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Abstract

Cancer remains one of the most common causes of death worldwide and imposes enormous social
and economic burdens. Human tumor-associated NADH oxidase (ENOX2, also known as tNOX) is
a cancer cell-specialized NADH oxidase that is expressed on the membranes of cancer cells. Here, we
report in vitro and in vivo results demonstrating that ENOX2 is associated with the stemness of oral
cancer cells. We found that ENOX2 interacted with the stem cell transcription factor, SOX2, in co-
immunoprecipitation experiments. The expression and activity of ENOX2 were higher in p53-
functional SAS and p53-mutated HSC-3 oral cancer cell spheroids compared with their monolayer
counterparts. Consistently, the protein expression of SIRT1, which is modulated by ENOX2 via NAD*
generation, was also upregulated in oral cancer cell spheroids. Functional studies further established
the role of ENOX 2 in stemness regulation. ENOX2 overexpression in human oral cancer cells
significantly enhanced spheroid formation, self-renewal properties, stem cell marker expression, and
PKCd expression in vitro. In contrast, knockdown of ENOX2 by RNA interference significantly
reduced spheroid formation, stem cell marker expression, and PKCd expression in the same cell lines.
In vivo studies performed in tumor xenograft models also showed that ENOX2-knockdown oral
cancer cell spheroids yielded significantly less efficient tumor formation, while ENOX2-
overexpression oral cancer cell spheroids yielded significantly more tumor and stem cell formation.
Bioinformatics database searches and Western blot analyses also showed that the protein expression
of ENOX2 was elevated in human oral tumor tissues compared with adjacent normal tissues. Taken
together, these results suggest that ENOX2, through its interplay with SIRT1 and SOX2, promotes the
acquisition and maintenance of stem-like properties of oral cancer cells.

Keywords: cancer stem cells (CSCs); oral cancer; stemness; 3-D sphere culture; tumor-associated
NADH oxidase (ENOX2; tNOX); sex-determining region Y box 2 (SOX2); silent information regulator
1 (Sirtuinl; SIRT1)

1. Introduction

Oral cancer represents a major health burden worldwide and is among the leading causes of
cancer-related death in Taiwan. Despite the implementation of nationwide oral cancer screening, the
most comprehensive of their kind globally, Taiwan continues to face persistent challenges of tumor
recurrence and metastasis [1,2]. These clinical realities highlight the urgent need for novel therapeutic
strategies that can effectively prevent relapse and improve long-term outcomes.
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Stem cells possess unique abilities to self-renew and differentiate into various cell types, in both
normal development and disease. In cancer, the self-renewal and differentiation of stem cells has
been linked to therapy resistance and tumor progression. Cancer stem cells (CSCs) were first
demonstrated in acute myeloid leukemia (AML), where a distinct subpopulation of cells was found
to be capable of initiating leukemia in immunodeficient mice [3-5]. Since then, similar “stem cell-
like” subpopulations have been identified in solid tumors, including breast, colorectal, and brain
cancers [6-10]. CSCs exhibit the ability to self-renew, initiate tumor growth, and sustain progression,
and are now recognized as key drivers of cancer initiation, maintenance, recurrence, and metastasis
[11-13]. Their identification and characterization hold great promise for advancing our
understanding of tumor biology, as they may explain differential therapeutic responses and
illuminate cell survival mechanisms in cancer [12,14,15].

Because CSCs contribute to tumor heterogeneity and therapy resistance through their ability to
self-renew and differentiate within a tumor, it is essential to study them in physiologically relevant
contexts. Conventional two-dimensional (2D) monolayer cultures on polystyrene surfaces provide a
simplified model that is easy to use but fails to capture the complex cell-cell interactions and
microenvironment of tumors in vivo [16,17]. By contrast, three-dimensional (3D) culture systems,
such as spheroid models, allow cancer cells to proliferate in all directions and form extracellular
matrix components and cell junctions that better recapitulate in vivo conditions. This is particularly
important for CSC research, as 3D models enable more accurate investigations of tumorigenesis,
growth, metastasis, and recurrence [17-21]. Thus, 3D cell culture systems offer powerful tools for
identifying CSCs and elucidating the mechanisms that drive tumor biology.

ENOX2, also known as tumor-associated NADH oxidase (tNOX) or COVAI, is a cancer cell
surface protein with both NADH oxidase and protein disulfide-thiol exchange activities. It has been
implicated in promoting proliferation, growth, migration, and invasion across multiple cancer types
[22-29]. By catalyzing the oxidation of NADH to NAD*, ENOX2 influences the activity of SIRT1, a
member of the NAD*-dependent sirtuin family of deacetylases. SIRT1 critically regulates key cellular
processes, including metabolism, differentiation, aging, and stem cell maintenance [30-33]. In this
context, SIRT1 acts through the deacetylation of transcription factors, such as Oct4, Nanog, and SOX2,
to balance self-renewal and differentiation and thereby sustain pluripotency [34-37]. Given these
essential functions, the potential involvement of the ENOX2-SIRT1 axis in regulating stemness
warrants deeper investigation.

In this study, we focused on oral cancer as a clinically urgent and regionally relevant disease
model. Using 3D spheroid cultures, we examined the role of ENOX2 in maintaining stem-like
properties in oral cancer cells. We further evaluated the impact of ENOX2 overexpression or
knockdown on CSC characteristics in vitro and in vivo. Our results provide new insights into the
therapeutic potential of targeting ENOX2 in CSC-directed cancer treatments.

2. Materials and Methods

2.1. Materials

The following antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA,
USA): anti-SIRT1, anti-Nanog, anti-SOX2, anti-Oct4, anti-ABCG2, anti-ABCB1, anti-ALDHI, anti-
PKC®, anti-CD44, anti-133, anti-c-Myc, and anti-GST. Rabbit anti-human CD133 (prominin-1) and
mouse anti-rabbit IgG-FITC antibodies were obtained from Sigma-Aldrich (Burlington, MA, USA).
Mouse anti-human CD44 conjugated with FITC was sourced from Invitrogen (Carlsbad, CA, USA).
The anti-B-actin antibody was from Millipore Corp. (Temecula, CA, USA). The antisera to ENOX2
used for immunoblotting were generated as previously described [38]. Unless otherwise specified,
anti-mouse and anti-rabbit IgG secondary antibodies, along with other chemicals, were obtained
from Sigma-Aldrich (Burlington, MA, USA).
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2.2. Cell Culture and Transfection

SAS (human squamous cell carcinoma of the tongue) and HSC-3 (human tongue squamous cell
carcinoma) cells were kindly provided by Dr. Yuen-Chun Li (Department of Biomedical Sciences,
Chung Shan Medical University, Taiwan). Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 50 pg/ml
streptomycin. Cells were maintained at 37 °C in a humidified incubator with 5% CO2, and the
medium was refreshed every 2-3 days.

Cells were transiently transfected with GST-ENOX2 or GST (control) using the jetPEI
transfection reagent according to the manufacturer’s protocol (Polyplus-transfection SA, Illkirch
Cedex, France). ON-TARGETplus ENOX2 siRNA and non-targeting control siRNA were purchased
from Thermo Scientific, Inc. (Grand Island, NY). For siRNA transfection, cells were seeded in 10-cm
dishes, allowed to attach overnight, and then transfected with ENOX2 siRNA or control siRNA using
Lipofectamine RNAiIMAX Reagent (Gibco/BRL Life Technologies) following the manufacturer’s
instructions.

2.3. Spheroid Formation Assay

When cell confluence reached around 80 %, cells were detached using 1x trypsin—-EDTA. After
removal of serum, the cells were suspended in DMEM supplemented with 20 ng/mL epidermal
growth factor (EGF) and 20 ng/mL basic fibroblast growth factor (FGF2) (Trust Gene Biotech LTD.,
Taiwan). Cells were then seeded into ultra-low attachment 24-well plates (Corning, NY, USA) at a
density of 1,000 cells per well and incubated at 37 °C in a humidified atmosphere containing 5% COs.

Poly(2-hydroxyethyl methacrylate) (polyHEMA) (Sigma-Aldrich, MO, USA) was prepared at
60 mg/mL in 95% ethanol at 65 °C for 2-3 h. Culture dishes were coated with the polyHEMA solution
and dried under UV for 45 min. Cells were then plated in polyHEMA-coated 12-well plates (Corning,
NY, USA) at a density of 2 x 10° cells per well and incubated at 37 °C with 5 % CO..

2.4. Real-Time Cell Proliferation Monitoring Using the xCELLigence System

For continuous monitoring of cell proliferation, Flag-vector, Flag-ENOX2, GST-vector, and GST-
ENOX2 overexpressed cells (1x10* cells/well) were seeded into E-plates. After incubation for 30 min
at room temperature to allow cell attachment, the plates were transferred to the xCELLigence System
(Roche, Mannheim, Germany). Cells were cultured for 4 days, and impedance was recorded every
hour, as previously described [39]. Cell impedance was expressed as the cell index (CI), calculated as
CI = (Zi — Zo) [Ohm]/15[Ohm], where Zo represents background resistance and Zi the resistance at a
given time point. The normalized cell index was obtained by dividing the cell index at a given time
point (Cls) by that at the designated normalization time (Clnmi_time).

2.5. Flow Cytometry Analysis of Cancer Stem Cell Surface Markers

Spherical cells obtained from the spheroid formation assay of SAS and HSC-3 cells were first
verified for stem cell surface markers prior to subsequent experiments, to confirm enrichment of
cancer stem cell populations after sphere culture. Tumor spheres were treated with 1:1 diluted 2.5%
Trypsin-EDTA (Invitrogen, Australia) for 5 min at 37 °C, washed, and dissociated by repeated
pipetting. A total of 1 x 105 cells were then stained with rabbit anti-human CD133 (prominin-1)
antibody (Sigma-Aldrich), and mouse anti-human CD44-FITC (Invitrogen, Australia). For CD133
staining, mouse anti-rabbit IgG-FITC (Sigma-Aldrich) was used as the secondary antibody. After
three washes with 1% PBS, cells were fixed in 1% PBS, and the fluorescence intensity was analyzed
using a Beckman Coulter CytoFLEX LX flow cytometer (Brea, CA, USA).
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2.6. Quantification of Intracellular NAD*/NADH Ratio

Intracellular levels of oxidized and reduced NAD were quantified using an NADH/NAD*
Quantification Kit (BioVision Inc., Milpitas, CA, USA) according to the manufacturer’s instructions.
Briefly, 2 x 10¢ cells were washed with cold PBS, pelleted, and extracted by two freeze—thaw cycles in
400 uL NADH/NAD?* extraction buffer. The extracts were vortexed and centrifuged at 14,000 rpm for
5 min. Supernatants (200 puL) containing NADH/NAD* were transferred to microcentrifuge tubes,
heated at 60 °C for 30 min to decompose NAD* while preserving NADH, and immediately placed on
ice. Samples were centrifuged again, and the supernatants were transferred to a 96-well plate. NAD*
standards and cycling mix were prepared following the manufacturer’s protocol. A 100-uL aliquot
of reaction mix was added to each well containing NADH standards or samples and incubated at
room temperature for 5 min to convert NAD* to NADH. Subsequently, the NADH developer solution
was added, and the reaction was incubated at room temperature for 15-30 min. Reactions were
terminated with 10 uL Stop solution, and absorbance was measured at 450 nm.

2.7. Immunoprecipitation and Western Blot Analysis

For immunoprecipitation, protein extracts from cells grown in 100-mm dishes were incubated
with 20 uL Protein G agarose beads (for rabbit antibodies) for 1 h at 4 °C with rotation to pre-clear
nonspecific binding. GST, SOX2 antibody, or control IgG was then added to the beads in 500 pL lysis
buffer (20 mM Tris-HCl, pH 7.4; 100 mM NaCl; 5 mM EDTA; 2 mM PMSF; 10 ng/mL leupeptin; 10
pug/mL aprotinin) and incubated overnight at 4 °C with rotation. The beads were collected by
centrifugation at 3,000 rpm for 2 min at 4 °C, and 80 pL of supernatant was reserved as input lysate.
Beads were washed three times with lysis buffer, and bound proteins were eluted for subsequent
Western blot analysis.

For Western blotting, cell lysates were prepared using the same lysis buffer. Equal amounts of
protein (40 pg) were resolved by SDS-PAGE and transferred to PVDF membranes (Schleicher &
Schuell, Keene, NH, USA). Membranes were blocked, washed, and incubated with the indicated
primary antibodies overnight at 4 °C, followed by horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Immunoreactive bands were detected using enhanced
chemiluminescence (ECL) reagents (Amersham Biosciences, Piscataway, NJ, USA) according to the
manufacturer’s instructions.

2.8. Xenograft Tumor Formation Assay in Mice

Specific pathogen-free (SPF) ASID mice were purchased from the National Labora-tory Animal
Center (Taipei, Taiwan). All animal experiments were conducted under protocols approved by the
Institutional Animal Care and Use Committee of National Chung Hsing University (NCHU IACUC:
109-153). For the gain-of-function study, mice were divided into three groups and subcutaneously
inoculated with 100 pl PBS con-taining SAS cells transfected with vector or GST-ENOX2 at doses of
1 x 106 (N=3 per group), 2 x 104 (N=5 per group), or 1 x 104 (N=3 per group). For the loss-of-function
study, mice were divided into two groups and subcutaneously inoculated with 100 pl PBS containing
1 x 106 SAS cells (N=3 per group) transfected with siRNA-control or siR-NA-ENOX2. Tumor size
was measured every 2 days, and tumor volume was calculated using the formula: Volume = length
x width2 x 0.5. Statistical significance of differences in tumor size was determined using one-way
ANOVA.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.9. Human Tissue Specimens

Two pairs of cancer tissues and their corresponding adjacent normal tissues were obtained from
Changhua Christian Hospital, Taiwan (CCH IRB No. 130616). The diagnosis of oral cancer was
confirmed by histological examination of hematoxylin and eosin—stained sections. Immediately after
surgical resection, patient specimens were snap-frozen in liquid nitrogen and subsequently used for
Western blot analysis.

2.10. Statistics

All data are expressed as mean + SD from at least three independent experiments. Group
comparisons were performed using one-way analysis of variance (ANOVA) followed by appropriate
post hoc tests (e.g., LSD or t-test). A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Expression Levels of ENOX2, SIRT1, and SOX2 Are Upregulated in Patients with Oral Cancer

Oral cancer is associated with high morbidity and mortality worldwide. Previous studies
showed that ENOX2 contributes to cancer progression by regulating SIRT1, thereby implicating it in
tumor development [25,28,29,40-43]. However, the expression of ENOX2 in oral cancer tissues
relative to normal tissues has not been fully characterized. To address this, we conducted in silico
analyses using publicly available databases to assess ENOX2 expression in patient-derived oral cavity
tumors. Databases providing high-throughput mRNA and protein data, including UALCAN,
cBioPortal, and the Human Protein Atlas, were utilized to compare ENOX2 expression in tumor
tissues versus matched normal counterparts. Analysis of The Cancer Genome Atlas (TCGA) Pan-
Cancer dataset revealed that ENOX2 transcript expression was significantly elevated in head and
neck squamous cell carcinoma (HNSCC) tissues compared with normal tissues, with correlations
seen across different tumor stages and grades (Figure 1A). Similarly, data from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) indicated that ENOX2 protein levels were higher in HNSCC
tumor tissues than in normal tissues, with observable but non-significant trends for correlation seen
across tumor grades (Figure 1B). In line with these findings, Human Protein Atlas
(https://www.proteinatlas.org) data demonstrated elevated ENOX2 expression in head and neck
cancer cell lines such as HSC-3 (Figure 1C). Furthermore, heatmap analysis of the Human Protein
Atlas dataset showed that ENOX2 expression was upregulated across multiple malignancies,
including head and neck cancer (Figure 1D). These findings suggest that ENOX is upregulated in
HNSCC and may contribute to their development and progression).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Expression of ENOX2 in head and neck cancer. (A, B). Differential expression of ENOX2 in HNSCC
and adjacent normal tissues, analyzed from TCGA (A) and CPTAC (B) datasets using UALCAN
(https://ualcan.path.uab.edu). ENOX2 transcript levels were significantly higher in TCGA tumor samples
compared with normal tissues (*p < 0.001). (C). Analysis of data from the Human Protein Atlas
(https://www .proteinatlas.org) indicated that ENOX2 expression is higher in head and neck cancer cell lines
(e.g., HSC-3). (D) Heatmap analysis of data from the Human Protein Atlas dataset demonstrated elevated
ENOX2 mRNA expression across multiple malignancies.
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Similar to the results obtained for ENOX2, the transcript levels of SIRT1 and SOX2 were also
elevated in HNSCC tumor tissues compared with normal tissues across different tumor grades
(Figure 2A). Sex-determining region Y box 2 (SOX2) is a well-established transcription factor involved
in stem cell maintenance and has been implicated in HNSCC stemness regulation [44,45]. To further
evaluate the clinical relevance of these proteins in oral cancer, we analyzed paired patient specimens
obtained from Changhua Christian Hospital in Taiwan. In one representative case, ENOX2
expression was higher in oral tumor tissues than in the adjacent non-tumor tissues (Figure 2B).
Consistent with the function of ENOX2 as an upstream regulator of SIRT1, increased protein levels
of SIRT1 were observed in these tumor tissues (Figure 2B). SOX2 was likewise upregulated in tumor
tissues relative to non-tumor counterparts (Figure 2B). Pearson correlation analysis of the patient data
demonstrated positive correlations between ENOX2 and SIRT], as well as between ENOX2 and SOX2
(Figure 2C). Moreover, Kaplan-Meier survival analysis using a pan-cancer RNA-seq dataset
(https://www.kmplot.com/) showed that high-level expression of ENOX2 (all stages, female group),
SIRT1 (stage Il + IV, female group), and SOX2 (all stages, female group) was significantly associated
with poor overall survival in female patients with head and neck cancer (Figure 2D). These
associations were not observed in the overall patient cohorts, suggesting that gender may influence
survival outcomes. Collectively, these findings support the existence of an ENOX2-SIRT1-SOX2
regulatory axis that contributes to stemness and tumor progression in oral cancer.
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Figure 2. Expression and clinical relevance of ENOX2, SIRT1, and SOX2 in oral cancer patient datasets. (A) TCGA
analysis revealed significantly elevated SIRT1 and SOX2 transcript levels in HNSCC tumor tissues compared to
normal tissues across all grades. *p < 0.05, ***p < 0.001. (B) Western blot analysis of paired patient specimens
(representative case, patient 2) showed higher protein expression of ENOX2, SIRT1, and SOX2 in oral cancer
tissues relative to adjacent non-tumor tissues. Tissue lysates were resolved by SDS-PAGE and analyzed by
Western blotting, with B-actin used as a loading control. (C) Pearson correlation analysis demonstrated positive
correlations between ENOX2 and SIRT1, as well as between ENOX2 and SOX2. (D) Kaplan-Meier plotter
analysis (https://www kmplot.com/) indicated that high expression levels of ENOX2 (all stages, female group),
SIRT1 (stage III + IV, female group), and SOX2 (all stages, female group) were significantly associated with poor

overall survival in female patients with head and neck cancer.

3.2. ENOX2 Stimulates Stemness and Cell Proliferation in Oral Cancer Cells

Given the positive correlation between ENOX2 and SOX2, we investigated the relationship
between these two proteins in oral cancer. SOX2 is a transcription factor that is crucial for maintaining
the self-renewal and pluripotency of embryonic stem cells, while ENOX2 is a growth-related protein
that contributes to cancer regulation [24,26,46,47]. Analysis using the Integrated Interaction Database
(IID)(https://iid.ophid.utoronto.ca/) suggested a potential association between ENOX2 and SOX2
(Figure 3A). To test whether ENOX2 physically interacts with SOX2, we performed a co-
immunoprecipitation assay. Our results showed that ENOX2 physically interacted with SOX2 in two
oral cancer cell lines, SAS (wild-type p53) and HSC-3 (mutant p53), although the interaction appeared
weaker in HSC-3 cells (Figure 3B). Because SOX2 is implicated in HNSCC stemness regulation, we
next investigated whether ENOX2 influences stemness-related characteristics in these oral cancer cell
lines. Overexpression of ENOX2 markedly increased the expression levels of stemness markers,
including SIRT1, ¢-Myc, SOX2, Nanog, and ABCG2, in both SAS and HSC-3 cells (Figure 3C).
Conversely, ENOX2 knockdown reduced the expression of SIRT1, SOX2, and Nanog (Figure 3D),
suggesting that ENOX2 may contribute to maintaining stemness in oral cancer cells. Consistent with
previous reports in cancer models [28,39,42], ENOX2 overexpression increased SIRT1 levels, whereas
ENOX2 knockdown decreased SIRT1 expression. We also found that the expression of PKC9, a
serine/threonine kinase of the PKC family, was modulated by both ENOX2 overexpression (Figure
3C) and knockdown (Figure 3D). Given that ENOX2 can be phosphorylated by PKCd and thereby
modulate cell proliferation and migration [48], it remains unclear how ENOX2 influences the
translational regulation of PKCb. In line with previous studies showing that ENOX2 regulates cancer
cell growth and migration [26,27,48,49], we found that ENOX2 overexpression promoted cell
proliferation, whereas ENOX2 depletion reversed this effect in both SAS and HSC-3 cells (Figure 3E).
Because ENOX2 is also linked to cell death regulation [25,40,41,43,50-52], we next explored genes
correlated with ENOX2 in HNSCC datasets. Notably, XIAP, an inhibitor of apoptosis, was positively
correlated with ENOX2 expression, whereas MRPL41, an apoptosis inducer, was negatively
correlated (Figure 3F). These findings indicate that ENOX2 not only promotes cell proliferation and
stemness but also contributes to cell fate determination by modulating the balance between pro- and
anti-apoptotic pathways.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. ENOX2 prompts stem-like properties and proliferation in oral cancer cells. (A) Interaction network of
ENOX2 and associated proteins generated using the Integrated Interaction Database (IID). (B) Co-
immunoprecipitation of GST-ENOX2-overexpressing cell lysates with non-immune IgG or antibodies against
GST and SOX2, followed by Western blotting with anti-GST or anti-SOX2 antibodies. Whole-cell lysates were

also immunoblotted with anti-ENOX2 and anti-SOX2 antibodies; P-actin served as a loading control.
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Representative images are shown. (C, D) Western blot analysis of stemness markers in cells transfected with GST
or GST-ENOX2 for 72 h (C), or with si-control (scramble RNAi) or si-ENOX2 for 48 h (D). f-actin was used as
the loading control. (E) Real-time monitoring of proliferation in SAS and HSC-3 cells transfected with GST, GST-
ENOX?2, si-control, or si-ENOX2. After overnight attachment, cells were seeded onto E-plates, and proliferation
was continuously measured using the xCELLigence system. Cell index values are presented. (F) Pearson
correlation analysis of ENOX2 with XIAP and MRPL41 in TCGA tumor tissues using UALCAN
(https://ualcan.path.uab.edu).

3.3. Sphere Formation and Stemness Characteristics in p-53 Functional SAS and p-53 Mutated HSC-3 Cells

Sphere formation, the aggregation of cells into 3D structures under non-adherent conditions, is
an in vitro method that is widely used to assess stem-like properties. Consistent with a previous report
[53], both p53-functional SAS and p53-mutant HSC-3 oral cancer cell lines formed spheres at varying
seeding densities in our system (Figure 4A). Compared with adherent monolayer cultures, spheroid
cells exhibited elevated levels of expression of ENOX2, SIRT1, and the stemness-associated markers,
SOX2, Nanog, and Oct4 (Figure 4B). Notably, both the protein level and enzymatic activity of ENOX2,
as reflected by the NAD*/NADH ratio, were markedly higher in spheroids than in adherent cells
(Figure 4B, C), supporting the idea that the spheroids were enriched with a stem-like subpopulation.
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Figure 4. Sphere formation and stem-like properties of SAS and HSC-3 oral cancer cells. (A) Sphere-forming
abilities of SAS and HSC-3 cells. Various cell densities of SAS cells (0.5 x 103, 1 x 103, 2 x 105, 3 x 103, 4 x 103, 5 x
103, and 1 x 10%) and HSC-3 cells (1 x 10*) were seeded into 96-well ultra-low attachment plates and cultured in
DMEM supplemented with 10% FBS at 37 °C. Representative images obtained at different time points are shown.
(B) Western blot analysis of spheroid cells harvested at day 7, showing expression of ENOX2, SIRT1, and

stemness-associated markers. [3-Actin served as the loading control. (C) Comparison of the intracellular
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NAD*/NADH ratios between adherent and spheroid SAS cells, as measured using an NADH/NAD

quantification kit. Data are presented as mean + SD from three independent experiments (**p < 0.01).

Under non-adherent, serum-free conditions, spheroid cultures provide a selective
microenvironment that favors the survival and expansion of cells with stem-like characteristics [54].
Within these cultures, a subpopulation of cancer cells with stem-like features emerges, often defined
by increased expression of specific surface markers. To validate this, 7-day SAS (Figure 5A) and HSC-
3 (Figure 5B) spheroids were dissociated into single cells and analyzed by flow cytometry for CD44,
a well-recognized CSC marker, and CD138 (syndecan-1), which is associated with epithelial and
tumorigenic properties. Both markers were significantly upregulated in spheroid cultures compared
with adherent cells (Figure 5), supporting the enrichment of a stem-like subpopulation.
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Figure 5. Expression of CD44 and CD138 in SAS and HSC-3 spheroid cells. (A, B) SAS and HSC-3 cells were
cultured in poly-HEMA-coated 10-cm dishes under non-adherent conditions. After 7 days, spheroids were
dissociated into single cells stained with FITC-conjugated antibodies against CD44 and CD138, and analyzed by
flow cytometry. Percentages of positive cells were determined. Both markers were significantly increased in
spheroid cultures compared with adherent controls. Data are presented as mean + SD from at least three
independent experiments (***p <0.001 vs. control).

3.4. ENOX2 Regulates Sphere Formation and Stemness in Oral Cancer Cells

We observed that both ENOX2 and SIRT1 were upregulated in spheroid cultures, a system that
selectively enriches for cancer stem-like cells. This suggests that their elevated expression is
functionally linked to sustaining CSC properties such as self-renewal and survival, rather than
representing a downstream byproduct of spheroid growth or the initiation of stemness traits. To
further investigate the function of ENOX2 in stem-like cancer cell populations, we transiently
overexpressed ENOX2 in two oral cancer cell lines: SAS cells (p53-functional) and HSC-3 cells (p53-
mutant). ENOX2 overexpression markedly enhanced sphere formation, which is a hallmark of CSC
self-renewal (Figure 6A, left panel), and increased the expression of SIRT1 and stemness-associated
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markers, SOX2, Nanog, and Oct4 (Figure 6A, right panel). Conversely, RNAi-mediated knockdown
of ENOX2 reduced sphere formation (Figure 6B, left panel) and downregulated SIRT1, SOX2, Nanog,
and Oct4 (Figure 6B, right panel). These molecular changes were accompanied by signs of
differentiation, supporting the notion that ENOX2 is required for the maintenance of stem-like traits.
Collectively, our findings demonstrate that ENOX2 promotes CSC-like properties in oral cancer cells,
at least in part through regulation of SIRT1 and stemness—associated transcription factors. Loss of
ENOX2 disrupts these pathways and may shift cells toward differentiation, highlighting ENOX2 as
a potential therapeutic target in oral cancer.

o
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Figure 6. Role of ENOX2 in regulating stemness of oral cancer cells. (A) SAS and HSC-3 cells were transfected
with GST or GST-ENOX2 for 72 h, seeded onto poly-HEMA-coated 6-well plates, and cultured under non-
adherent conditions. After 7 days, spheroids were harvested, and protein levels of stemness-associated markers
were analyzed by Western blotting. (B) SAS and HSC-3 cells were transfected with si-control or si-ENOX2 for 48
h, seeded onto poly-HEMA-coated 6-well plates, and cultured under non-adherent conditions. After 7 days,
spheroids were harvested and analyzed by Western blotting. 3-Actin was used as the loading control.

3.5. ENOX2 Drives Oral Cancer Stem Cell Formation In Vivo

Stem cells are increasingly being recognized as drivers of tumor development and progression.
In a previous study, we showed that ENOX2 knockdown in melanoma cells significantly inhibited
tumor formation [29]. Building on this, we herein demonstrated that ENOX2 overexpression
promotes stem-like properties, whereas ENOX2 silencing suppresses stemness in oral cancer cells in
vitro. To assess the role of ENOX2 in vivo, we employed xenograft mouse models. Spheroid-derived
oral cancer cells transiently overexpressing ENOX2 exhibited markedly enhanced tumor-initiating
capacity compared with vehicle control cells (Figure 7A). Consistent with this increased tumor
growth, tumors derived from ENOX2-overexpressing cells expressed significantly higher levels of
stemness-associated markers, as determined by Western blot analysis (Figure 7B). Conversely, mice
inoculated with ENOX2-knockdown spheroid cells displayed substantially smaller tumor volumes
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relative to controls (Figure 7C). Collectively, our findings indicate that ENOX2 enhances tumor
initiation and stemness in oral cancer cells, while its depletion impairs these properties. These results
support the notion that ENOX2 plays a critical role in maintaining cancer stem cell characteristics and
promoting tumor progression in vivo.
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Figure 7. ENOX2 promotes the growth of oral cancer xenografts in ASID mice. (A) SAS cells were transiently
transfected with GST or GST-ENOX2. After 72 h, cells were cultured in poly-HEMA-coated plates to form
spheres. Following 7 days of sphere formation, spheroids were dissociated into single cells and subcutaneously
inoculated into ASID mice at doses of 1 x 106, 2x10%, or 1 x 10%. Tumor growth was assessed by measuring tumor
volume. Representative tumor morphology and quantitative analyses are shown. Statistically significant
differences between the GST and GST-ENOX2 groups were determined by one-way ANOVA with LSD post-
hoc test (*p <0.05, **p <0.01, **p <0.001). (B) Tumor tissues from both groups were homogenized and analyzed
by Western blotting for stemness-associated markers. (C) Sphere-forming cells transfected with si-control or si-
ENOX2 (1 x 10¢) were subcutaneously inoculated into ASID mice. Tumor growth, measured by assessment of

tumor volume, was significantly reduced in the si-ENOX2 group compared with controls (*p < 0.05, **p < 0.01,
%1 < 0.001).

3.6. The ENOX2 Signaling Modulator, Capsaicin, Inhibits Sphere Formation and Downregulates Stemness
Marker Expression in Oral Cancer Cells In Vitro

Having established that ENOX2 promotes oral cancer stemness and tumor growth both in vitro
and in vivo, we next explored whether targeting this pathway could represent a therapeutic strategy.
Capsaicin, a dietary bioactive compound from chili peppers, has been reported to exert anti-cancer
effects, including the ability to inhibit proliferation and induce apoptosis in cancer cells through the
ENOX2-SIRT1 axis [29,50]. Beyond oncology, capsaicin has also emerged as an important molecule
in stem cell research [55]. For example, it reportedly inhibits the differentiation of bone marrow stem
cells (BMSCs) into adipocytes by inducing apoptosis, suppressing adipocyte-specific gene
expression, and reducing BMSC proliferation [56]. Based on these observations, we investigated
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whether capsaicin could suppress oral cancer stem-like properties by disrupting the ENOX2-SIRT1-
SOX2 regulatory axis. Indeed, we found that the application of capsaicin at 200 pM and 400 uM
significantly reduced sphere formation in SAS cells (Figure 8A). Western blot analysis further
revealed that capsaicin suppressed the expression levels of ENOX2, SIRT1, and the stemness-
associated markers, SOX2, Nanog, and Oct4 (Figure 8B). These findings suggest that inhibiting the
ENOX2-SIRT1-SOX2 axis by capsaicin may impair cancer stem-like properties, highlighting a
potential therapeutic strategy for head and neck cancer.
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Figure 8. Capsaicin suppresses sphere formation and stemness marker expression in SAS cells. (A) SAS cells
were cultured in ultra-low attachment plates for 48 h, and then treated with or without capsaicin for 5 days.
Representative images of spheres at day 7 are shown. (B) Western blot analysis of SAS spheroids treated with or
without capsaicin. Protein levels of ENOX2, SIRT1, and stemness-associated markers (SOX2, Nanog, Oct4) were

assessed. 3-Actin served as a loading control.

4. Discussion

Oral cancer remains a major health concern, particularly in Taiwan, where a nationwide
screening program has been implemented, yet recurrence and metastasis remain formidable
challenges [1,2]. These clinical realities underscore the need for therapeutic approaches that move
beyond early detection to directly target mechanisms of relapse. The recognition of cancer stem cells
(CSCs) has provided critical insight into this problem, as their intrinsic capacity for self-renewal and
pluripotency underlies tumor persistence, therapy resistance, and disease recurrence [57,58]. Among
the transcriptional regulators that orchestrate stemness, SOX2 plays a central role within a network
of pluripotency factors (e.g., Oct4 and Nanog) to sustain an undifferentiated state and govern cell fate
[59-62]. Our present findings identify ENOX2 as a novel upstream regulator of SOX2 in oral cancer
cells. Gain-of-function experiments demonstrated that ENOX2 promotes a stem-like phenotype by
enhancing SOX2 expression, at least in part through upregulation of SIRT1, which is an NAD*-
dependent protein deacetylase that functions as a central regulator of embryonic and somatic stem
cell function [63,64]. Importantly, SIRT1 is a versatile regulator of SOX2, acting through both post-
translational and transcriptional mechanisms to preserve SOX2 stability and sustain stemness [35,65].
In line with these observations, ENOX2 knockdown reduced the expression levels of SIRT1, SOX2,
and pluripotency markers, and increased signs of differentiation. In vivo, ENOX2 overexpression
increased the expression levels of SIRT1 and SOX2 in tumors, further reinforcing the notion that
ENOX2 contributes to maintaining CSC-like traits. The ENOX2-SIRT1 regulatory axis has also been
implicated in multiple cancer-related processes, including proliferation, migration, epithelial-
mesenchymal transition (EMT), apoptosis, and autophagy [28,29,39,40,43,66,67]. Our data extend this
functional repertoire by establishing a direct connection between ENOX2 and CSC maintenance
through the regulation of SOX2. This highlights the ENOX2-SIRT1-SOX2 axis as not only a driver of
oral cancer stemness but also as a potential therapeutic vulnerability. Given the central role of CSCs
in recurrence, metastasis, and therapy resistance, targeting this pathway may represent a promising
strategy to suppress stemness-associated phenotypes and improve clinical outcomes in oral cancer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2517.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2025 d0i:10.20944/preprints202509.2517.v1

15 of 20

A previous work has shown that ENOX2 is phosphorylated by PKCb and participates in cancer
cell proliferation [48]. PKC9, a serine/threonine kinase of the PKC family, has been implicated in
diverse cellular processes, including tumorigenesis and CSC regulation [68,69]. Together, the
previous and present findings highlight the complexity of ENOX2 regulation and its potential role in
cancer stemness and progression, underscoring the broader functional diversity of ENOX2 as a
growth-related protein. Our mechanistic findings gain additional translational significance when
framed in the context of capsaicin, which is a well-documented dietary bioactive with anticancer
properties [70-75]. Several studies have shown that capsaicin directly engages with ENOX2,
promoting its degradation via the ubiquitin-proteasome and autophagy-lysosome pathways,
thereby inhibiting SIRT1 activity and leading to cancer cell death [29,50,51]. Beyond this direct effect,
capsaicin has been shown to suppress cancer stemness in diverse models: In hepatocarcinogenesis, it
destabilizes SOX2 through the SIRT1-SOX2 axis, reducing hepatic progenitor cell activation and
tumorigenesis [76]; in osteosarcoma CSCs, capsaicin reduces sphere-forming ability and
downregulates pluripotency markers such as SOX2 and EZH2 [77-79]. These data align with and
bolster our results, collectively suggesting that targeting the ENOX2-SIRT1-50X2 axis with capsaicin
may offer a novel strategy for eradicating CSCs and mitigating recurrence in oral cancer.
Nevertheless, limitations remain. Our analyses relied in part on publicly available proteomics
datasets, which may be influenced by sample size, patient heterogeneity, and tumor
microenvironmental context. Additional validation in larger and clinically diverse cohorts will be
essential to establish the robustness and translational applicability of our findings.

Taken together, our findings identify ENOX2 as a central regulator of CSC-like traits in oral
cancer, acting through the SIRT1-SOX2 axis. These insights not only expand the mechanistic
repertoire of ENOX2 but also suggest a tractable therapeutic target for suppressing stemness-
associated phenotypes. Future work should clarify the molecular regulation of ENOX2, evaluate its
utility as a biomarker of stemness and therapeutic response, and explore the translational potential
of targeting this pathway, alone or in combination with bioactive compounds such as capsaicin, to
improve clinical outcomes in oral cancer.

5. Conclusions

In summary, ENOX2 overexpression is a critical determinant of stem cell properties in oral
cancer cells. By modulating SIRT1 expression and interacting with SOX2, ENOX2 sustains CSC
populations and contributes to tumor persistence. Disrupting the ENOX2-SIRT1-SOX2 axis may
therefore represent an effective therapeutic approach to eradicate CSCs and improve patient
outcomes.
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CSCs Cancer stem cells

ENOX2, tNOX Tumor-associated NADH oxidase
Sirtuin 1, SIRT1 Silent information regulator 1

SOX2 Sex-determining region Y box 2

TCGA The Cancer Genome Atlas

HNSCC Neck squamous cell carcinoma

CPTAC Clinical Proteomic Tumor Analysis Consortium
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