) for
research of the cfDNA level and of the analyses used for the study of cfDNA (cfDNA mutation, the
variation of the cfDNA level and the size of the cfDNA). Partially modified and reproduced under
permission of Creative Commons Licenses, from Hassan et al. [86].

3.1. Evaluation of the cfDNA Level in GCF

Two techniques can be used to collect gingival crevicular fluid (GCF): the washing
technique [20,87] and the paper strips technique [88]. In the washing technique, the gingival
pockets are washed with an isotonic solution, and the fluid that emerges from the pockets
is aspirated. In the paper strips technique, three paper strips are used to collect the gingival
crevicular fluid for 30 s each. Both techniques allow the collection of the GCFE, but the paper
strips technique is better because it does not require a long learning curve. In contrast, to
collect GCF in the correct way with the washing technique, the operator needs to develop
specific skills [89]. In a study conducted by Thaweboon et al. [89], GCF was collected for the
evaluation of cfDNA in periodontopathic and healthy patients. It was seen that there was
no statistical variation in the cfDNA concentration between the two techniques. Moreover,
the authors observed little variation between these methods. The cfDNA level in patients
affected by gingivitis was a little more concentrated using the paper strips than in the
washing technique [89]. The same results were also obtained by Suwannagindra et al. [90].
Two studies evaluated the possible correlation between the cfDNA level in GCF and
the periodontal clinical parameters (PD, BoP, PI plaque index). Suwannagindra et al. [90]
collected the GCF in 20 patients affected by different degrees of periodontitis. After that, the
concentration of cfDNA was evaluated, showing no correlation between the level of cfDNA
and the periodontal parameters (PD, BoP and PI) [90]. In contrast, Zhu et al. [5] found a
correlation between the level of cfDNA in GCF and periodontal parameters. The level of
cfDNA increased based on the degree of the disease. In patients affected by gingivitis, the
cfDNA levels were higher than in healthy patients, but in patients affected by periodontitis,
the level of cfDNA was enhanced more than in patients affected by gingivitis. These results
underline how the concentration of cfDNA in GCF is strongly correlated with the extent of
the periodontal inflammation. Additionally, statistically predictive impacts of the cfDNA
level in GCF and PD (pocket depth), BoP (bleeding on probing) and PI (plaque index) were
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shown [5]. The different results obtained from these two studies could be determined by
the low number (only 20) of the patients evaluated in the study of Suwannagindra et al. [90]
in contrast with the 114 patients in Zhu's study [5] (Table 1).

Table 1. The table above summarizes the results obtained in the clinical studies which have analyzed
cfDNA in different biofluids.

Source Type of Study Results Ref.
Evaluation on humans The periodontopathic patients showed a higher level of cfDNA compared to [89]
the control group
GCF Evaluation on humans A higher level of cfDNA was observed in periodontopathic patients [90]
Evaluation on humans It was seen that the level of cfDNA was correlated with the degree of 5]
inflammation in patients with gingivitis, periodontitis, and healthy patients
. It was observed that the level of cfDNA reflected the degree of the
Evaluation on humans . . L . . [5]
Salivary inflammation based on the presence of gingivitis, periodontitis, or oral health
Evaluation on humans From this study, the results showed the presence of high levels of cfDNA in [79]
patients affected with periodontitis compared to the healthy patients
The results showed that the blood level of cfDNA was higher in patients
Evaluation on humans with periodontitis, while healthy patients and patients affected with [5]
Serum gingivitis did not have variations
Evaluation on mice Mice affected by periodontitis presented high blood levels of mtDNA [74]

compared to the healthy mice

3.2. Evaluation of the cfDNA Level in Saliva

In a sample of saliva, it is possible to detect a variety of biomarkers. Many factors,
such as diet, disease and stress, can influence the elements of saliva [91]. In the periodontal
field, using saliva allows us to evaluate the presence of cytokines, oxidative stress levels,
antioxidants, periodontopathic bacteria and others [92-97]. The cfDNA in saliva comprises
70% of endogenous DNA and 30% of microbial DNA [98].

Zhun et al. [5] studied the cfDNA level variation in different biofluids, one of which
was saliva. Their study showed that the cfDNA concentration was higher in patients
affected by periodontitis and gingivitis compared to healthy patients. Moreover, they
discovered a positive correlation between the cfDNA level and the clinical parameters;
for instance, PD, BoP and PI [5]. Huang et al. [4] synthesized a type of nanoparticle to
remove the cfDNA in the periodontal pockets to treat periodontitis in an animal model. To
achieve their previous objective, they studied the mechanism between periodontitis and the
increase of the cfDNA level in saliva and human blood. They observed that patients affected
by periodontitis had a cfDNA concentration higher than patients affected by gingivitis or
healthy ones.

Konecna et al. [79] studied the salivary ¢fDNA concentration in 25 periodontopathic
and 29 healthy patients. The results of this study showed that the total salivary ¢fDNA
level in patients with periodontitis was higher than in healthy patients. Despite these
initial results, when the saliva was centrifugated to remove cells, the level of cfDNA in
both groups did not differ. This study has demonstrated that the level of mtDNA in saliva
was higher in patients affected by periodontitis than in the healthy group [79]. This result
underlines mitochondria’s important role in inflammation [99] (Table 1). Another study
showed similar results in patients affected by periodontitis who had high cfDNA levels
in saliva compared to the control group. Furthermore, in this study, the concentration
of all the bacteria in saliva was not correlated with the salivary level of cfDNA in the
periodontopathic patients [100].

It was recently discovered that methylation reaction products on the DNA chain can
be detected in cfDNA. One of these methylation products is the global cytosine methylation
(5 mC) found in breast, colorectal and prostate cancers and used as biomarkers [101].
Han et al. [102] researched the possible mutations of cfDNA that could be used in the
periodontal field. They have researched the global epigenetic DNA present in the salivary
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small extracellular vesicle carrier DNA (sEVs) and in the genomic DNA (gDNA) among
patients affected by gingivitis and periodontitis and healthy controls. The results showed
that sEVs from the saliva of periodontopathic patients possess a significant increase of the
5 mC and m6dA (N6-methyl-2'-deoxyadenosine) methylation compared to the healthy
group. The authors concluded that salivary sEV 5 mC methylation has a high sensitivity for
discerning periodontitis patients from healthy ones [102]. However, further investigations
are necessary on a huge cohort for a better understanding. The research of particular
methylation in the ¢fDNA allowed us to understand from which tissue the cfDNA was
released. Additionally, it was declared that the methylations present on the cfDNA are a
valid method for cancer diagnosis [103,104].

3.3. Evaluation of cfDNA in Serum

As mentioned, it is possible to detect cfDNA in blood. In fact, two preclinical studies
showed increased cfDNA levels in plasma after the injection of Porphyromonas gingivalis
(P. gingivalis) in mice [105,106]. A study by Zhu et al. [5] evaluated the level of cfDNA in the
serum of patients with periodontitis and gingivitis and healthy patients. This study showed
that the cfDNA concentration was higher in the blood of the periodontopathic patients,
while the cfDNA blood level was not different between the patients affected by gingivitis
and the healthy patients. The authors concluded by saying that these results showed
how the degree of inflammation in the periodontal tissue influenced the ¢fDNA blood
concentration [5]. Furthermore, another study obtained similar results by investigating
the cfDNA level in serum between patients affected by periodontitis and healthy patients.
At the end of the study, the periodontopathic patients had a higher level of ¢fDNA in
serum compared to the healthy patients. Additionally, they were the first to prove the
strong correlation between the ¢fDNA level in serum and GCF and the progression of
periodontitis [4]. In a study by Liu et al. [74], mice affected by periodontitis had an
enhanced mtDNA level in serum compared to healthy mice. The same mechanism was
replicated in human gingival fibroblastic culture cells affected by periodontitis in which
the release of mtDNA was seen. Moreover, human gingival fibroblast culture cells without
periodontitis started to release mtDNA when exposed to P. gingivalis [74]. These results
evidenced how mtDNA actively contributes to the development of periodontitis (Table 1).

Most of the studies evaluated biomarkers in saliva, blood and GCF on freezing samples.
For this reason, it is important to underline that plasma freezing causes free DNA liberation
from exosomes [107]. This is an aspect that must also be considered in salivary sampling
because freezing is part of the processes used in many studies.

3.4. Evaluation of cfDNA in Periodontitis and Oral Diseases

Many studies showed that cfDNA plays a central role in the development and progression
of many diseases: for instance, rheumatoid arthritis, atherosclerosis and sepsis [65,108-110].

It can be seen that periodontal cfDNA is present in different biomaterials, such as
serum [111], atherosclerotic plaque [112,113], synovial fluid [114] and intrauterine en-
vironment [115]. This underlines the possible relationship between periodontitis and
systemic disease.

Over the years, different studies have evaluated the link between periodontitis and
arthritis. Both pathologies share common inflammation mechanisms and lead to bone
loss [116]. In a study conducted by Oliveira et al. [117], the cfDNA levels in serum and saliva
were evaluated among different groups of patients: patients affected by initial arthritis with
and without periodontitis, patients affected by prior arthritis with and without periodontitis
and healthy patients. The results of this study showed that patients affected by initial and
prior arthritis associated with periodontitis possessed high levels of cfDNA in saliva and
serum compared to the patients without periodontitis and arthritis. Both pathologies are
characterized by the increase of NET activity, which feeds the chronic inflammation. When
both pathologies coexist in the same patient, the NETs level is overstimulated, and the
cfDNA level in saliva and serum is very high [117].
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In recent decades, numerous studies have focused on the possible correlation between
periodontitis and cardiovascular disease. Periodontitis is one of the main risk factors
for cardiovascular disease [118,119]. According to these studies, bDNA of periodontal
pathogens has been seen in serum and cardiovascular tissue [120]. A study conducted
by Wu et al. [121] evaluated the presence of P. gingivalis DNA in the cfDNA of saliva and
serum between patients affected by acute myocardial infarction (AMI) and patients with-
out coronary heart disease. The authors of this study support the idea that periodontitis
pathogens actively participate in developing atherosclerosis [119]. This study showed that
patients affected by AMI were positive for P. gingivalis DNA in the cfDNA of the serum
withdrawal. Moreover, the positivity with Pg is associated with the severity of coronary
inflammation. Furthermore, there was no statistically significant variation between the
positivity of P. gingivalis in the saliva cfDNA between the group of patients without cardio-
vascular disease and those affected by IMA. The authors concluded that the invasion and
establishment of periodontal pathogens in the endothelial tissues were one of the risk fac-
tors for acute myocardial infarction. Additionally, the presence of Pg in the cardiovascular
tissue increases the host response [121].

In pregnant patients with a predisposition to periodontitis, adverse outcomes were
seen during the pregnancy. This is related to the presence of periodontal pathogens and
the increase of immune stimulus caused by their presence. Different studies have shown
the presence of periodontal pathogens DNA in the plasma of pregnant patients affected by
periodontitis [115].

Diabetes is another disease in which NETs play a crucial role. NETs has an important
role in the physiopathology of diabetes and periodontitis. Hyperglycemia causes the
activation of the NETs mechanism. In a study conducted by Carestia et al. [122], an
increase in the NETosis level was observed in patients affected by diabetes compared to
healthy patients. For this reason, it would be interesting to analyze the cfDNA level in both
pathologies and see how their coexistence impacts the cfDNA level.

4. Strategy to Treat Periodontitis Removing the cfDNA

The discovery related to the presence of cfDNA in periodontitis has opened the
possibility to a new therapy that uses cfDNA as a target, in particular for the treatment of
bone loss [66] and inflammation in periodontitis. In a study conducted by Huang et al. [4],
it was discovered that with the deletion of ¢fDNA in the periodontal pockets, the level
of cfDNA in saliva and serum decreased. Furthermore, the intense relationship between
the high level of cfDNA and elevated alveolar bone destruction was underlined. After
this discovery, Huang et al. [4] formulated particular nanoparticles to remove cfDNA.
These nanoparticles were firstly tested on cell cultures and subsequently on animals. The
nanoparticles give better results when administered locally in the periodontal pockets
instead of systemically. This study showed that the alveolar bone loss in the rats affected
by periodontitis had a reduction. Further studies need to evaluate the efficacy and safety
of these nanoparticles in humans. Despite the interesting results obtained, Huang’s study
was the first and only one that created and tested a new drug that used cfDNA as a target
in periodontitis. The presence of high levels of cfDNA in other inflammatory diseases has
stimulated researchers’ interest in creating drugs against this target. Their results can lead
to future studies about alternative treatments for periodontitis.

Many studies showed that different cation nanoparticles can scavenge cfDNA.
Liu et al. [123] developed nanoparticles to scavenge the increase of cfDNA in sepsis. The
cfDNA-scavenging nanoparticles [20] were composed of cationic polyethyleneimine (PEI),
which was loaded with zeolitic imidazolate framework-8 (PEI-g-ZIF). This nanosystem
was tested in an in vitro model. The results of this study showed a decrease in the cfDNA,
confirming the ability of these nanoparticles to bind and remove cfDNA in plasma [123].
In another study, a copolymer was developed and tested on animals as a new inhibitor of
cfDNA in arthritis. The copolymer was composed of poly-lactic-co-glycolic acid (PLGA)
and poly-2-diethylamino-ethyl methacrylate (PDMA). This copolymer in rats affected by
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arthritis was able to inhibit the TRL9 and scavenge cfDNA in plasma and inflamed joints.
Although this copolymer’s positive results have been shown, it is necessary to carry out
other investigations into its toxicity and efficacy [124]. Similar results were obtained by
Pan et al. [125] during their study. In fact, it was seen that the inhibition of TRL9 allowed
a decrease in periodontal inflammation in rats affected by arthritis [125]. Another study
investigated Hexadimethrine bromide, a cation polymer that has an affinity with mtDNA.
It was seen that this cation polymer allowed a decrease of the inflammatory mediators in
a rat model [126]. Narayan et al. [63] observed that the high level of TRL9 in periodontal
patients influenced periodontal tissue destruction.

The coexistence of cfDNA in the inflammation mechanism of different diseases can
be an alternative target for treating patients affected by periodontitis with and without
other diseases.

5. Conclusions

CfDNA is a physiological biomaterial that has been observed to increase in several
chronic inflammatory diseases, including periodontal disease. CfDNA actively participates
in the pathology’s beginning and progression in periodontitis, favoring the inflammation’s
continuation. The use of saliva and GCF to detect cfDNA are non-invasive methods that
can be used for the future diagnosis and prognosis of periodontitis. The possibility of
synthesizing nanoparticles which can remove ¢cfDNA could be a new strategy to reduce
the inflammation of periodontitis. Despite the promising results obtained about this new
biomarker and new therapeutic targets in periodontitis, further studies are necessary to
develop a reliable, safe and standardized protocol for the detection of cfDNA.
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Abstract: Oral cancer is primarily squamous-cell carcinoma with a 5-year survival rate of approxi-
mately 50%. Lysyl oxidase (LOX) participates in collagen and elastin maturation. The propeptide
of LOX is released as an 18 kDa protein (LOX-PP) in the extracellular environment by procollagen
C-proteinases and has tumor-inhibitory properties. A polymorphism in the propeptide region of LOX
(rs1800449, G473A) results in a single amino acid substitution of GIn for Arg. Here we investigated the
frequency of rs1800449 in OSCC employing TCGA database resources and determined the kinetics
and severity of precancerous oral lesion development in wildtype and corresponding knockin mice
after exposure to 4-nitroquinoline oxide (4 NQO) in drinking water. Data show that the OSCC is
more common in humans carrying the variant compared to the wildtype. Knockin mice are more
susceptible to lesion development. The immunohistochemistry of LOX in mouse tissues and in vitro
studies point to a negative feedback pathway of wildtype LOX-PP on LOX expression that is deficient
in knockin mice. Data further demonstrate modulations of T cell phenotype in knockin mice toward
a more tumor-permissive condition. Data provide initial evidence for rs1800449 as an oral cancer
susceptibility biomarker and point to opportunities to better understand the functional mechanism
of LOX-PP cancer inhibitory activity.

Keywords: oral cancer; polymorphism; lysyl oxidase; human; mouse model; 4 NQO; extracellular
matrix; tumor suppressor; pathogenesis

1. Introduction

Lysyl oxidase (LOX) catalyzes the final enzyme reaction required for the subsequent
crosslinking of elastin and collagen to promote extracellular matrix maturation [1]. LOX is
synthesized and secreted as a 50 kDa proenzyme (Pro-LOX), which is cleaved extracellu-
larly to a 30 kDa active LOX enzyme and an 18 kDa lysyl oxidase propeptide (LOX-PP) by
procollagen C-proteinases [2]. Interestingly, LOX enzyme activity promotes tumor inva-
siveness and metastasis by modulating the extracellular matrix surrounding the tumor and
actively simulating the formation of metastatic niches [3], while LOX-PP has tumor-growth
inhibitory properties [4,5]. The highly disordered LOX-PP protein has multiple binding
partners and several mechanisms of action [6]. LOX-PP inhibits several signaling pathways,
including RAS, FGF-2, and FAK signaling. Additionally, LOX-PP targets DNA-repair
pathways [4,5,7]. LOX-PP inhibits breast, pancreatic, prostate, and lung cancer, and hepa-
tocellular carcinoma cell growth [5,8-10]. Furthermore, LOX-PP overexpression inhibits
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the formation of breast and prostate xenograft tumors [7,11]. By contrast, increased LOX
enzyme activity derived from LOX or other LOX gene family members, such as LOXL2,
promotes cancer and is associated with poor clinical outcomes.

A single-nucleotide polymorphism (SNP) in the LOX gene G473A results in an arginine
(Arg) 158 substitution by glutamine (Gln) in a highly conserved region of the LOX-PP
sequence. The 473A allele of the LOX gene in European, Asian, Sub-Saharan African,
and African American populations in the HapMap database was previously found at an
average frequency of 24.6%. This naturally occurring G473A polymorphism (rs1800449)
appears to attenuate the ability of LOX-PP to function as a tumor suppressor [12]. The
SNP was reported to associate with higher breast-cancer risk in European women [13]
and African American women carrying this allele have a higher risk for triple-negative
breast cancer [12]. It also correlates with breast cancer and ovarian cancer in the Chinese
Han population [14,15]. In another study, the G473A polymorphism was associated with a
higher risk of lung and colon cancer in cigarette smokers in a North Chinese population [16].
These data show an important role of the LOX G473A polymorphism in the development
of solid cancers. However, the effect of this polymorphism on the occurrence of oral cancer
remains unknown.

Oral squamous-cell carcinoma (OSCC) represents over 90% of oral cavity cancers [17,18].
Despite modern treatments including surgery, radiotherapy, and chemotherapy, and treat-
ment with novel biologics, the five-year survival rate is approximately 50%. The poor
prognosis of OSCC is mostly due to the late diagnosis of the disease after it reaches ad-
vanced stages [19]. In addition to gene mutations, OSCC has strong associations with
environmental factors such as alcohol and tobacco abuse and human papillomavirus in-
fections (HPV16-18) [17,18]. The genetic susceptibility of OSCC is still largely undefined
because of the multifactorial nature of OSCC. The present study determined whether
the G473A polymorphism results in increased oral lesion development in a chemically
induced oral-cancer mouse model. In this study, we analyzed the association of the single
nucleotide polymorphism at G473A (rs1800449) within the LOX propeptide in the incidence
of human tongue OSCC using available TCGA data. For independent confirmation, we
employed the homozygous knockin mouse that corresponds to the polymorphic human
Arg/GIn polymorphism at residue 158 [20], which corresponds to residue 152 in mice.
Here, we investigated the susceptibility of these mice to the DNA adduct-forming agent,
4-nitroquinoline-1 oxide (4 NQO), which is a major mutagen in tobacco smoke, according
to established protocols for studying oral cancer [21]. The 4 NQO mouse protocol recapitu-
lates human oral squamous-cell cancer development from the normal tongue epithelium
and progresses through dysplastic lesions that ultimately develop into OSCC and is well
suited to assess for susceptibility differences between wildtype and genetically modified
mice such as our Arg to GIn LOX-PP knockin mice compared to wildtype.

Our analyses of the TCGA database indicate a significant association of OSCC with
rs1800449 human polymorphism. Supporting this, we found that knockin mice are much
more susceptible to oral lesion development with poor outcomes compared to wildtype
mice. LOX was strongly upregulated in knockin 4 NQO-treated mouse lesions compared
to wildtype, suggesting that LOX expression is downregulated by Arg LOX-PP but not
GIn LOX-PP. Our in vitro studies further support that wildtype LOX-PP (Arg LOX-PP)
inhibits LOX expression in an oral-tumor cell line, while mutant LOX-PP (GIn LOX-PP) has
a reduced inhibitory effect. Our findings point to a novel unexpected feedback mechanism
for wildtype LOX-PP suppression of LOX production that is disrupted by the variant. Since
active LOX enzyme levels are strongly associated with poor clinical outcomes, our data
provide at least one possible pathway for the observed poor cancer outcomes associated
with rs1800449 polymorphism. Preliminary evidence for differential heightened immune
suppression in knockin mice is also presented.
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2. Results
2.1. Increased Human Oral-Cancer Incidence in rs1800449 Polymorphic-Variant Subjects

Analyses of the genomic-sequence data sets associated with non-specified oral sites
and tongue squamous-cell neoplasms (TCGA-HNSC) retrieved from the GDC port revealed
that the frequency of the LOX-PP rs1800449 polymorphism in oral-cancer patients (26.92%)
is significantly higher compared to the frequency of rs1800449 in both the American
population (17.57%) p = 0.0288 and the global (16.98%) p = 0.0117 population data incidence
of oral cancer in patients, according to the NIH HapMap (a haplotype map) of the human
genome data set (Figure 1). The data suggest that there is a strong association between
LOX-PP polymorphism and the development of oral cancer.
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Figure 1. High frequency of 151800449 (LOX-PP R158Q polymorphism) in OSCC. Chi-square tests:
(A) p =0.0288; n = 156 for cancer patients, and n = 770 for G > A allele frequency (NIH HapMap
haplotype map) of the American population. (B) p = 0.0117; n = 156 for cancer patients, and n = 1890
for G > A allele frequency (NIH HapMap haplotype map) of the data set from the human global
population. * p < 0.05.

2.2. Increased Lesion Occurrence in Arg to Gln LOX-PP Knockin Mice

Four-month-old LOX-PP knockin mice (Pro-LOX GIn152/GIn152), whose sequence
mimics human rs1800449 G473A polymorphism, and wildtype control mice (Pro-LOX
Arg152/Argl152) [20] (Figure 2) were randomly given either vehicle or 4 NQO in their
drinking water for 16 weeks. All animal cages were reverted to 4 NQO-free drinking water
and the mice were monitored for an additional week (Figure 3).

RtoQin 2

rs1800449 N-terminus of

variantin e

Pro-LOX Lix
Homo sapiens 151 VPALSNLRPPSRVD--GMVGDDPYNPYKYSDDNPYYNYYDTYERPRPGGR
Rattus norvegicus 145 PPQLSNLRPPSHVD--RMVGDDPYNPYKYSDDNPYYNYYDTYERPRSGSR
Mus musculus 145 PPQLSNLRPPSHID--RMVGDDPYNPYKYSDDNPYYNYYDTYERPRPGSR
Bos taurus 150 VPTLSNLRPPNRVDVDGMVGDDPYNPYKYTDDNPYYNYYDTYERPRPGSR

Figure 2. Conserved sequence around human residue R158 in pro-LOX, which when mutated
to R158Q compromises LOX-PP tumor-suppressor function. Only the partial C-terminal end of
the 14 kDa LOX-PP sequence plus the first few residues of mature LOX domains are shown. The
procollagen-C proteinase processing site of pro-LOX that separates LOX-PP from active mature LOX
is shown in green. Yellow highlights indicate conserved amino acid sequences.
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Knockin Mice (LOX R152Q) | |Wildtype Mice (R152)

Vehicle (no 4 NQO) | 4 NQO | |4 NQO 16 Weeks
Water ( no 4 NQO)
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Figure 3. Experimental design.

A total of thirteen Arg to GIn LOX-PP knockin mice and seven wildtype mice were
employed. Eight of the knockin mice were treated with 4 NQO and five of them were
treated with vehicle. All of the wildtype mice were treated with 4 NQO. It was observed
that in the Gln LOX-PP knockin group, the number of mice that developed tongue lesions
was significantly higher following the 4 NQO treatment than in the wildtype group treated
with 4 NQO at 17 weeks (Table 1). The mice in the LOX-PP knockin group treated with
4 NQO developed lesions with a higher incidence and faster development compared to WT
mice treated with 4 NQO (Figure 4). One mouse in the LOX-PP knockin group treated with
NQO developed a lesion on the floor of the mouth in the 12th week after treatment with
4 NQO and died two weeks later. Lesions developed in two LOX-PP knockin mice after
the 16th week and three LOX-PP knockin mice after the 17th week of initiation of 4 NQO
treatment developed cancer lesions on their tongues. Only one mouse in the wildtype
group treated with 4 NQO developed tongue lesions by the 17th week. In total, six out of
eight mice (75%) in the LOX-PP knockin group treated with 4 NQO developed oral cancer,
while only one mouse out of seven (14%) in the 4 NQO-treated wildtype group developed
tongue tumors. A chi-square test (3X2 analysis) indicated a significant number of mice
with lesions in the Gln LOX-PP knockin group treated with 4 NQO compared to other
experimental groups (Table 1) (p = 0.008). Fisher’s exact test (2X2 analysis) between knockin
mice treated with 4 NQO vs. wildtype (Arg LOX-PP) treated with 4 NQO indicated that the
incidence of cancer in the GIn LOX-PP knockin mice treated with 4 NQO is more significant
compared to the mice treated with 4 NQO (p < 0.05). Fisher’s exact test (2X2 analysis)
illustrated a remarkably high incidence of lesions in the GIn LOX-PP knockin mice treated
with 4 NQO vs. GIn LOX-PP knockin mice treated with water (p < 0.05). At the final time
point of this experiment, there was no significant statistical difference for the oral lesion
incidence between knockin mice given plain water only and wildtype mice treated with
4 NQO (p > 0.05). In the latter group, only one mouse developed a visible tongue lesion.
The mice in the knockin group exhibited a greater increase in tongue volumes compared to
wildtype after 4 NQO treatment (p < 0.05) (Figure 4). These results suggest that LOX-PP
polymorphism reduced the ability of LOX-PP to suppress tumor formation in the presence
of 4 NQO.
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Table 1. Tumor Incidence Among Knockin Mice and Wildtype Mice Treated with 4 NQO.

LOX-PP Knock-in

Grou Wild Type Group LOX-PP Knock-in
P Treated with Group Treated with
Treated with
4NQO 4NQO Water
8 Mice) (7 Mice) (5 Mice)
12th Week 1 0 0
16th Week 2 0 0
17th Week 3 1 0
Total 6 (75%) * 1 (14%) 0

Chi-Square test (3X2 analysis) was performed and indicated significant number of mice with oral cancer in
LOX-PP knock-in group treated with 4-NQO compared to other experimental groups (p = 0.008). Fisher’s exact
test (2X2 analysis) KIPP with 4 NQO vs. WT with 4 NQO, * p < 0.05 indicates that LOX-PP knock-in mice treated
with 4-NQO have more incidence of cancer than wild type mice treated with 4-NQO.
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Figure 4. Tongue volume measurements in experimental mice. (A) tongue volumes; (B) epithelial
thickness. Wildtype mice (WT); knockin mice (KIPP). The error bars indicate +/— SD. Two-way
ANOVA, p < 0.05, Tukey’s multiple comparison test, * p < 0.05, ** p < 0.001, *** p < 0.0001 indicate
that the mice in the knockin group developed larger volumes of tongues compared to wildtype after
4 NQO treatment.

2.3. Histopathology of the Tongue Lesions

Histology sections stained with hematoxylin and eosin of the tongue lesions that
developed in both knockin and wildtype mice treated with 4 NQO exhibited similar
features of excess squamous cell accumulation, many of which exhibited a loss of close
cell-to-cell contacts (red arrows in Figure 5). Specifically, atypical papillary exophytic
squamous lesions were observed, some with focal dysplasia. Some cells appeared to be
hyperchromatic and there was cellular discohesion with cells exhibiting increased nuclear-
to-cytoplasmic ratios. Epithelial hyperplasia was also observed adjacent to the papillary
outgrowths. Basal-cell hyperplasia and dysmaturation were observed. This abnormal
phenotype was more apparent in the knockin mice (Figure 5). The overall finding from
histopathology is that the knockin mice develop lesions characterized by an atypical
pappilary exophytic squamous proliferation and general epithelial hyperplasia. Analyses
of epithelial thickness showed clear generalized acanthosis in 4 NQO-treated mice with
the greatest thickness observed in the 4 NQO-treated knockin mice (Figures 4B and 5).
These findings are consistent with dysplastic lesions developing in 4 NQO, both wildtype
and knockin mice, with knockin mice showing a stronger phenotype, while untreated
knockin mice exhibited a normal morphology. Only one wildtype mouse treated with
4 NQO developed a papillary exophytic squamous proliferation, in sharp contrast to the
4 NQO-treated knockin mice (Table 1 and Figure 5).
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Figure 5. Hematoxylin and eosin staining of mouse tongues show dysplastic lesions generated in
4 NQO-treated especially in knockin mice with an attenuated response in the one wildtype mouse that
developed a papillary lesion. Black arrows show lesion formation. Red arrows show hyperchromatic
discohesive cells with increased nuclear to cytoplasmic ratios and white arrows show cohesive
epithelial cells. Boxes outline areas shown at higher magnification. Images are representative of
4 mice per group subjected to histology and immunohistochemistry.

Proliferating cell nuclear antigen (PCNA) is a marker of cell proliferation. Immuno-
histochemistry for PCNA in vehicle-treated knockin mice exhibited normal strong nuclear
expression in basal epithelial cells (Figure 6, top panels). By contrast, in 4 NQO treated
knockin mice, strong nuclear staining was observed in fibroblasts in the connective tissue
layer, consistent with dysplasia (Figure 6, middle panels, red arrows). Interestingly, in
wildtype mice treated with 4 NQO, PCNA staining was not observed in fibroblasts, but
rather in the refractile suprabasal epithelial cells in the papillary lesion, and adjacent to the
papillary lesion in basal and suprabasal cells, suggesting elevated epithelial cell prolifer-
ation without as large a development of a stromal dysplastic reaction (Figure 6, bottom
panels, blue arrows).

40X Objective 64X Objective

200 Microns. 80 Microns

Knockin mouse
+ vehicle
(no 4 NQO)

200 microns

Knockin mouse
+4NQO

200 microns

Wildtype mouse
+4NQO

"o

Figure 6. Differential PCNA expressions in mouse groups. Knockin mice treated with vehicle exhibit
normal basal epithelial expression of PCNA (top panels), while 4 NQO treated mice exhibit lesions
with connective-tissue stromal cell expression (middle panels, red arrows), while wildtype mice
treated with 4 NQO exhibit suprabasal and basal epithelial staining (bottom panels, blue arrows). The
boxes identify regions shown at higher magnification in the right columns. Images are representative
of 4 mice per group subjected to histology and immunohistochemistry.

178



Int. J. Mol. Sci. 2023, 24, 9407

Lysyl oxidase is secreted as a pro-protein, and expression is typically found both inside
cells and cell associated. In samples from vehicle-treated knockin mice, a typical normal
staining pattern of expression associated with the basal epithelium was observed, consistent
with its function in maintaining the integrity of the basal lamina (Figure 7, top panels,
back arrows). Spinous epithelial staining was also observed. In 4 NQO-treated knockin
mice staining for lysyl oxidase revealed a high degree of staining in fibroblasts in the
stromal compartment and an apparent disorganized arrangement of cells (Figure 7, middle
panels, red arrows), consistent with a strong dysplastic phenotype and profibrotic activities
of LOX. In addition, a high degree of epithelial cell staining was observed primarily in
suprabasal cells and spinous epithelial regions. Interestingly, in 4 NQO treated wildtype
mice, epithelial cell staining was weaker and primarily associated with cells that appeared
to have intact cell-cell interactions, and not the more fractile epithelial cells in the papillary
lesions (Figure 7, middle panel, blue arrows). Wildtype mice treated with 4 NQO had weak
staining for lysyl oxidase in and around basal epithelial cells and the connective tissue
interface, unlike knockin mice (Figure 7, bottom panels, white arrows). This finding further
supports the highly dysplastic nature of the knockin lesions compared to wildtype. In
wildtype mice, staining was mainly observed in the suprabasal epithelial regions and little
in the connective tissue. (Figure 7, bottom panels, white arrows).

Mouse Group and Treatment 40X Objective 64 X Objective

Knockin mouse,
+ Vehicle
(no 4 NQO)

Knockin mouse,
+ 4 NQO

Wildtype mouse,
+4 NQO

Figure 7. LOX expression is differentially regulated in knockin mice. Samples from knockin mice
treated with vehicle show normal low expression of LOX in the basal epithelium (top panel, black
arrows), and spinous epithelium. Knockin mice treated with 4 NQO exhibit strong staining in
fibroblasts (middle panels, red arrows) and in the suprabasal epithelial cells (middle panel, blue
arrows). Wildtype mice express LOX primarily in suprabasal cells (bottom panels, white arrows) with
observable staining in basal epithelial cells. The boxes identify regions shown at higher magnification
in the right column. Images are representative of 4 mice per group subjected to histology and
immunohistochemistry.

The findings in Figure 7 suggested that wildtype Arg LOX-PP could inhibit the ex-
pression of LOX via negative feedback that is attenuated in Arg > Gln substitution in
the pro-peptide domain. To investigate this possibility, we treated cultures of the mouse
oral-cancer cell line LY2 with recombinant wild with vehicle type rat Arg LOX-PP or Gln
LOX-PP overnight in serum-free medium followed by a Western blot of three cultures each.
Data in Figure 8 shows that 50 kDa pro-LOX bands were diminished in Arg LOX-PP-treated
cells, while this response was weaker in Gln LOX-PP treated cells.
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Figure 8. G152A polymorphism of LOX-PP attenuated the negative feedback inhibitory effect on
LOX expression. Western blot of LY2 cell layers after treatment with 8 pg/mL rArg LOX-PP or
rGIn-LOXPP.

To begin to assess immune cell differences in knockin vs. wildtype mice, we assessed
selected immune-marker expression patterns at the borders of lesions in histologic sec-
tions. Specifically, we compared T cell PD-L1/PD-1 expressions in cancer lesions between
wildtype mice and knockin mice and CD4*/~ and CD8"/~ T cell expression. Immunoflu-
orescent staining of 4 NQO tumor lesions indicated that a significant increase in PD-L1
production was observed in the lesions of knockin GIn LOX-PP mice compared to wildtype
Arg LOX-PP mice, and this production was not by CD4* T cells. Cancer-cell-associated
PD-1-expressing CD4* T cells were relatively high in knockin GIn LOX-PP mice, whereas
PD-1-expressing CD8* T cells were decreased in knockin Gln LOX-PP mice compared to
wildtype Arg LOX-PP mice. However, PD-L1-expressing CD8" T cells were relatively high
in wildtype Arg LOX-PP mice (Figure 9). These results suggest that wildtype Arg LOX-PP,
compared to Gln LOX-PP, could differentially modulate immune T cell PD-L1 and PD-1
expression in OSCC toward a more tumor-suppressive environment.
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Figure 9. Differential expression of T cell immune checkpoint PD-L1 and PD-1 in tongue SCC lesions
in wildtype (WT) Arg LOX-PP mice and knockin GIn LOX-PP (KIPP) mice. FFPE sections of 4 NQO-
induced lesions or controls were stained with PD-L1, PD-1, CD4, and CD8 antibodies, and the images
were captured by the EVOS M5000 system. (A) The representative images of CD4*PD-L1*, CD4*PD-
1%, CD8PD-1%, and CD8*PD-L1* cells in each group. White arrows showed double-positive cells.
(B-E) The numbers of double-positive cells were quantified by Image] and normalized in cells/mm?.
Statistical analysis was first calculated by ANOVA and then an unpaired t-test was used to calculate
the statistical difference between the Arg LOX-PP and GIn LOX-PP groups. The significance (p-value)
is defined as * p < 0.05, ** p < 0.01, and ns p > 0.05. Scale bar, 150 um.
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Taken together, the data presented here from the mouse study indicate that LOX-PP
knockin mice are more susceptible to oral cancer development than wildtype mice. In vivo
and in vitro data in mice and mouse cancer cells suggest a feedback pathway in which
GIn LOX-PP has lost the ability to inhibit LOX expression, while wildtype Arg LOX-PP
maintains a more normal LOX expression in a negative feedback pathway. Moreover,
differential immune modulation by Arg LOX-PP vs. variant Gln LOX-PP is further implied
by our findings. Combined with increased OSCC associated with the LOX polymorphism
in humans, data point to an important role for LOX-PP in oral-tissue homeostasis with
relevance to the incidence of oral cancer that must be further explored.

3. Discussion

OSCC is one of the most prevalent cancers in the world with poor clinical outcomes and
a high recurrence rate [22,23]. Despite modern treatment methods such as chemotherapy,
radiotherapy, surgery, and biologics, the overall 5-year survival rate is only 50%, which is
mostly due to the late diagnosis of the disease [19]. Several risk factors, including tobacco
and alcohol consumption, promote the development of oral cancer [24]; however, the role
of genetic factors, including polymorphisms of genes important to OSCC development
and progression, is unclear. The LOX family proteins are known as extracellular enzymes
that are critical in the biosynthetic maturation of collagen and elastin [25]. However, LOXs
were found to be highly expressed in a variety of cancers, resulting in the formation of
aggressive tumors, reduced survival rate, and increased metastasis in breast, prostate,
colon, and lung cancers [3,26-28]. By contrast, the propeptide domain of LOX (LOX-
PP) derived from the pro-LOX has been shown to inhibit breast, pancreatic, lung, and
prostate cancers [5,9,12,20]. LOX-PP polymorphism G473A (rs1800449) results in a change
in amino acid residue 158 from Arg to Gln in humans and was shown to result in enhanced
breast cancer development [20]. Here, we analyzed for the first time genomic oral-cancer
data from the TCGA database, which mainly represents the U.S data [29,30], and found
that the frequency of G > A of G473A is indeed significantly higher in OSCC patients
(26.92%) compared to G > A allele frequency (17.57%) in American populations, according
to the HapMap human genome project dataset (p = 0.0288). The frequency of rs1800449
polymorphism was even more significant (p = 0.0117) when genomic cancer data were
compared with the global population (16.98%). These data strongly suggest that LOX-PP
G473A polymorphism is associated with an increased incidence of oral cancer in patients.

To examine the role of LOX-PP polymorphism in the incidence and progress of oral
cancer, Gln LOX-PP knockin mice (R152Q), which mimic human G473A and have the
same Arg > GIn substitution in the propeptide domain, were employed. Oral cancer was
chemically induced with 4 NQO in LOX-PP knockin and WT mice. Carcinogen 4 NQO
induction of oral cancer in mice has been shown previously as a useful animal model for
the study of oral cancer in both male and female mice [31]. The incidence of oral lesions in
tongues was observed at a much higher rate (p < 0.05) in the GIn LOX-PP knockin group
compared to WT mice with the same treatment. No statistically significant differences
for lesion detection were observed between knockin mice treated with plain water and
WT mice given 4 NQO (p > 0.05) under the conditions of the time of treatment in this
experiment, as expected. Taken together, these results suggest an important role of the
LOX-PP polymorphism in the biogenesis of oral lesions in the presence of the carcinogen
4 NQO. Consistent with our previous data, and data by others, the LOX-PP polymorphism
was here demonstrated as a potential biomarker associated for OSCC.

Lesions developed under the conditions of the current study were determined by a
pathologist to exhibit severe dysplasia in the 4 NQO-treated knockin mice, with milder
dysplasia developing in the 4 NQO-treated wildtype mice. The 4 NQO model progresses
first to hyperplasia, dysplasia, and, finally, to full-blown OSCC, and accurately mimics
the development of human oral cancer [21]. For full OSCC development, wild mice must
be maintained for 25 weeks [21], while our experimental design here sought to observe
lesion development at an earlier time point to assess differences in the relatively early
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development of these oral lesions. Data suggest an accelerated developmental program
that promotes early dysplasia development, and likely the early development of OSCC.

Immune modulations in the context of LOX and cancer so far have been primarily doc-
umenting elevated expression levels of increased LOX enzyme activity and its relationships
to increased tissue stiffness due to increased collagen cross-linking and fibrosis [32-34].
Immune-cell phenotype has been implicated in these studies as a driving force in regu-
lating cancer development and possibly LOX expression. We are, therefore, developing
hypotheses regarding mechanisms of differential modulation of immune-cell phenotypes
by wildtype and variant rLOX-PP on immune-cell phenotypes. Here, we wished to begin
to assess in vivo whether such modulation could occur. We have provided initial findings
that point to a link between the LOX polymorphic variant in the enzymatically inactive
propeptide region and increased cancer susceptibility and worse outcomes. At least two
mechanisms can be envisioned. One, as we have discussed above, is the loss of a feedback
inhibition pathway on LOX itself. Another is that LOX-PP or secreted pro-LOX that con-
tains the LOX-PP sequence secreted from tumor cells and associated stromal cells could
have unexplored direct interactions and regulatory functions with immune cells in the
microenvironment implicated by our data taken together in Figures 7-9. These possibilities
are under investigation in our laboratories and are focused on the effects of LOX-PPs on
cells in the microenvironment.

Previous studies revealed that LOX-PP, but not LOX, inhibits the Ras-transformed
NIH3T3 fibroblast cell line [4]. It was shown that LOX-PP attenuates Her-2/neu-driven
tumor development in a nude-mice breast-cancer model, via suppressing the ERK1/2,
AKT, and NF-kB signaling pathways [35]. Adenoviral vector-induced LOX-PP expression
reduced cell migration and suppressed angiogenic factors MMP2 and MMP9 [10]. Iden-
tification of LOX-PP polymorphism with reduced antitumor activity in several cancers
may open the venue to understand the role of Arg158 in the antitumor activity of LOX-PP
which is diminished in the mutant GIn158 variant. Of note, it was shown that MMP2
can cleave pro-LOX immediately adjacent to Argl58 in the most predominant form of
pro-LOX, but this cleavage occurs before GIn158 in a less common form of pro-LOX [36-38].
One possibility is that GIn158 could be resistant to MMP2 proteolytic cleavage at residue
158 which then may alter the activity or substrate specificity of pro-LOX in favor of more
BMP1/procollagen C-proteinase cleavage at residue 158, resulting in the formation of active
LOX, which is well-known to be upregulated in a variety of cancers [39,40]. Therefore, it
is possible that LOX and Arg LOX-PP play opposing effects in tumor development and
metastasis by this or another still unexplored mechanism. Consistently, our data presented
here indicate that overexpression of LOX occurs in connective-tissue cells adjacent to the
basement membrane in GIn LOX-PP knockin mice but not in control groups (Figure 7), pro-
moting dysplasia in the knockin mice by failing to block inhibitory pathways in fibroblasts.
These findings strongly suggest that wildtype Arg LOX-PP inhibits the expression of LOX
which is attenuated in the GIn LOX-PP variant. By conducting the LY2 cell-culture model
of oral cancer and treating cells with Arg LOX-PP or GIn LOX-PP recombinant protein,
the more pro-LOX protein was observed to be expressed following GIn LOX-PP treatment,
while less was expressed after wildtype Arg LOX-PP treatment (Figure 8). This observation
is fully consistent with our in vivo findings.

In summary, our in silico and in vivo data indicate that the LOX-PP polymorphism
results in increased incidence and severity of oral cancer development. The mouse and
cell-culture data strongly suggest a loss of naturally occurring inhibitory activity of the
GIn LOX-PP variant compared to wildtype Arg LOX-PP which ultimately results in the
elevation of LOX production and tumor development (Figure 10). Our findings indicate
that LOX-PP G473A polymorphism could be an important biological marker with a strong
association with the oral-cancer phenotype and may open new avenues for future studies
and therapeutic approaches.
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Figure 10. Summary and hypotheses regarding differences in activity between wildtype Arg LOX-PP
and variant GIn LOX-PP in OSCC tissues. While Arg LOX-PP can inhibit LOX production through a
negative feedback mechanism variant (left cartoon and Figure 8), GIn LOX-PP loses this inhibitory
effect. This ultimately results in more secretion of LOX from oral lesions in ECM and progressing
tumor formation (right cartoon). Additional differential effects of Gln LOX-PP occur on T cells in
the microenvironment are suggested by high CD4*PD1" and high CD4"PDL1* T in the knockin
mice (right cartoon and Figure 9), which could lead to enhanced immunosuppression. Created with
BioRender.com.

4. Materials and Methods
4.1. LOX G473A Polymorphism in Oral-Cancer Patients

The NCI Genomic Data Commons (GDC) portal was used to access The Cancer
Genome Atlas (TCGA) program. Genomic sequences from 157 male and female patients
diagnosed with tongue squamous-cell neoplasms and unspecified parts of the tongue
(TCGA-HNSC project) were downloaded from the TCGA database, specifically dbGap
Study Accession phs000178 [29]. The genome sequences (.BAM files) were selected and
sliced to include the region of interest of the lysyl oxidase gene on chromosome 5 between
122,070,800-122,078,200 bp locus, release (GRCh38.p13). To view the SNP sequences, index
files (.BAI files) were constructed for all associated BAM files using an open-source software
gene pattern (Broad Institute, MIT, Cambridge, MA, USA and University of California,
USA). The rs1800449 (LOX-PP R158Q polymorphism) sequences [41] were analyzed for
the point mutation (sequence C > T and reference sequence G > A) at 122.077.513 bp site
which is located at a highly conserved region of LOX-PP (Figure 2) by employing the
open-source Integrative Genomics Viewer (IGV) software, version 2.12.3 (Broad Institute,
MIT, Cambridge, MA, USA and University of California, USA). TCGA datasets are pri-
marily collected from U.S. institutions [29,30]. Analyzed data were, therefore, compared
to allele frequency of rs1800449 data from the NIH HapMap (a haplotype map) of the
human genome data set from the American population. TCGA is recognized as the only
comprehensive cancer genomic database. Therefore, in a separate analysis, TCGA data
was also compared to the global frequency of rs1800449 according to NIH HapMap [41].
Chi-square statistical analysis was performed, and the p values were determined using
GraphPad Prism 9.5.1, Clarivate, Philadelphia, PA, USA.
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4.2. Animals Study and 4 NQO Treatment

Animal protocols were reviewed and approved by the Boston University Medical
Center Institutional Animal Care and Use Committee (IACUC). Homozygous LOX knockin
mice in the C57BL/6 background were generated in the LOX gene (Arg152GIn change), as
we described previously [20].

Thirteen knockin mice and seven wildtype mice beginning at 4 months old were
used in this study. Male and female mice were analyzed together. The 4-Nitroquinoline-
1-oxide (4 NQO) was obtained from Sigma-Aldrich (catalog # N8141) and was dissolved
in propylene glycol (W294004, Sigma-Aldrich) at a concentration of 4 mg/mL and stored
at 4 °C. Then, the solution of 4 NQO was added to red opaque sterilized water bottles
for mice containing drinking water to obtain a final concentration of 100 pg/mL. This
concentration of 4 NQO restricts lesion development to the tongue and oral cavity in both
male and female mice that experience primary contact with the mutagen [31]. The water
was changed once a week during the 16 weeks of the 4 NQO treatment. Regular chow
and soft diet gel containing nutrients (Diet Gel76A, ClearH20, Westbrook, ME, USA) were
provided for the mice throughout the experimental period. Mice were monitored for food
consumption and weight loss.

Animals were euthanized by isoflurane inhalation, followed by cervical dislocation
on the 17th week after initiation of treatment with NQO. The oral cavity, esophagus, and
stomach were assessed for any pathological lesions or tumors. Tongues were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned into 5-pum sections for histology
and immunohistochemistry.

4.3. Histology and Immunohistochemistry

Sections were deparaffinized, rehydrated, and stained with H&E for histopathology.
Sections were stained overnight with the following primary antibodies; PCNA (dilution,
1:500, #ab92552, Abcam, Wlatham, MA, USA), and LOX antibody at 1 pg/mL [42]. The
slides were incubated with a secondary biotinylated goat antirabbit immunoglobulin an-
tibody, as recommended by the manufacturer (Vector Laboratories, Newark, CA, USA).
Control slides were generated by incubating the sections with rabbit IgG (Vector Laborato-
ries) instead of primary antibody and showed no staining at the same IgG concentrations.
The slides were developed with 3, 3-diaminobenzidine (DAB Peroxidase substrate kit,
Vector Laboratories, Inc.). Images were captured on a digital slide scanner and processed
using CaseViewer 2.3 software (3D Histotech, Budapest, Hungary).

The epithelium thickness of the tongues was measured In 4 mice per group (10
measurements per mouse). The epithelium thickness was measured at intervals from
the top to the base of the epithelium layer and from the top of the tongue towards the
middle every 0.5 mm, overall, 4.5 mm in length. Data for each individual mouse were then
averaged to produce the final thickness data point for each mouse.

Sections were subjected to immunofluorescence staining to detect the phenotype of
T cells and the expression of PD-1 and PD-L1. FITC anti-mouse CD4 (dilution, 1:500,
catalogue #100406, Biolegend, San Diego, CA, USA)), Alexa Fluor 488 antimouse CD8§ (dilu-
tion, 1:500, catalogue #126628, Biolegend, San Diego, CA, USA), antimouse PD-1 (dilution,
1:500, #135202, Biolegend, San Diego, CA, USA), and antimouse PD-L1 (dilution, 1:500,
#124302, Biolegend, San Diego, CA, USA) antibodies were incubated with tissue sections
overnight at 4 °C, then incubated with Alexa Fluor 647 anti-rat antibody (dilution, 1:500,
#407512, Biolegend, San Diego, CA, USA) for 1 h. Sections were counterstained with DAPI
for cell-nucleus staining. Images were captured and recorded by EVOS M5000 Imaging
System (Invitrogen, Carlsbad, CA, USA). Subsequent image analysis was performed using
Image] software (Version, 1.53t). Briefly, the double-positive areas of Alexa Fluor 647 and
FITC were selected and counted in each region of interest (ROI), which is the subepithelial
connective tissue area adjacent to the squamous cancerous lesion. After measuring the

area of the ROI, the number of positive cells was presented as cells/mm?, according to the
defined ROL.
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4.4. Cell Culture and Western Blots

To examine the effects of mutant and wildtype LOX-PP on LOX expression, mouse
oral-cancer cell line, LY2 cells [43] were cultured and, at confluency, cells were treated
overnight in serum-free medium with 8 pug/mL recombinant wildtype rat Arg LOX-PP or
GIn-LOX-PP. Cell layers were extracted into a 5X SDSPAGE sample buffer. Equal amounts
of proteins were applied to 10% SDS PAGE gels and transferred to PVDF membranes
at 66 mA overnight. Membranes were washed in TBS-T (20 mM Tris, 150 mM NaCl,
and 0.01% Tween-20) and then blocked for an hour in 5% nonfat dry milk in TBS-T and
incubated with primary antibody overnight at 4 °C. Antibodies employed were rabbit
anti-LOX (NSJ BioReagents #32045, San Diego, CA, USA), or rabbit mAb (-actin (Cell
Signaling, catalogue #4970, Danvers, MA USA). Membranes were washed in TBST 3
times for 10 min and were incubated with antirabbit IgG, HRP-linked antibody (#7074,
Cell Signaling, San Diego, CA, USA) for 2 h at room temperature. HyGlo Quick spray
(Denville Scientific, catalogue #1001354, Holliston, MA, USA) or SuperSignal™ West Femto
Maximum Sensitivity Substrate (#34095, Thermo Fisher Scientific, Waltham, MA, USA)
were used to visualize the signals using a chemiluminescence detector (G:BOX, Syngene,
Bangalore, India). Using Image]J software, version 1.53t, the band intensity of proteins
was analyzed from three independent samples/group and normalized to their respective
[-actin signals after stripping and reprobing.

4.5. Statistical Analysis

The chi-square test, Fisher’s exact test, one-way ANOVA, two-way ANOVA, and post
hoc tests were performed using Graphpad Prism (version 9.5.1 for windows, GraphPad
Software, San Diego, CA, USA). Significance was considered when p < 0.05. In the graphs,
asterisks on bars are representative of significant differences between the indicated columns
compared to the control.
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Abstract: TP53 mutation is associated with cancer progression. Novel strategies to reboot p53 are
required to stabilize the disease and improve survival. This randomized placebo-controlled trial
investigated safety and efficacy of Nutri-PEITC Jelly (a texture-modified nutritious diet fortified with
-phenethyl isothiocyanate (PEITC) on oral cancer. Seventy-two patients with advanced-staged oral
or oropharyngeal cancer were randomly assigned to study and control groups, who consumed 200 g
of Nutri-Jelly with and without 20 mg of PEITC, respectively, 5 days/week for 12 weeks. Outcomes,
including adverse events, health-related quality of life (HRQOL), progression-free survival (PFS),
tumor response, serum p53, and cytochrome ¢, were measured at 0, 1, and 3 months. Results show
that the study group had a higher proportion of participants with improved HRQOL, stable disease,
and increased serum p53 levels than those in the control group (p < 0.001). The PFS time in the study
group was significantly longer than that of the control group (p < 0.05). Serum cytochrome c levels
were non-significantly decreased in the study group. No serious intervention-related adverse events
occurred in either group. In conclusion, Nutri-PEITC Jelly intake for 3 months is safe, stabilizes
the disease, improves quality of life and progression-free survival, and might re-activate p53 in
advanced-stage oral and oropharyngeal cancer patients.

Keywords: PEITC; Nutri-Jelly; oral cancer; tertiary chemoprevention; p53; clinical trial; survival;
quality of life

1. Introduction

Mutations in the TP53 gene are robust in cancer and are associated with disease
progression [1-3]. Novel strategies to target p53 are required to stabilize the disease and
improve the survival of advanced-stage cancer patients [4,5]. Compelling pieces of evi-
dence from in vitro and in vivo studies suggest that 3-phenethyl isothiocyanate (PEITC), a
Brassica vegetable-derived compound may selectively deplete mutant p53 and reactivate
p53 function. While the mechanisms were still unclear, PEITC was shown to reactivate p53
by restoring wild-type conformation and function of p53 protein and selectively depleting
mutant p53 by direct binding and conformational change [6,7]. PEITC was also shown
to retard the growth of several types of cancer, such as breast, oral, liver, and prostate
cancer, and leukemia [8-12]. However, it is still unknown if the compound could be ef-
fective in retarding cancer progression in patients. To the best of our knowledge, there
was only one published case report showing the benefit of PEITC in sensitizing B-cell
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prolymphocytic leukemia (B-PLL) to salvage R-CHOP (Rituximab, Cyclophosphamide, Hy-
droxydaunorubicin [doxorubicin hydrochloride], Oncovin [vincristine sulfate], Prednisone
or Prednisolone) chemotherapy [13].

Oral and oropharyngeal cancer is the most common type of head and neck cancer,
which is among the most common cancers worldwide [14]. Head and neck cancer patients
suffer from the disease progression as well as the consequences of the treatments, leading
to poor quality of life, diminished treatment response, and poor survival [4-16]. TP53
mutation is associated with disease progression, unfavorable treatment response, and poor
survival in head and neck cancer patients [17-19]. Malnutrition is a common problem for
head and neck cancer patients due to the inability to eat and swallow properly [20,21]. To
provide the nutritional support and improve the patients” quality of life, a texture-modified
diet with a complete nutrient supply called Nutri-Jelly has been developed by the Dental
Innovation Foundation under Royal Patronage, which is a non-profit organization. Our
previous clinical trial suggested that consumption of Nutri-Jelly was proven to improve
the health-related quality of life of head and neck cancer patients and reduced the necessity
of tube feeding [22].

-phenylethyl isothiocyanate (PEITC) is a phytochemical naturally present in cru-
ciferous vegetables such as watercress, broccoli, wasabi, and cabbage [23,24]. PEITC can
inhibit phase I enzymes and induce phase II detoxification enzymes, leading them to
the inactivation and excretion of carcinogen metabolites [23-25]. Such mechanisms have
established PEITC as a promising candidate for primary and secondary prevention of
cancer [23]. Furthermore, during the past decade, numerous research studies show promis-
ing anti-cancer effects of PEITC. By conjugation with glutathione and other mechanism:s,
PEITC was selectively toxic to numerous types of cancer cells via reactive oxygen species,
(ROS)-mediated mechanisms [26-28]. Previous studies by our group and others showed
that PEITC selectively killed oral cancer cells with minimal side effects on normal cells [8,9].
Mechanistically, we showed that PEITC led to increased oxidative stress, nuclear transloca-
tion of p53 and p21, and cell cycle arrest in TP53-mutated oral cancer cells [9]. Consistently,
our in vivo study in a TP53-mutated oral cancer-xenograft mouse model showed that
PEITC at 5 or 10 mg per kg body weight can slow down tumor growth and prolong the
survival of cancer-bearing mice along with increased p53 expression in the nucleus of
tumor cells in the tissue [9]. These findings suggest that PEITC may reactivate p53 function
in oral cancer cells, which could be either restoring wild-type or depleting mutant p53
as previously described in other types of cancer [6,7]. The in vitro and in vivo effects of
PEITC against oral cancer cells are promising. However, the effect of PEITC as tertiary
chemoprevention in oral cancer patients has never been studied.

To combine the nutritional support benefit with the potential anticancer effect of
PEITC, a novel food product called Nutri-PEITC Jelly has been developed by fortification
of PEITC into Nutri-Jelly. The Nutri-PEITC Jelly has been tested for its safety by acute,
subacute, subchronic, and chronic toxicity tests in animals according to the OECD stan-
dardized Guidelines for the Testing of Chemicals (unpublished results). Furthermore, a
pharmacokinetic and tolerable study in human volunteers showed that PEITC from Nutri-
PEITC Jelly containing 40 mg of PEITC per day can be absorbed rapidly within a few hours
and eliminated completely within 24 h [29]. Compared with pure PEITC, Nutri-PEITC
Jelly can provide better bioavailability of PEITC evidenced by higher maximum plasma
concentration (Cmax) and shorter time to reach maximum plasma level (Tmax) [29,30].
Consecutive repeated doses of Nutri-PEITC Jelly for 5 days demonstrated no accumulation
of PEITC [29]. Moreover, our study in healthy volunteers showed that a 5-week contin-
uous intake of Nutri-PEITC Jelly with 20 mg PEITC per day was safe with minimal side
effects [31].

Our clinical trial showed a nutrition-improving effect of Nutri-Jelly in head and neck
cancer patients. Our animal study showed a promising anti-cancer effect of PEITC against
oral cancer. Our clinical trial showed the safety of Nutri-PEITC Jelly in healthy volunteers.
However, the effect of Nutri-PEITC Jelly on cancer patients was still unknown. Thus, this
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study aimed to evaluate the clinical safety and efficacy of Nutri-PEITC Jelly in advanced-
stage oral and oropharyngeal cancer patients.

2. Results
2.1. Participant Flow Chart

As shown in Figure 1, there were 72 eligible participants who were allocated randomly
into the study (N = 31) and control (N = 41) groups. In the placebo control group, there were
16 participants who lost follow-up due to death and progressive disease, and 6 participants
who discontinued the intervention due to adverse events and switched to herbal medicine
treatment. In the Nutri-PEITC Jelly group, there were 8 participants who lost follow-up
due to death and progressive disease, and 2 participants who discontinued the intervention
due to adverse events or switched to herbal medicine treatment. For clinical parameters,
intention-to-treat analysis was used. However, for laboratory parameters, per protocol
analysis was applied due to sample unavailability.

CONSORT 2010 Flow Diagram

Assessed for eligibility (n=72)

Enrollment

Excluded (n=0)

+ Not meeting inclusion criteria (n=0)
>+ Declined to participate (n=0)

+ Other reasons (n=0)

‘ Randomized (n=72) ‘

Y Allocation \

L J
Allocated to Nutri-Jelly (n=41) Allocated to Nutri-PEITC Jelly (n=31)
+ Received allocated intervention (n=41)

+ Received allocated intervention (n=31)
+ Did not receive allocated intervention (n=0) + Did not receive allocated (n=0)

v { Follow-Up ) v

Lost to follow-up (n=16) Lost to follow-up (n=8)
- Death (n=8) - Death (n=5) - Unable to contact (n=2)

- Too weak to travel (n=8) - Too weak to travel (n=1)

Discontinued intervention (n=6) Discontinued intervention (n=2)

- Adverse events after consuming jelly - Adverse events after consuming jelly
(tumor bleeding, nausea) (n=3) (nausea) (n=1)
- Switch to herbal medicine (n=3) - Switch to herbal medicine (n=1)
l | Analysis

Analysed Analysed
For clinical parameters, Intention to treat analysis (n=41) For clinical : ion to treat ysis (n=31)
For laboratory parameters, Per protocol analysis (n=19) For Y p , Per protacol ysis (n=21)
Excluded from analysis (samples not obtained) (n=22) Excluded from ysi not ¢ i (n=10)

Figure 1. CONSORT participants’ flow diagram. The number of recruited, randomized, and analyzed
participants are shown.

2.2. Characteristics of Participants

As shown in Table 1, the baseline characteristics of participants in the placebo control
group and the study group (Nutri-PEITC Jelly) were comparable. There were no statis-
tically significant differences in gender, occupation, location of primary cancer, disease
staging, BMI, age, KPS, and HRQoL scores. Table 2 shows no difference in baseline blood
biochemical parameters.
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Table 1. Baseline characteristics.

. Control Group Study Group
Characteristics (N = 41) (N = 31)
N (%) N (%) p-Value
Gender
- Male 24 (59) 25 (81) 0.07
. Female 17 (41) 6(19)
Occupation
- Agriculture 14 (34) 11(35)
- Employee 16 (39) 12 (39) 0.99%
- Unemployed 11(27) 8(26)
Location of primary cancer
- Oral cavity 24 (59) 18 (58) ,
- Tonsil and oropharynx 11(27) 7(23) 0.83
- Pyriform sinus 6(15) 6(19)
Staging T (tumor size)
- TI-T2 14 (34) 9(29) 079t
- T3-T4 27 (66) 22 (71) ’
Staging N (lymph node involvement)
- NO-N1 20 (49) 16 (52) 5099 t
- N2-N3 21 (51) 15 (48) '
Staging M (distant metastasis)
- MO 40 (98) 31 (100) 50,99 *
- M1 1(2) 0(0)
mean F SD mean £ SD p-value
BMI (kg/m?) 18.3+£3.3 172 £3.6 0.158
Age (years) 63.3 +13.8 625+ 12.1 0.678
KPS score (%) 69.5+10.5 726 £103 0.228
HRQoL 37+59 12443 0.14§
p-values were from ' Fisher’s exact test, ¥ chi-squared test, and § Mann-Whitney test.
Table 2. Baseline blood biochemical parameters.
Characteristics Control Group (N = 41) Study Group (N = 31) p-Value
Hemoglobin (gm/dL) 11+£15 104 +14 0.09 %
Hematocrit (%) 335443 31.8+4.0 0.08
WBC count (cells/mm?) 8737 + 3364 10,035 + 5082 0.73 %
RBC (cells/mm?) 4114 £ 669.1 3959 £ 774.3 0341
MCYV (fL) 82.3+10.7 81.1+9.6 037%
MCH (pg) 27 £3.7 26.7 £3.2 043+
MCHC (g/dL) 328+1.0 329+1.0 0.63 %
Platelets (cells/mm?) 325,863 + 136,124 357,355 + 162,560 0.59 %
BUN (mg/dL) 128 £ 4.8 12.8 £4.9 0941
Creatinine (mg/dL) 07+£0.2 0.8+02 0.09 ¥
Cholesterol (mg/dL) 165.4 £42.3 174.2 £ 60.6 0.651
LDL (mg/dL) 100.2 £ 37 102.9 £ 49 0.87 %
HDL (mg/dL) 452 + 144 484 +10.1 0.27 %
SGOT (U/L) 223 £88 24.7 £9.9 0.24
SGPT (U/L) 158 +11.4 17.6 £12.8 0.39 %
Bilirubin (mg/dL) 04+£02 04+02 0.55 %

This table shows mean + SD of each characteristic as specified. p-values were obtained from * unpaired t-test and
# Mann-Whitney test.
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2.3. Adverse Events

As shown in Table 3, no serious intervention-related adverse events occurred in either
group. Adverse events reported in both the placebo control and the study groups included
nausea, vomiting, burning sensation in the mouth, constipation, dry mouth and throat, and
itchy sensation. The study group that received Nutri-PEITC Jelly had a higher percentage
of nausea and vomiting and a burning sensation in the mouth, but the percentage of the
adverse events was still lower than 30%. Nevertheless, these adverse events may not
be entirely related to the interventions as most of them were transient and disappeared
without treatment. Diarrhea and tumor bleeding after food consumption was only found
in one participant in the placebo control group. After having nausea and vomiting and
being unable to eat anything, two participants in the control group and one participant in
the study group discontinued the product. As shown in Table 4, the blood chemistry values
of both groups were not different throughout the study. Overall, consuming Nutri-PEITC
Jelly for 3 months is quite safe in oral and oropharyngeal cancer patients.

Table 3. Adverse events.

Control Group

Study Group

Adverse Events (N = 41) (N = 31) Details
N (%) N (%)
Two participants in the control group and one participant in the study
Nausea and vomiting 4(9.8) 7(22.6) group discontinued the product, the rest had transient symptoms that
disappeared without treatment
Burning sensation in . . .
the mouth 4(9.8) 5(16.1) Transient symptoms that disappeared without treatment
S One participant in the study group received laxatives for 3 days. The
Constipation 408 2(65) rest had transient symptoms that disappeared without treatment
Dry mouth and throat 3(7.3) 3(9.7) Transient, the symptom disappeared without treatment
Itchy sensation in . . .
the mouth 1(2.4) 1(3.2) Transient symptoms that disappeared without treatment
Diarrhea 1(2.4) 0 Transient symptoms that disappeared without treatment
Tumor bleeding after 1 0 One participant in the control group discontinued the product

food consumption

The table shows the number of participants with the specified adverse events. Percent of the participant from
total participants was shown in parentheses.

Table 4. Changes in blood biochemical parameters.

Baseline 1 Month Follow-Up 3 Months Follow-Up
Parameters Control Study Control Study Control Study p-Value t
Group Group Group Group Group Group

Hemoglobin (gm/dL) 11+15 104 +14 109 £15 104 £ 1.5 105+1.2 9.8 +17 0.96
Hematocrit (%) 335+43 31.8 £4.0 31.7 £4.7 33.3+45 322436 29.8 £5.1 0.75
WBC count (x 10% cells/mm?) 8.7+34 10.0 £5.1 98+6.1 9.8 £3.6 9.8 +5.0 10.0 £4.0 0.68
RBC (10° cells/mm?®) 41£07 39+08 40407 40407 39405 38+08 0.87
Platelets x 10°cells/mm?) 32+14 35+16 35+14 33+14 35+14 35+17 0.88
BUN (mg/dL) 12.8 £ 4.9 128 £ 4.7 13.7 £45 149 £9.2 126 £6.1 134 +£55 0.63
Creatinine (mg/dL) 0.8+02 0.8+0.2 0.7+£02 09403 0.8+04 09£0.2 0.36
Cholesterol (mg/dL) 165.4 +41.7 174.2 £59.1 162.4 + 40.6 171.6 £41.7  165.7 £51.0 157.1 £31.2 0.09
SGOT (U/L) 223 +8.8 247 £9.8 2225+9.1 25.6 £9.9 23.0 £11.5 269 £ 14.8 0.96
SGPT (U/L) 158+ 114 17.6 £12.7 15.7 £ 12.7 18.1 £8.8 18.8 +18.8 18.8 £15.1 0.98
Bilirubin (mg/dL) 04+02 04+02 05+02 0.6 +0.6 05+03 05+0.3 0.82

This table shows the mean & SD of each characteristic as specified. p-values were obtained from ' Mixed-effects
model (time x group).
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2.4. Monitoring Plasma PEITC Levels

As shown in Figure 2, the plasma PEITC levels in the study group significantly
increased up to 6 folds (p < 0.05) at 1 and 3 months after the intervention. The data confirm
the compliance of Nutri-PEITC intake.
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Figure 2. Changes in plasma levels of PEITC after receiving Nutri-PEITC Jelly. (A) Representative
chromatogram of PEITC and internal standard (IS), (B) calibration curve for quantitation of PEITC.
Line plots show the ratio between the area under the curve (AUC) of PEITC and the AUC of IS at
different concentrations of PEITC (ng/mL), (C) comparison of PEITC levels in plasma after Nutri-
PEITC Jelly for 0, 1, and 3 months. The bar graph represents mean +/— SEM. ** represents p < 0.01,
obtained from a Friedman test and Dunn’s multiple comparison test, compared with those of baseline.
(D) Changes in plasma levels of PEITC after receiving Nutri-PEITC Jelly for 1 and 3 months. The bar
graph represents mean +/— SEM of the fold number of PEITC in plasma, compared with individual
baseline. * represents p < 0.05, a Friedman test and Dunn’s multiple comparison test, compared with
those of baseline.
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2.5. Effects of Nutri-PEITC Jelly on Health-Related Quality of Life (HRQoL)

As shown in Figure 3A, at baseline the mean head-and-neck specific HRQoL (H&N
HRQOL) score of the study group was lower than those of the control group but the
difference was not statistically significant (p = 0.1357). As shown in Figure 3B,C, the mean
Hé&N HRQOL of the placebo group had decreased over time, while those in the study
group (Nutri-PEITC Jelly) tended to improve. As shown in Figure 3D,E, at 1 and 3 months
after the intervention, the study group has a significantly higher proportion of participants
with improved head-and-neck specific quality of life (p < 0.05 and p < 0.0001, respectively).
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Figure 3. Changes in head and neck health-related quality of life (H&N HRQoL) scores. (A) Baseline
H&N HRQoL in participants receiving placebo and Nutri-PEITC Jelly as labeled. Bar graph represents
mean +/— SEM. p-value was from Mann-Whitney Test. (B,C) Comparison of H&N HRQoL after
receiving placebo (B) and Nutri-PEITC Jelly (C) for 0, 1, and 3 months. Bar graph represents
mean+/— SEM. * represents p < 0.05, obtained from a Friedman test and Dunn’s multiple comparison
test, compared with those of baseline. (D,E) Changes in H&N HRQoL after receiving placebo and
Nutri-PEITC Jelly for 1 (D) and 3 (E) months. Stacked bars show percentages of participants with
worse, better, and the same HRQoL scores when compared with the baseline. * and **** represent
p <0.05 and p < 0.0001, respectively, compared between groups, obtained from the chi-squared test.
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2.6. Effects of Nutri-PEITC Jelly on Tumor Response and Progression-Free Survival Time

Tumor response was evaluated according to RECIST criteria and shown in Figure 4.
As shown in Figure 4A, 1 month after the intervention, the study group had a significantly
higher proportion of participants with stable disease (SD) or partial response (PR) than
those of the placebo control group (80% vs. 40%, p < 0.0001). Consistently, as shown in
Figure 4B, 3 months after the intervention, the Nutri-PEITC Jelly group had a significantly
higher proportion of participants with SD or PR than those of the placebo control group
(50% vs. 20%, p < 0.0001). The duration from starting the intervention to developing the
progressive disease (PD) was counted as the progression-free survival time. As shown
in Figure 4C, the average progression-free survival time in the Nutri-PEITC Jelly group
was significantly higher than that of the control group (7.37 £ 4.45 vs. 4.93 & 4.15 weeks,
respectively; p < 0.05).
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Figure 4. Tumor response and progression-free survival. (A,B) Tumor response at 1 month (A)
and 3 months (B) after receiving placebo and Nutri-PEITC Jelly as labeled. Stacked bars show
percentages of participants with progressive disease (white bar) and stable disease/partial response
(black bar) according to RECIST criteria. * and **** represent p < 0.05 and p < 0.0001, respectively,
compared between groups, obtained from the chi-squared test. (C) Comparison of progression-free
survival between receiving placebo and Nutri-PEITC Jelly as labeled. The bar graph represents
mean +/— SEM. * represents p < 0.05, obtained from the Mann-Whitney test.
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2.7. Effects of Nutri-PEITC Jelly on Body Mass Index

As shown in Figure 5A,B, there were no significant differences in the mean body mass
index after consuming placebo control or Nutri-PEITC Jelly for 1-3 months. However, as
shown in Figure 5C,D, 3 months after the intervention, the Nutri-PEITC Jelly group had a
significantly higher proportion of participants with improved BMI than that of the placebo
control group (40% vs. 20%, p < 0.05), while there was no significant difference between
groups at 1 month of intervention.
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Figure 5. Changes in body mass index (BMI). (A,B) Comparison of BMI after receiving placebo (a) and
Nutri-PEITC Jelly (B) for 0, 1, and 3 months. The bar graph represents mean +/— SEM. p-values were
obtained from a Friedman test and compared with those of the baseline. (C,D) Changes in BMI after
receiving placebo and Nutri-PEITC Jelly for 1 (C) and 3 (D) months. Stacked bars show percentages
of participants with worse, better, and the same HRQoL scores when compared with the baseline.
* represents p < 0.05, respectively, compared between groups, obtained from the chi-squared test.

2.8. Effects of Nutri-PEITC Jelly on Karnofsky Performance Status Scale (KPS)

As shown in Figure 6A-D, there were no significant differences in the KPS scores after
consuming placebo control or Nutri-PEITC Jelly for 1-3 months.
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Figure 6. Changes in Karnofsky Performance Status Scale (KPS). (A,B) Comparison of KPS after
receiving placebo (A) and Nutri-PEITC Jelly (B) for 0, 1, and 3 months. The bar graph represents
mean +/— SEM. p-values were obtained from a Friedman test and compared with those of the
baseline. (C,D) Changes in KPS after receiving placebo and Nutri-PEITC Jelly for 1 (C) and 3 (D)
months. Stacked bars show percentages of participants with worse, and same/better KPS scores
when compared with the baseline. p-values were obtained from Fisher’s exact test.

2.9. Effects of Nutri-PEITC Jelly on Serum p53 Levels and Disease Progression

TP53 mutation is commonly found in 30-70% of oral and oropharyngeal cancer cases
and is associated with poor survival [18]. Restoration of p53 function has been proposed
as a new approach to stabilizing cancer progression [32,33]. In this study, we analyzed
the serum level of total p53 using ELISA and pan antibodies which could react with both
wild-type and mutant p53 protein (Figure 7A). As shown in Figure 7B,C, the average serum
P53 levels in the study group were increased after consuming PEITC in a time-dependent
manner, with statistical significance seen at 3 months. Compared to the placebo group,
the Nutri-PEITC Jelly group had a significantly higher proportion of participants with
increased serum p53 protein at 1 and 3 months after intervention (Figure 7D,E; p < 0.01 and
p < 0.001, respectively). Since the increased level of total serum p53 protein could be either
a good or bad thing, we further analyzed its association with the SD status. Interestingly, as
shown in Figure 7F, at 3 months after intervention all participants with increased p53 levels
had SD status, while participants with no change in p53 had either PD or SD status. The
significant difference (p < 0.0001) suggests that the increased serum p53 level is associated
with stable disease tumor status.
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Figure 7. Changes in serum level of p53. (A) Calibration curve for quantitation of p53. Line plots
show A absorbance at 450-690 nm at different concentrations of p53 (pg/mL). R? was obtained from
linear regression. (B,C) Comparison of p53 level in serum (B): pg/mL, (C) fold number, compared
with individual baseline) after receiving Nutri-PEITC Jelly for 0, 1, and 3 months. The bar graph
represents mean +/— SEM. * represents p < 0.05, obtained from a Friedman test, compared with those
of baseline. (D,E) Changes in serum level of p53 after receiving placebo and Nutri-PEITC Jelly for
1 (D) and 3 (E) months. Stacked bars show percentages of participants with increased levels of p53
when compared with the baseline. **** represents p < 0.0001, respectively, compared between groups,
obtained from Fisher’s exact test. (F) Tumor response in participants with an increase or no change in
serum p53 level. Stacked bars show percentages of stable disease (black bar) and progressive disease
(white bar) in participants with increased or no change in serum p53. **** represents p < 0.0001,
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respectively, compared between groups, obtained from Fisher’s exact test.

199



Int. J. Mol. Sci. 2023, 24,7824

2.10. Effects of Nutri-PEITC Jelly on Serum Cytochrome c Levels

High serum cytochrome c is associated with poor prognosis and poor survival in
cancer patients [34]. In this study, we analyzed the serum level of cytochrome c using
ELISA and the specific antibody (Figure 8A). Although the difference between groups
was not statistically significant, Figure 8B-D showed that the serum cytochrome c level in
the placebo control group tended to increase, while those of the Nutri-PEITC Jelly group
tended to decrease.
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Figure 8. Changes in serum level of cytochrome c. (A) Calibration curve for quantitation of cy-
tochrome c. Line plots shows A absorbance at 450-690 nm at different concentration of p53 (pg/mL).
R? was obtained from linear regression. (B,C) Comparison of cytochrome c level in serum after
receiving placebo (B) or Nutri-PEITC Jelly (C) for 0, 1, and 3 months. The bar graph represents
mean +/— SEM. p-values were obtained from a Friedman test and compared with those of the
baseline. (D) Changes in serum level of cytochrome c after receiving placebo and Nutri-PEITC Jelly
for 1 and 3 months. Stacked bars show mean +/— SEM of A cytochrome c from individual baseline.
p-values were obtained from two-way ANOVA.
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3. Discussion

Head and neck cancer, especially oral and oropharyngeal cancers, are one of the most
devastating cancers in its effect on quality of life [35,36]. Problems with chewing and
swallowing, taste perception, talking, and facial appearance limit the patient’s physical
activities, working capability, and socialization, which eventually lead to malnutrition,
low income, and psychological stress [35,36]. Treatment sequelae also severely affect the
life quality of the patients [21,37,38]. Despite the advances in treatment modalities, head
and neck cancer has had little improvement in survival rate during the past multiple
decades [16,39,40]. Therefore, an innovation to stabilize the disease, improve the quality of
life, and extend the survival of the patients is urgently needed. In this study, we reported
the clinical safety and efficacy of Nutri-PEITC Jelly, an innovative texture-modified diet
combining nutritional and anti-cancer properties. The findings suggest that continuous
intake of Nutri-PEITC Jelly for 1 and 3 months is tolerable with minimal adverse events and
can significantly improve head-and-neck specific quality of life, stable disease (SD) status,
and extend the progression-free survival time. Moreover, an investigation of potential
anti-cancer mechanisms revealed a significant increase in serum p53 and a non-significant
decrease in serum cytochrome c levels in participants taking Nutri-PEITC Jelly.

To our knowledge, only a few human studies have investigated cancer preventive
and therapeutic effects of PEITC. A clinical trial in cigarette smokers showed the benefit
of PEITC to reduce metabolic activation of lung cancer-specific carcinogens [41]. Our
previous clinical trial in meat-eaters showed the efficacy of PEITC-rich vegetable sauce in
promoting detoxification and urinary excretion of grilled meat-derived carcinogens [25].
The previous work demonstrates the potential of PEITC in primary cancer prevention.
However, the role of PEITC in tertiary prevention in cancer patients has not been reported.
Thus, our present study is the first to report the efficacy of functional food containing
PEITC in cancer patients. The idea of using functional food for cancer prevention is owing
to the paradigm shift from aiming to cure cancer toward reducing mortality and disability
by means of cost-effective approaches [42,43]. A recent in vitro study also attempted
to identify tertiary chemo-preventive agents [44]. Since oral cancer survival depends
on disease progression, nutritional status, and quality of life, Nutri-PEITC Jelly likely
has a strong clinical implication in tertiary chemoprevention. In this study, the tumor
response was graded according to the RECIST criteria as compared to baseline before the
intervention. At baseline, there was no difference in TNM staging between experiment
and control groups, suggesting a baseline balance of disease characteristics between the
two groups. Compared to the control group, Nutri-PEITC Jelly exhibited a significantly
higher percentage of SD/PR status at 1 and 3 months. Nevertheless, when comparing
between 1 and 3 months the percentage of SD/PR in the study group still decreased over
time. Therefore, Nutri-PEITC Jelly at the dose of 20 mg/day of PEITC did not inhibit the
disease progression and the clinical application of this product is rather a functional food
for tertiary chemoprevention than a therapy. Future studies with >20 mg/day of PEITC are
warranted to investigates its potential therapeutic effect.

In this study, the number of interventions taken was aimed at a nutritional supplement
(200 kcal per serving). Supplementation with Nutri-Jelly was previously shown to improve
quality of life and reduced the requirement for an NG tube for head and neck cancer
patients [22]. In the present study, fortification of PEITC into Nutri-Jelly was shown to
better improve the quality of life, which is most likely related to disease stabilization as
evidenced by the increased proportion of SD status. The stable disease condition and
enhanced quality of life likely contributed to the extended progression-free survival time
in patients receiving Nutri-PEITC Jelly. A previous systematic review suggests that cancer-
related outcomes were the main factor influencing the quality of life in head and neck
cancer patients [45]. Furthermore, previous studies showed that quality of life is a strong
predictor of oral cancer survival [46,47].

Reactivation of p53 is a critical approach to regain apoptosis and halt cancer pro-
gression [32,33]. In vitro and in vivo studies suggested that PEITC could reactivate p53
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function by at least two mechanisms. First, PEITC may selectively deplete mutant p53 by
allowing wild-type p53 to regain its activity [8,48]. Second, PEITC could restore wild-type
P53 conformation of the mutant p53 [7]. Both mechanisms result in resuming wild-type
p53 function in tumor suppression [6-8]. Our previous animal study in the oral cancer
model showed that PEITC increased total p53 protein expression and nuclear translocation
of p53 [9]. This present clinical trial suggested that consuming Nutri-PEITC jelly led to
a significant increase in serum p53 levels associated with stable disease status. To our
knowledge, this is the first report of an increase in serum p53 associated with favorable
outcomes of intervention. Previous observational studies reported elevated serum levels of
mutated p53 protein as a marker of TP53 gene mutation and advanced disease stage [48-52].
According to previous studies in other cancer models, the mechanism of p53 reactivation by
PEITC could either resume wild-type p53 function or selectively deplete mutant p53 [6,7].
Unfortunately, in this study we used a p53 pan antibody to measure the total p53 protein
(both wild-type and mutant in combination) in serum. Thus, our findings still cannot
reveal the actual molecular mechanism. Nevertheless, the observed association between
the increase in total p53 protein and stable disease response after consumption of Nutri-
PEITC Jelly suggests the possibility that PEITC may favorably reactivate p53 and regain its
tumor suppressive function. In fact, a previous study showed that an increase in the p53
protein level might indicate elevated transcriptional activity of TP53 [53]. Furthermore, a
secretome study showed anti-proliferative, pro-apoptotic, and chemosensitivity effects of
secreted proteins in media driven by wild-type p53 [54]. Intriguingly, a recent study with
a genetically knock-in mice model showed that just partial TP53 reactivation is adequate
to resume tumor suppressive function of p53 resulting in cancer regression [55]. This was
quite enthusiastic for head and neck cancer since the TP53 tumor suppressor gene was
the most common somatic genomic alteration in head and neck squamous cells carcinoma
(HNSCC) [18]. Although cancer TP53 status in our participants was unknown, the sig-
nificant association of increased serum p53 level and stable disease status suggested that
anti-cancer effects of PEITC noted in this study likely involved p53. Numerous studies also
supported PEITC as a candidate for p53 reactivation [56]. Future studies are warranted to
compare responses to treatment in various p53 statuses and identify the exact molecular
mechanisms of the increased serum p53 levels. Moreover, a genetic study to investigate p53
alterations in head and neck cancer patients included in the future trial will be beneficial
for personalized nutrition.

The strength of this study was the triple-blinded design with matched study and
control arms. In addition, we evaluated the participants in various aspects that could affect
their quality of life and survival. Subject diaries to record intervention intake as well as
serum PEITC levels were analyzed to ensure participants’ compliance. Nevertheless, we
encountered some limitations. First, dropout rates were quite high (51.22% and 32.2%
in control and study groups, respectively), mostly due to death or progressive disease.
Notably, the percentage of dropouts in the control group was higher than that of the study
group. The difference may be a result of the intervention’s efficacy in stabilizing the disease
in study group [57]. Such high drop-out is commonly seen in clinical trials of late-stage
cancer patients, which might affect the reliability of the result [58]. To ensure that our data
were reliable, we analyzed all data obtained from the participants by using intention-to-
treat analysis for clinical parameters and per protocol analysis for laboratory parameters.
We also performed post-hoc power analysis which revealed adequate power based on the
sample size obtained: 1.0 for changes in quality of life at 3 months (chi-squared test), 0.917
for tumor response at 1 month (Fisher’s exact test), and 0.843 for progression-free survival
(unpaired t-test). For future clinical trials in late-stage cancer patients, inclusion criteria
shall be modified by recruiting only patients with life expectancy of at least 6 months.
Secondly, the genetic background of participants in this study had not been characterized.
Thus, the reactivation of p53 as the mechanism is speculation based on our previous in vivo
studies and the result of p53 expression change in this study. Third, our study focused
on serum p53 levels rather than analyzing p53 levels in tumor samples. Investigating
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tumor samples could provide more accurate insights into the effects of Nutri-PEITC Jelly
on cancer cells and the molecular mechanisms behind its cancer-stabilizing properties.
Unfortunately, these patients were biopsied earlier in their disease course in various places
in the country. It would be difficult to retrieve the paraffin block of biopsied tissue, and
a new tissue biopsy performed during this trial would be too invasive and unjustified.
Future studies that include only patients with known genetic background information, i.e.,
mutated compared to wild-type TP53 will be very useful in deciphering the p53-mediated
mechanism of Nutri-PEITC Jelly. Our previous works have shown the redox-modulating
effect of PEITC as a strategy to selectively kill cancer cells in vitro and in vivo [26,27,59,60].
p53 also regulates redox-modulated ferroptosis (lipid peroxidation-induced cell death) [61].
Thus, future mechanistic studies shall focus on p53 reactivation and redox-modulation
pathways. Furthermore, there could be other mechanisms behind the cancer-stabilizing
mechanism of PEITC, such as epigenetic modulation [62], suppression of inflammatory
signaling NF-«B [59,63,64], and inhibition of epithelial-mesenchymal transition as invasion
machinery [65]. Future metabolomic studies of clinical specimens from patients receiving
Nutri-PEITC Jelly would be worthwhile to characterize the molecular pathways [66].

To address the above-mentioned flaws and limitations, future studies should aim to
reduce dropout rates, characterize the genetic background of participants, analyze p53
levels in tumor samples, and explore additional molecular pathways that may contribute
to the cancer-stabilizing effects of Nutri-PEITC Jelly.

4. Materials and Methods
4.1. Ethical Aspects and Setting

Data were collected at Chonburi Cancer Hospital, Lopburi Cancer Hospital, National
Cancer Institute, and Maharat Nakhonratchasima Hospital. The study protocol was in
compliance with the Declaration of Helsinki and the International Conference on Har-
monization Guidelines for Good Clinical Practice (ICH-GCP), and was approved by the
Ethical committees for human research of Chonburi cancer hospital (protocol No. 10/2015),
Lopburi cancer hospital (Approval No. LEC5712), National cancer institute (protocol No.
302014RC_OUT360), and Maharat Nakhonratchasima hospital (Approval No. 058/2014).
This trial was registered with ClinicalTrials.gov (Identifier number: NCT03034603). The
protocol can be accessed at https:/ /clinicaltrials.gov/ct2/show /NCT03034603 (accessed
on 5 February 2023). All participants provided written informed consent before enrollment.

4.2. Study Design, Blinding, Random Allocation, and Concealment

A multi-center blind randomized placebo-controlled trial was conducted. Seventy-
two patients with advanced-stage oral or oropharyngeal cancer were randomly assigned
with minimization for age and baseline quality of life scores into the study group (n = 31)
and control group (n = 41). The study and control groups received Nutri-PEITC Jelly
and Nutri-Jelly without PEITC (placebo), coded as A and B to conceal their identities.
Participants, data collectors, and data analyzers were blinded throughout the study. The
placebo jelly and Nutri-PEITC Jelly were packed in the same container with no labels except
for the capital letter stating the groups A or B, which were blinded to the investigators,
all health personnel and the participants. Furthermore, the researcher who performed
randomization, the researcher who provided intervention, the researcher who performed
data collection and laboratory analysis, and the statistical analyzer were different people.
Standard operating procedure (SOP) was developed by all investigators and used as a
standard guide for data collection of all centers.

4.3. Participants

Inclusion criteria of the study population included patients with primary cancers at
the lip, oral cavity, oropharynx, pyriform sinus, or hypopharynx (ICD10: C00-C14) whose
treatment aimed for palliative care or who denied definitive/standard treatments. If the
patients previously received radiotherapy or chemotherapy, those treatments had to be
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discontinued at least 1 month before enrollment. Cancer had to be diagnosed histopatho-
logically as squamous cell carcinoma and have at least one measurable target lesion. The
patients had to have a baseline Karnofsky Performance Status Scale (KPS) of at least 40%
or Eastern Cooperative Oncology Group (ECOG) of 0-3, and have acceptable laboratory
values (white blood cells > 1.5 x 10 cells/L (>1500 cells/mm?3), platelets > 100 x 10°/1;
Hb > 9.0 g/dL), renal function (creatinine clearance using the CKD-EPI formula (Chronic
Kidney Disease Epidemiology group) > 50 mL/min) and hepatic function (SGOT, SGPT,
serum bilirubin not more than 1.5 times of upper normal limits). Moreover, participants
had to be able to consume the intervention either by mouth or tube feeding for 3 months
without aspiration and able to communicate well. Exclusion criteria included patients
who received N-acetylcysteine within 3 days before enrollment or continuously, ongoing
dialysis, were pregnant or breastfeeding, had uncontrolled systemic diseases or infection,
and had a high risk of aspiration. The participants were discontinued from the study if
they demonstrated serious adverse events or stopped taking the intervention for more than
2 weeks. All participants signed written informed consent before enrollment into the study
and could leave the study whenever they wished.

4.4. Sample Size

The estimated sample size was identified by a priori power analysis using G Power 3.1.
The effect size was calculated from our previous study on head and neck cancer patients
receiving palliative radiotherapy [22] by using quality of life as the primary outcome. Based
on the calculation, at least 30 participants per group were required to achieve 90% power
at oc = 0.05 significance level. Accounting for possible drop-out, no more than a total of
96 participants were expected. Data were collected for three years. Finally, completed
data were from 72 patients composed of 31 patients in the study group and 41 patients
in the control group. We recruited more subjects in the control than the study group to
obtain enough samples for laboratory analyses on account of its higher drop-out rate.
Post-hoc power analysis revealed a power of 1.0 for changes in quality of life at 3 months
(chi-squared test), 0.917 for tumor response at 1 month (Fisher’s exact test), and 0.843 for
progression-free survival (unpaired ¢-test), which are considered adequate.

4.5. Interventions

Nutri-Jelly and Nutri-PEITC Jelly products (Figure 9) were provided by the Dental
Innovation Foundation under Royal Patronage. The products were prepared according to
the regulation of the Thai Food and Drug Administration (FDA) and HALAL. The products
were manufactured in ultra-high temperature (UHT) processing and aseptic filling system
under international standards (Good Manufacturing Practice (GMP), Hazard Analysis and
Critical Control Points (HACCP), and International Organization for Standardization (ISO)
22000). The products also passed microbiological tests from outside certified laboratories
according to the regulation of food in hermetically sealed containers. Nutri-Jelly Mango
Flavored is a Thai FDA-registered product with No. 10-1-09760-5-0002. The product is
lactose-free. Nutri-PEITC Jelly is the PEITC-fortified version of Nutri-Jelly. Nutri-Jelly and
Nutri-PEITC Jelly were both made from similar ingredients (water, mango puree, milk
powder, sugar, whey protein, rice bran oil, INS420(i), INS 330, INS 428, INS 406, INS 415)
except food-grade PEITC (C6HSCH2CH2NCS, Sigma-Aldrich, St. Louis, MO, USA) was
added in Nutri-PEITC Jelly. Each cup of 100 g Nutri-PEITC Jelly contained about 10 mg
PEITC (0.01% weight/weight (w/w). For quality control of different batches, about 1% of
the product was sampled for measurement of PEITC by LC/MS-MS [25]. The acceptable
range of PEITC for each batch is 0.006-0.012% PEITC w/w with the intra-batch coefficient
of variation (CV) of <15%. The products were stored at room temperature. The nutrition
values of Nutri-Jelly and Nutri-PEITC Jelly were shown in Table 5. The participants in the
control and study groups were asked to consume two cups of Nutri-Jelly or Nutri-PEITC
Jelly, respectively. Thus, the study group received 20 mg of PEITC per day.
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Nutri-jelly Nutri-PEITC jelly

Figure 9. Nutri-Jelly and Nutri-PEITC Jelly: the similar appearance of Nutri-Jelly (left panel) and
Nutri-PEITC Jelly (right panel). The bottom panel shows the 100 g cup products.

Table 5. Nutrition values of Nutri-Jelly and Nutri-PEITC Jelly per 100 g cup.

Nutri-Jelly Nutri-PEITC Jelly
Total energy (kcal) 130 110
Energy from fat (kcal) 35 30
Total fat (g)
Saturated fat (g)
Cholesterol (mg) 15 15
Protein (g) 5 5
Total carbohydrate (g) 18 16
Dietary fiber (g) 2 <1
Sugar (g) 12 9
Sodium (mg) 45 45
Vitamin A (ug RE) 64 64
Vitamin B1 (mg) 0 0
Vitamin B2 (mg) 0.17 0.34
Calcium (mg) 120 120
Iron (mg) 0.3 1.5
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4.6. Study Procedure

Baseline assessment was performed before the randomization, including physical
examination, cancer size, location and stage, complete blood count, and liver and kidney
function tests. General information about the participants, including age, sex, height,
and medical history was retrieved from patients’ charts. The participants were asked
to consume either 2 cups of 100 g (total of 200 g) of Nutri-Jelly or Nutri-PEITC Jelly in
the morning on Monday to Friday (5 days a week) for 3 months. All participants were
asked to record their use of the product daily in subject diaries to ensure adherence to
the intervention protocol. The intake of paracetamol was also recorded. The outcome
measures were evaluated at 0, 1, and 3 months after interventions. The primary outcome
measure included adverse events, health-related quality of life (HRQoL), nutritional status,
progression-free survival (PFS), and tumor response. The secondary outcome measures
were functional assessment outcome (Karnofsky performance status scale: KPS) and serum
p53 and cytochrome c levels.

Questionnaires, body weight measurements, blood collection, and tumor size mea-
surement by caliper were performed at all time points. CT scan was performed at 0 and
3 months.

4.7. Outcomes
4.7.1. Adverse Events

The physicians assessed the adverse events at 1 and 3 months after the intervention by
physical examination, blood hematology, and chemistry. Moreover, adverse events such as
nausea, vomiting, and gastrointestinal disturbance were recorded and reported throughout
the study period by the participants. The adverse events were graded by the physicians for
severity, seriousness, and relatedness to the intervention.

4.7.2. Health-Related Quality of Life and Karnofsky Performance STATUS Scale

Health-related quality of life (HRQoL) was determined by using the Thai version
of the FACT-HN questionnaire form after receiving approval from FACIT [67-70]. The
participants were evaluated in several domains including physical, social and family,
emotional and functional well-being, and head and neck-related symptoms by completing
the questionnaire or interviewing. The higher scores represented better HRQoL. Karnofsky
performance status scale for functional impairment was evaluated by a physician using
standard criteria [68,71]. Higher scores indicated better performance.

4.7.3. Nutritional Status

Nutritional status was evaluated by body mass index and the levels of serum albumin.
Body weight was measured by using a body composition monitor machine (TANITA BC-
730, Tanita Corporation, Tokyo, Japan). Body mass index (kg/m?) was calculated from
body weight/height?.

4.7.4. Tumor Responses and Progression-Free Survival Time

Progression-free survival (PFS) time was calculated from the time of the intervention
until any signs or symptoms of progressive disease be recorded [69,72]. According to the
National Cancer Institute, USA, tumor response is defined as a standard way to measure
how well a cancer patient responds to treatment. It is based on whether tumors shrink, stay
the same, or get bigger [73]. Tumor responses were investigated according to the response
evaluation criteria in solid tumors (RECIST) criteria version 1.1 [73], by using a caliber
or CT scan, when applicable, of the target lesion. Complete response (CR) was recorded
if all target lesions disappeared after intervention. Partial response (PR) was recorded
when there was a 30% decrease in the sum diameter of target lesions after intervention.
Progressive disease (PD) was recorded when there was a 20%, and at least 5 mm, increase in
the sum diameter of the target lesions after intervention. Stable disease (SD) was recorded
when the changes were not sufficient to qualify CR, PR, or PD [73]. Therefore, the SD
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implies that the disease is subsided with no significant progression [74]. To measure tumor
response, the baseline size of tumor mass (target lesion) was measured by using a Vernier
caliper and computer tomography (CT) scan at 0 months before intervention. Then, at
1 month the tumor size was measured again using Vernier caliper. At 3 months the tumor
size was re-measured by using a Vernier caliper and computer tomography (CT) scan. The
tumor sizes at 1 and 3 months were compared with those of the baseline of each participant.
Then, tumor response as CR, PR, SD, or PD was concluded according to the RECIST criteria.

4.7.5. Serum Levels of p53 and Cytochrome c

The serum was centrifuged at 4 °C for 10 min at 1000x g (3000 rpm). Then, the
serum was aliquot and stored at —80 °C until ready to be tested. The p53 ELISA assay
was performed by using a p53 pan ELISA kit (Catalog No. 11 828 789 001, Roche, Basel,
Switzerland). The assay was designed to recognize a conserved, pantropic, denaturation-
stable antigenic determinant of the p53 protein. Briefly, 100 puL of serum samples were
plated in duplicate in a 96-well microtiter plate. The plate was pre-coated with biotin-
labeled anti-p53 capture antibodies. Then 100 pL of anti-p53-pan-peroxidase detection
antibody was added to all wells. The plate was then incubated at room temperature on a
shaker for 2 h. After the washing step, tetramethylbenzidine (TMB) substrate was added,
followed by a stop solution. The assay results were quantitated spectrophotometrically at
450 nm (reference wavelength 690 nm) using a microplate reader. The calibration curve
was generated and used for the calculation of p53 concentration (pg/mL).

The Cytochrome c ELISA assay was performed by using a Cytochrome c Human ELISA
Kit (Catalog No. ab119521, Abcam, Cambridge, UK). Briefly, 100 uL of serum samples
were plated in duplicate in a 96-well microtiter plate pre-coated with anti-Cytochrome c
monoclonal antibody. Then 50 uL of biotinylated detection antibody was added to each well.
The plate was then incubated at room temperature for 2 h. After the washing step, 100 uL of
streptavidin-horseradish peroxidase was added and incubated at room temperature for 1 h.
The plate was then washed, followed by the addition of TMB substrate and stop solution.
Optical density was measured by spectrophotometer at 450 nm (reference wavelength
620 nm) using a microplate reader.

4.7.6. Plasma Level of PEITC

To ensure that the participants did consume Nutri-PEITC Jelly, the plasma level
of PEITC was measured by using Liquid chromatography Tandem Mass Spectrometry
(LC-MS/MS), as previously described [25,75]. A standard curve was generated by using
control plasma samples spiked with multiple levels of PEITC concentration (0-500 ng/mL).
3-phenyl propyl isothiocyanate (PPITC) was used as an internal standard (IS) [76]. Both
PEITC and PPITC were purchased from Sigma—Aldrich. Extraction of PEITC was per-
formed by adding 600 pL of hexane using a positive displacement pipette to 250 uL of
plasma standard or sample and mixing for 30 s with a high-velocity vortex mixer. Then, the
mixture was centrifuged at 1000x g, 25 °C for 3 min and 500 uL of the top hexane layers was
collected into a 2 mL tube. The hexane extraction was performed twice and the supernatant
from both times was combined. Then, 400 nuL of 2 M ammonia in methanol was added to
the hexane extract for ammonia derivatization. The samples were vortexed for 30 s and
incubated with shaking on a microplate shaker (Fisher Scientific, Hampton, NH, USA) at
room temperature for 4 h. After that, drying in a speed vacuum evaporator (CentriVap
Benchtop Vacuum Concentrator, Labconco, Kansas City, MO, USA) at 55 °C for 40 min was
performed to remove solvents. Then, 250 uL of acetonitrile water in a ratio of 3:2 was added
to reconstitute, followed by mixing with vortex for 1 min. All samples were filtered through
a 0.2 pm nylon filter and stored at —20 °C before analysis. The ammonia-derivatized PEITC
and PPITC (IS) were measured by an ultra-high performance liquid chromatography-
tandem mass spectrometry (LC-MS/MS) system, comprising a UHPLC model Ultimate
3000 (Thermo Scientific, Waltham, MA, USA) and a TSQ Quantis Triple Quadrupole Mass
spectrometer (Thermo Scientific, Waltham, MA, USA). LC condition includes injection of
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5 puL each sample and run through a Hypersil GOLD™ C18 column 100 x 2.1 mm, particle
size 1.9 um with a mobile phase of acetonitrile: 5 mM formic acid (50:50) at an isocratic
flow rate of 0.3 mL/min and a run time of 3.5 min. MS condition includes positive ion
electrospray ionization (+ESI) with spraying voltage at 3500 V, sheath gas of 50 arbitrary
units (Arb), auxiliary gas of 10.0 Arb, ion transfer tube (ITT) of 325 °C, and vaporizing
temperatures of 350 °C, respectively. The retention time of PEITC-NH3 (phenethyl thiourea)
was 1.6 min with the mass-to-charge ratio (/z) of precursor, quantified, and confirmed
product ions at 181, 105.13, and 77.05, respectively. The collision energy of 18.18 and 38.82 V
was used for the transition of quantified and confirmed masses, respectively. The retention
time of IS-NH3 was 1.7 min with the mass-to-charge ratio (/z) of precursor, quantified,
and confirmed product ions at 195, 91, and 136, respectively. The collision energy of 26 and
14 V was used for the transition of quantified and confirmed masses, respectively. RF lenses
of 129 V and 148 V were used for PEITC-NH3 and IS-NH3, respectively.

4.8. Statistical Analysis

The primary efficacy parameters were analyzed for the intention-to-treat (ITT) us-
ing the last observation carried forward (LOCF) method for the replacement of missing
data points.

The normality of data distribution was verified by a D’ Agostino and Pearson omnibus
test. Parametric statistical tests were used only when the data passed the normality test
(p > 0.05). Comparison of baseline characteristics in study and control groups was analyzed
by independent t-test, Mann—Whitney test, chi-squared, or Fisher’s exact test, as appropri-
ate. The concentrations of plasma PEITC, serum p53, and cytochrome ¢ were calculated
by using linear regression of the calibration curve. Comparison of data among different
time points was performed by using two-way ANOVA, followed by the Bonferroni test for
multiple comparisons. A p-value < 0.05 was considered statistically significant. Biochemical
data, which contained some missing values, were analyzed by using mixed-effects model
(time x group) with the Geisser greenhouse correction. In the end, post-hoc power analysis
was performed to ensure an adequate sample size to gain at least 90% power. Sample
size and power were calculated by G Power 3.1. Graphing and statistical analysis were
performed by GraphPad Prism 5.0.

5. Conclusions

The findings of this study suggest that intake of Nutri-PEITC Jelly with 20 mg
PEITC/day for 1-3 months is safe with minimal adverse effects. The supplementation
may re-activate p53, stabilize the disease, improve the quality of life and progression-free
survival in patients with advanced-stage oral and oropharyngeal cancer. Further studies in
a larger population and various dosages are warranted to confirm that Nutri-PEITC Jelly
could be functional food for tertiary chemoprevention in oral and oropharyngeal cancer.
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