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Mitochondrial targeted therapy is a next-generation therapeutic approach for cancer that is refractory to conventional treatments.
Mitochondrial damage caused by the excessive accumulation of reactive oxygen species (ROS) is a principle of mitochondrial
targeted therapy. ROS in nonthermal plasma-activated media (NTPAM) are known to mediate anticancer effects in various
cancers including head and neck cancer (HNC). However, the signaling mechanism of HNC cell death via NTPAM-induced
ROS has not been fully elucidated. This study evaluated the anticancer effects of NTPAM in HNC and investigated the
mechanism using transcriptomic analysis. The viability of HNC cells decreased after NTPAM treatment due to enhanced
apoptosis. A human fibroblast cell line and three HNC cell lines were profiled by RNA sequencing. In total, 1 610 differentially
expressed genes were identified. Pathway analysis showed that activating transcription factor 4 (ATF4) and C/EBP homologous
protein (CHOP) were upstream regulators. Mitochondrial damage was induced by NTPAM, which was associated with
enhancements of mitochondrial ROS (mtROS) and ATF4/CHOP regulation. These results suggest that NTPAM induces HNC
cell death through the upregulation of ATF4/CHOP activity by damaging mitochondria via excessive mtROS accumulation,
similar to mitochondrial targeted therapy.

1. Introduction [1]. The regional mortality rate of lip and oral cavity cancer,

a representative type of HNC, ranges from 3.9 to 8.7% in men
Head and neck cancer (HNC) is a common cancer that  and is currently increasing [1-3]. Despite improvements in
occurs in more than 650 000 people annually worldwide  diagnosis and treatment methods in recent decades, the 5-
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year survival rate of advanced HNC remains <50% [2]. In
addition, HNC has a higher mortality rate than other types
of advanced cancer. Therefore, studies concerning new treat-
ment methods or drugs for HNC are actively ongoing in var-
ious fields. In this regard, cancer mitochondria had been
broadly used as the target therapy due to the discriminating
structure and function between cancer cells and normal cells,
such as oxidative stress, the membrane potential (Aym), and
metabolic activity [4]. Mitochondrial damage caused by the
excessive ROS is a principal type of mitochondrial targeted
therapy.

Plasma is an ionized gas that consists of electrons, ions,
radicals, and energetic photons that are generated when
energy is applied to a gaseous material [5-7]. Plasma medi-
cine, which entails the clinical use of nonthermal atmo-
spheric pressure plasma (NTP), is a rapidly growing area
that could significantly provide new therapeutic applications.
NTP reportedly has medical effects such as hemostasis, tissue
regeneration, and cancer cell death [8-11]. In particular,
NTP has anticancer effects on cervical cancer, pancreatic
cancer, thyroid cancer, and HNC [6, 12-15]. However,
probe-type gaseous NTP is affected by permeability depend-
ing on the application site, and there are limitations for appli-
cation to internal organs [16]. To address current limitations
of existing NTP treatment methods, a liquid form NTP has
been devised and its effect has been proven through several
studies [9, 10, 17]. Recently, liquid form NTP showed effec-
tive anticancer potential against tumor located inside the
body, because its reactive oxygen species generated in the
gas phase easily enter the cell membrane and destroy the cells
[18]. However, many mechanisms underlying biological
effects of liquid form NTP have not been elucidated.

In recent years, medical genetics research has focused on
gene expression mechanisms and resulting processes in vari-
ous biological samples. Here, we generated a liquid type of
nonthermal plasma-activated media (NTPAM) and investi-
gated its effects on HNC cell lines. In addition, we assessed
gene expression before and after NTPAM treatment through
RNA sequencing, then confirmed changes through in vitro
and in vivo experiments. Our findings demonstrate an
important mechanism underlying the anticancer effects of
NTPAM on HNC.

2. Materials and Methods

2.1. Cell Lines and Cultures. Primary normal human fibro-
blasts, donated by Professor J.H. Lee (Chungnam National
University, Daejeon, Republic of Korea), were used as normal
epithelial cells. Human fibroblasts were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; WELGENE Inc.,
Republic of Korea) with 10% fetal bovine serum and 100
U/mL penicillin-streptomycin (Gibco, Gaithersburg, MD,
USA). SNU1041 (squamous cell carcinoma of the hypophar-
ynx) and SNU1076 (squamous cell carcinoma of the larynx)
cell lines were obtained from the Korean Cell Line Bank
(Seoul, Republic of Korea). SNU1041 and SNU1076 were
maintained according to KCLB recommendations. The
SCC25 (squamous cell carcinoma of the oral tongue) cell line
was obtained from the American Type Culture Collection
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(Manassas, VA, USA). SCC25 was maintained in DMEM :
Nutrient Mixture F-12 (WELGENE Inc.) with supplements
identical to those of the other cell lines.

2.2. Generation of NTPAM. Each medium was treated using
an NTP jet generated by a device composed of a quartz tube
(outer diameter, 6 mm; inner diameter, 4 mm) with two elec-
trodes (an inner stainless-steel tube electrode and an outer
ground ring electrode). The inner tube electrode was also
placed as a gas inlet. A high-voltage amplifier supplied input
power (a few kV at 20kHz) to the device. Discharge power
varied from 10 to 24 W. The plasma jet was positioned per-
pendicularly over the medium in a flask, and the gas flowed
from the inside of the device toward the medium surface.
Helium (He) (4 standard liters per minute (slpm)) and oxy-
gen (O,) (1 standard cubic centimeters per minute (sccm))
were used as carrier gases. For NTPAM preparation, NTP
was exposed to the culture media (DMEM, RPMI 1640, and
DMEM : Nutrient Mixture F-12) for various activation times,
thus controlling the concentration of NTPAM. The distance
between the plasma device and the bottom of the culture
media was maintained at approximately 1cm. NTPAM was
prepared with 60mL of culture media [19]. The specifica-
tions of NTPAM according to the NTP generation time are
shown in Figure S1.

2.3. Cell Viability Assay. In vitro cell viabilities were esti-
mated by the water-soluble tetrazolium salt-1 (WST-1) assay
(Roche Diagnostics, Indianapolis, IN, USA). Cells were
seeded in 96-well plates at 8 000 cells/well in 100 uL of the
complete media. After cells had been incubated for 24h,
media were replaced with NTPAM. The treated cells were
incubated at 37°C for 24h with 5% CO,. WST-1 reagents
were then added (10 yL/well) and incubated for 1h. Plates
were thoroughly shaken for 1 min, and the absorbance of for-
mazan product at 450 nm was recorded by a microplate
reader.

2.4. Annexin V-Fluorescein Isothiocyanate (FITC)/Propidium
Iodine (PI) Assay. Annexin V-FITC and PI staining was per-
formed, and cells were detected using a flow cytometer
(LSRFortessa X-20; BD Biosciences, Brea, CA, USA) with
an Alexa Fluor™ 488 Annexin V/Dead Cell Apoptosis Kit
(Invitrogen, Carlsbad, CA, USA), in accordance with the
manufacturer’s recommendation. FlowJo software version
10 (Tree Star, Ashland, OR, USA) was used to assess the per-
centages of cells in four populations.

2.5. RNA Preparation for Sequencing. In total, six samples per
cell line were divided into three control samples and three
NTPAM treatment samples. Total RNA extraction and con-
struction of libraries were performed as described previously
[19]. RNA quality involves both purity and integrity. We
checked RNA purity 260/280 ratio. Ideally, the 260/280 ratio
for RNA should be approximately 2.0. The RNA integrity
number (RIN) is a parameter for assigning integrity values
to RNA computation. We confirm total RNA integrity using
an Agilent Technologies 2100 Bioanalyzer with an RIN value
greater than or equal to 7.
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2.6. Bioinformatics Transcriptome Analysis. Quality control
analysis of raw reads obtained through sequencing was
performed using FastQC (version 0.11.5; http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/). Preprocess-
ing of raw data was performed using Trimmomatic software
(0.32;  http://www.usadellab.org/cms/?page=trimmomatic),
and trimmed reads were mapped to a reference genome
(UCSC Homo sapiens reference genome; GRCh37/hgl9)
using HISAT2 (version 2.0.5; https://daehwankimlab.github
.do/hisat2/). After read mapping, transcript assembly was per-
formed using StringTie software (version 1.3.3b; https://ccb
jhu.edu/software/stringtie/). Expression profile values were
then obtained for each sample for known transcripts, and read
counts and fragments per kilobase per million mapped
reads (FPKM) values were determined. For differentially
expressed gene analysis, genes with fold change (FC)>2 or
<-1.6 and independent t-test raw p values < 0.05 were
extracted using FPKM analysis. Heat maps were generated
with  PermutMatrix (version 1.9.3; http://www.atgc-
montpellier.fr/permutmatrix/).

Gene ontology analysis was performed by using gene
ontology software (http://geneontology.org/). To include
only significant results, the false discovery rate threshold
was set to p < 0.05. Pathway analysis was performed using
Ingenuity Pathway Analysis (IPA) (Qiagen). Genes related
to canonical pathways extracted through the Ingenuity Path-
way Knowledge Base were further analyzed.

2.7. RNA Isolation and Real-Time qPCR. Total RNA was
extracted using a RNeasy Mini Kit50 (Qiagen). cDNA was
synthesized with 1 ug total RNA and TOPscriptTMRTDry-
MIX (Enzynomics, Daejeon, Korea), in agreement with the
manufacturer’s instructions. Amplification was carried out
using SFCgreen™-Cyan qPCR Master Mix (2X)-Low ROX
(SFC probe, Giheung-gu, Republic of Korea). Melting curve
analysis was performed. PCR primer sequences are shown
in supplementary Materials Table S1.

2.8. siRNA Transfection. Cells were seeded in six-well plates
at3 x 10° cells/well. After 24 h of incubation, cells were trans-
fected with 60 nmol siRNA using Lipofectamine RNAi MAX
reagent (Invitrogen). Negative siRNA was used as a negative
control. ATF-4 siRNA (sc-35112, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was a pool of three unique siRNA
duplexes with the following sequences shown in supplemen-
tary Materials Table S2.

2.9. Western Blot. Cells were lysed using RIPA buffer with a
protease inhibitor cocktail (Roche Applied Science, Vienna,
Austria). Total protein was quantified using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Samples were separated by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, Burlington, MA,
USA). Membranes were blocked in TBS with Tween contain-
ing 5% skim milk. They were then incubated with specific
primary antibodies on a gentle shaker overnight at 4°C. The
following primary antibodies were used for Western blotting:
antibodies against poly (ADP-ribose) polymerase (PARP),
Caspase 3, cytochrome ¢ oxidase (Cox) IV, Succinate dehy-

drogenase iron-sulfur subunit B (SDHB), ATF4, CHOP,
and B-actin (all 1:1000; Cell Signaling Technology, Danvers,
MA, USA); Adenosine triphosphate (ATP) 5A and
ubiquinol-cytochrome c reductase core protein 2 (UQCRC2)
(both 1:1000; Abcam, Cambridge, UK); NADH-ubiquinone
oxidoreductase chain 6 (ND6) (1:1000; Biocompare, San
Francisco, CA, USA); and B-cell lymphoma 2 (Bcl-2) (1:
1000; Santa Cruz Biotechnology). Membranes were incu-
bated with secondary antibodies on a gentle shaker for 1h
at room temperature. Signals were observed using an ECL
kit (Bio-Rad Laboratories, Hercules, CA, USA). Images were
quantified with ImageJ software (version 1.53a; National
Institutes of Health, Bethesda, MD, USA), and the normali-
zation results were presented as numbers in the image.

2.10. Oxygen Consumption Rate (OCR) Measurement. The
OCR was determined using a Seahorse XF-24 analyzer (Sea-
horse Bioscience Inc., North Billerica, MA, USA). Briefly, thy-
roid cells were grown in XF-24 plates (2 x 10* cells in 200 L
of growth medium per well) and incubated in an incubator at
37°C with 5% CO, for 24 h. A sensor cartridge was positioned
into calibration buffer supplied by Seahorse Bioscience and
incubated at 37°C in an incubator without CO, for 24 h before
the experiment. Immediately before measurement, the cells
were washed and incubated in assay medium at 37°C for 1h
in an incubator without CO,. Oligomycin A (20 yug/mL), an
ATP synthase (complex V) inhibitor, was injected to measure
cellular ATP production. Carbonyl cyanide m-chlorophenyl
hydrazine (optimized concentration, 50 M), an uncoupling
agent, was used to measure maximal respiration by disrupting
the mitochondrial membrane potential. Rotenone (20 uM), a
complex I inhibitor, was injected to restrain mitochondrial res-
piration and allow the calculation of nonmitochondrial respira-
tion. The OCR was shown by a sensor cartridge and calculated
using Seahorse XF-24 software.

2.11. Transmission Electron Microscopy. Cells were pelleted
via centrifugation and fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) at 4°C. After 2h, the pellets were
rinsed three times in 0.1 M phosphate buffer and then post-
fixed in 1% osmium tetroxide at 4°C for 1-2h, followed by
three washes in phosphate buffer. The pellets were dehy-
drated through a series of ethanol solutions and exposed to
two changes of propylene oxide. After the dehydration pro-
cess, the pellets were infiltrated with 2:1, 1:1, and 1:2 mix-
tures of EMbed 812 resin and propylene oxide for 1h each
time. They were finally embedded in 100% EMbed 812 resin.
After the resin had been polymerized for 24-48h at 60°C,
ultrathin plastic sections (80 nm thick) were cut at room tem-
perature using a Leica EM UC6 ultramicrotome (Leica
Microsystems GmbH, Wetzlar, Germany) and collected on
200-mesh carbon-coated grids. The grids were poststained
with 2% uranyl acetate and 1% lead citrate at room tempera-
ture for 15 and 5 min, respectively. A Zeiss LEO912AB 120
kV transmission electron microscope (Carl Zeiss, Oberko-
chen, Germany) and a FEI Tecnai G2 Spirit Twin 120kV
transmission electron microscope (FEI Company, Columbia,
MD, USA) were used for transmission electron microscopy
observations.
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2.12. Mitochondrial ROS (mtROS) Measurement. The Mito-
SOX fluorescent probe (Thermo Fisher Scientific) was used
to assess mitochondrial superoxide. Cells were cotreated with
or without NTPAM and N-acetyl cysteine (NAC) (2 and 5
mM, respectively), then incubated at 37°C for 24 h. After
treatment, cells were stained with MitoSOX (5 uM) in Hank’s
balanced salt solution for 15 min. Fluorescence-stained cells
(2 x 10°) were analyzed via flow cytometry (LSRFortessa X-
20; BD Biosciences), and FlowJo software version 10 (Tree
Star) was used to analyze the proportions of cells.

2.13. Xenograft Animal Model and Experimental Protocol.
Ten healthy male BALB/c nude mice (Saeronbio, Uiwang-
si, Republic of Korea) were used in this experiment. The
experimental procedures were allowed by the Chungnam
University School of Medicine Animal Experiment Ethics
Committee (202006A-CNU-112). Ten mice were randomly
separated into a control group and NTPAM treatment group.
SNU1041 cells (5 x 10° cells/mL) were prepared and injected
subcutaneously into the upper thigh of the hind legs of each
mouse. Gross tumor formation was confirmed on the 10th
day after injection. Next, 100 yL intratumoral injections of
medium in the control group and NTPAM in the experimen-
tal group were administered once daily for 11 days. The same
amounts of food and water were provided to each mouse, and
gross tumor volume was measured at 3-day intervals after
treatment. After 3 weeks of tumor cell injection, mice were
sacrificed and the tumors were dissected.

2.14. Histological and Immunohistochemical Analysis.
Excised tumor specimens were fixed in 4% paraformalde-
hyde solution (Thermo Fisher Scientific). Paraffin blocks
were prepared using a standard paraffin sample preparation
method; then, tissues were stained with hematoxylin and
eosin using a standard protocol. Immunohistochemical
analysis was performed as described previously [19]. Sec-
tions were incubated with antibodies against Ki-67 (1:
500; Bethyl Laboratories, Cambridge, UK), ATF4 (1:200;
Santa Cruz Biotechnology), and CHOP (1:200; Cell Sig-
naling Technology). Automatic digital slide scanner (Pan-
noramic MIDI, 3DHISTECH, Budapest, Hungary) was
used to analyze the image. Three fields were randomly
selected from each sample, and their optical densities were
quantified using Image] software (version 1.53a; National
Institutes of Health).

2.15. Statistics. All experiments were conducted three times,
and the mean values were analyzed. Statistical analysis and
graphical plots were assessed using Prism 8.0.1 (GraphPad).
Data are expressed as means + standard deviations, and the
significance of between-group differences was evaluated
using two-tailed Student’s t-tests. p <0.05 was considered
to reveal statistical significance (*p <0.05; **p <0.01; and
***p <0.001).

3. Results

3.1. NTPAM Induced Apoptotic Cell Death in HNC Cell Lines.
First, we investigated whether NTPAM affected the cell via-
bility of HNC cell lines. Optical microscopy revealed that
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the number of cells decreased when the SNU1041 and
SNU1076 HNC cell lines were treated with NTPAM pro-
duced by 2h of NTP activation (Figure 1(a)). Before and after
NTPAM treatment, the WST-1 assay was used to evaluate
the viabilities of normal control cells (human fibroblasts)
and three HNC cell lines (SNU1041, SNU1076, and
SCC25). Cytotoxicity was not observed in the normal control
cell line, but cell viability was significantly reduced in HNC
cell lines in a manner dependent on NTP activation time
(Figure 1(b)). All subsequent experiments were conducted
under conditions involving 24 h of incubation with NTPAM
that was generated by 2h of NTP activation. After NTPAM
treatment, Annexin V-FITC/PI analysis showed statistically
significant enhancements of the fractions of cells correspond-
ing to early apoptotic cells (FITC+/PI-) and late apoptotic
cells (FITC+/PI+) (Figures 1(c) and 1(d)). Figure 1(e) shows
apoptosis-related markers assessed after exposure to
NTPAM. Notably, the protein levels of cleaved PARP
increased, whereas those of pro-Caspase 3 and Bcl-2
decreased. These results suggested that NTPAM selectively
induces apoptosis in HNC cells.

3.2. Transcriptomic Analysis of HNC Cells after NTPAM
Treatment. A normal control cell line (human fibroblasts)
and three HNC cell lines (SNU1041, SNU1076, and SCC25)
were divided into NTPAM-treated and nontreated groups,
and three samples of each group were collected. RNA sequenc-
ing was conducted to determine the effects of NTPAM on the
transcriptome of each cell line (Figure 2(a)). In total, 1 610 dif-
ferentially expressed genes (DEGs) were identified depending
on NTPAM treatment status (Figure 2(b)). Based on these
data, the level of similarity was expressed using multidimen-
sional scaling (Figure 2(c)). In the human fibroblast cell line,
there were no noticeable changes in gene expression according
to NTPAM treatment status. However, as shown in
Figure 2(c), comparisons between the NTPAM-treated (red
circle) and nontreated groups (Blue circle) of HNC cell lines
showed consistent shifts after NTPAM treatment. Up- and
downregulated genes were identified according to NTPAM
treatment status in each cell line using FC>2 or <-1.6
and p<0.05. Synthesis of the results revealed that 119
genes were upregulated and 213 genes were downregulated
(Figure 2(d)). Gene ontology analysis was then performed
to derive the biological processes and molecular functions
of the identified genes, and the top 13 functional processes
were identified. The findings showed that NTPAM treat-
ment regulated mechanisms related to cell death and cell
cycle. In addition, there was a significant association with
the regulation of protein kinase R-like endoplasmic reticu-
lum kinase (PERK), known as an endoplasmic reticulum
(ER) stress sensor. This regulation was closely related to
an altered cell stress response (Figure 2(e)).

3.3. IPA of Gene Expression Profiles in HNC after NTPAM
Treatment. IPA was performed to identify the mechanism
and key factors that may be linked to the DEGs identified
in the previous experiment. IPA confirmed the molecular
pathways that were up- or downregulated in NTPAM-
treated and nontreated groups (Figure 3(a)). Additionally,
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FiGure 1: NTPAM induced apoptotic cell death in HNC cell lines. (a) Microscopic evaluation of HNC cell morphology after treatment with
NTPAM. (b) Cell viability was analyzed using the WST-1 assay after treatment with NTPAM generated by activation of NTP for 2h. NTPAM
significantly reduced the viabilities of HNC cell lines in an NTP activation-dependent manner. (c, d) Apoptosis was analyzed using the
Annexin V-FITC/PI assay. NTPAM significantly enhanced apoptotic cell death in SNU1041 and SNU1076 cell lines. NTPAM was
generated by activation of NTP for 2h and added to cultures for 24 h. (¢) NTPAM reduced pro-Caspase 3/Bcl-2 expression and induced
cleaved-PARP expression in HNC cell lines, as determined by Western blotting. NS: not significant; ***p < 0.001.

relevant transcriptional regulators were identified through
upstream regulator analysis. In particular, ATF4 and DNA
damage-inducible transcript 3 (DDIT3), also known as CHOP,
were identified as the most relevant upstream regulators
(Figure 3(b)). These results confirmed that ATF4 and CHOP
were major upstream transcriptional regulators of the network
of mechanical signalling pathways that differed between
NTPAM-treated and nontreated groups (Figure 3(c)).

3.4. ATF4 And CHOP Are Key Regulators of NTPAM-
Induced HNC Cell Death. Transcriptomic analysis indicated
that NTPAM induced upregulation of the PERK-related
unfolded protein response pathway in HNC cell lines. This
suggests that NTPAM may cause cell death due to ER stress.
In addition, overexpression of the ATF4/CHOP mechanism
(identified through upstream regulator analysis) is reportedly
induced by a persistent state of ER stress and promotes apo-
ptotic cell death [20]. Therefore, we presumed that the regu-
lation of ATF4 and CHOP via NTPAM was a key factor in
HNC cell death.

RNA sequencing demonstrated that the FPKM and rela-
tive mRNA expression values of both ATF4 and CHOP signif-
icantly increased after NTPAM treatment (Figures 4(a) and
4(b)). As shown in Figure 4(c), the protein levels of ATF4
and CHOP also increased after NTPAM treatment. ATF4
interference with siRNA led to the reduction of NTPAM-
induced ATF4 overexpression, as well as the reduction of
CHOP expression (Figure 4(d)). The NTPAM-induced
expression of cleaved-PARP, an apoptosis-related marker,
was also reduced (Figure 4(d)). Cell viability analysis revealed
a pattern in which NTPAM-induced apoptosis was signifi-
cantly diminished after ATF4 knockdown (Figure 4(e)). These
results suggested that NTPAM induced HNC cell death
through the regulation of ATF4 and CHOP.

3.5. NTPAM Induces Mitochondrial Damage in HNC Cells.
Mitochondria play an important role in cellular metabolism,
thus influencing the survival and death of cancer cells [21].

Recently, ATF4 has been identified as a major regulator of
the mitochondrial stress response [22]. Therefore, we specu-
lated that the phenomenon of NTPAM-induced HNC cell
death may be related to mitochondrial stress response and
damage.

To assess mitochondrial function in HNC cell lines after
NTPAM treatment, we analyzed the OCR. Compared with
nontreated cells, the treated cells exhibited reduced mito-
chondrial function (Figures 5(a) and 5(b)) and elevated num-
bers of disrupted mitochondria (Figure 5(c)). We also
examined the human fibroblasts when treated with NTPAM.
OCR before and after NTPAM treatment did not differ in
human fibroblasts (Figures S2a and b). Furthermore, RNA
sequencing analysis showed that the FPKM values of
mitochondrial oxidative phosphorylation-related genes
tended to decrease after NTPAM treatment. In particular,
NDUEFS1 and SDHA were significantly reduced in both
SNU1041 and SNU1076 cell lines (Figure 5(d)). In
addition, the protein levels of enzymes involved in
oxidative phosphorylation were examined by Western
blotting. After NTPAM treatment, the levels of the Cox IV
(complex 1V), UQCRC2 (complex III), and SDHB
(complex II) components of the oxidative phosphorylation
complex were reduced in SNU1041 and SNU1076 cell lines
(Figure 5(e)). Thus, our data revealed that NTPAM
treatment induces mitochondrial dysfunction in HNC cells
through mitochondrial damage.

3.6. NTPAM-Induced Enhancement of mtROS Is Associated
with Overexpression of ATF4 and CHOP via Mitochondrial
Damage. In a previous study, NTP induced the accumulation
of mtROS and caused HNC cell death [15]. Therefore, we
hypothesized that mtROS accumulation occurred following
NTPAM treatment and may be connected to the overexpres-
sion of ATF4 and CHOP. To assess changes in mtROS, Mito-
SOX was used to measure mitochondrial peroxide levels,
which significantly increased after NTPAM treatment
(Figures 6(a) and 6(b)). NAC has antioxidant effects and
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FIGURE 2: Transcriptomic analysis of HNC cells after NTPAM treatment. (a) Schematic figure of sample preparation process for RNA

sequencing. (b) Heat map of one-way hierarchical clustering revealed 1

612 differentially expressed genes (p <0.05). (c) Multidimensional

scaling demonstrated the level of similarity of individual datasets. The types of cells are shown by distinct colors. HNC cell lines were
similarly clustered and shifted before and after NTPAM treatment, respectively (NTPAM-treated groups of HNC cell lines: red circle,

nontreated groups of HNC cell lines: blue circle). (d) Venn diagram

demonstrated differentially expressed genes on the basis of RNA

sequencing results (FC>2 or <-1.6, p<0.05). (¢) Gene ontology analysis results. The top 13 significantly up- and downregulated

pathways in HNC cells after NTPAM treatment.

scavenges mtROS, including intracellular ROS. We found
that the NTPAM-induced enhancement of mtROS levels
was mitigated by NAC treatment (Figures 6(a) and 6(b)).
In addition, NTPAM-induced enhancements of ATF4
and CHOP protein levels were both reduced in an NAC
concentration-dependent manner (Figure 6(c)). Finally,
cell viability was significantly reduced after NTPAM treat-
ment, but this effect was reversed by NAC treatment
(Figure 6(d)).

3.7. NTPAM Suppressed HNC Progression in a Mouse
Xenograft Model. To evaluate the in vivo effects of NTPAM
on HNC, experiments were performed using a mouse
xenograft model established by subcutaneous injection of
SNU1041 cells (5x 10° cells/mL). After 10 days, tumor
growth was visually confirmed, and NTPAM (100 uL)
was then injected intratumorally once daily (Figures 7(a)
and 7(b)). Changes in tumor volume were recorded during
the experiment, and mice were sacrificed on the 21st day
(Figures 7(a) and 7(b)). Compared to the NTPAM-
treated group, the tumor volume in the control group

was significantly larger during the experiment period
(Figure 7(c)). On the 21st day, analysis of tumors har-
vested from sacrificed mice showed that the tumor volume
and weight were significantly lower in the NTPAM-treated
group (Figures 7(c)-7(e)).

Hematoxylin and eosin (H&E) staining of tumor tissue
showed excessive cell proliferation of tumor cells in the con-
trol group, whereas hyalinization was observed due to the
death of cancer cells in the NTPAM-treated group
(Figure 7(f)). Immunohistochemical staining was used to
evaluate the expression levels of Ki-67, ATF4, and CHOP
in tumor tissue. Ki-67 expression was high in the control
group. In contrast, the expression levels of ATF4 and CHOP
were elevated in tumor tissue after NTPAM treatment. These
results indicated that NTPAM attenuated the progression of
HNC in vivo through elevated expression levels of ATF4 and
CHOP (Figures 7(f) and 7(g)).

The findings in this study suggested that NTPAM
induces mtROS enhancement, resulting in mitochondrial
damage and increased HNC cell apoptosis through the
ATF4/CHOP signaling pathway (Figure 7(h)).
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F1GURE 4: ATF4 and CHOP are key regulators of NTPAM-induced HNC cell death. (a) Analysis of FPKM values of ATF4 and CHOP using
RNA sequencing data. Significantly elevated ATF4 and CHOP gene expression levels after NTPAM treatment. (b) Relative expression levels
of ATF4 and CHOP mRNA were confirmed by real-time quantitative PCR. NTPAM treatment enhanced the mRNA expression levels of
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alleviated by ATF4 interference. *p <0.05; **p <0.01; ***p < 0.001.
4. Discussion

Despite progress in the diagnosis and treatment of HNC, its
incidence and mortality continue to increase [23, 24]. Sur-
gery, chemotherapy, and radiation therapy for advanced
HNC are applied as single or combination treatments, but
there has been no substantial improvement in the 5-year sur-
vival rates of some HNC types [2]. Precision medicine has
been used to develop targeted therapeutics in recent years.

However, there are several limitations such as treatment
resistance, side effects, and tumor heterogeneity [25-27]. A
new type of anticancer treatment approach is needed to over-
come these therapeutic limitations.

Plasma medicine is rapidly becoming an important
potential treatment field. NTP is effective for regenerating
damaged tissue epithelium and thus protects normal tissue
in various disease models [7, 9, 10, 28]. This suggests that
the use of NTP as an alternative therapy can overcome the
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limitations of existing anticancer treatment due to toxicity in
normal cells.

In particular, NTPAM is useful because it has an antican-
cer effect similar to that of existing NTP and can be directly
applied to tumors [29-31]. The anticancer effects of NTP
are broadly related to mechanisms such as apoptosis induc-
tion through ROS generation and cytoskeletal modulation
[6, 31, 32], but the detailed underlying mechanisms are
unclear. To our knowledge, there have been few studies con-
cerning the mechanism by which NTPAM mediates its anti-
cancer effects. Therefore, our study is important in that it
confirms the anticancer effects of NTPAM in HNC cell lines
and provides transcriptomics-related insights concerning the
underlying mechanisms of these anticancer effects.

ATF4 is a transcription factor expressed in the context of
sustained ER stress, which induces adaptation to stress con-
ditions [20, 33]. It is also related to the regulation of mito-
chondrial stress [22]. CHOP regulates the expression of
proapoptosis-related genes and is activated by ATF4 [34,

35]. The excessive accumulation of mtROS induces mito-
chondrial permeability transition, thus causing damage
through osmotic expansion of the mitochondrial matrix
[36, 37]. This mechanism is an important component of
mitochondrial targeted therapy [36]. Here, we found that
NTPAM induced the enhancement of mtROS in HNC cells,
as well as mitochondrial damage. IPA analysis revealed that
the expression patterns of ATF4 and CHOP, major upstream
regulators of the NTPAM-induced anticancer effect, were
altered by treatment with NAC, a ROS scavenger. Therefore,
we hypothesized that the anticancer mechanism of NTPAM
involved enhanced mitochondrial stress and mitochondrial
damage due to the accumulation of mtROS, which led to
the overexpression of both ATF4 and CHOP, as well as apo-
ptosis. We experimentally validated this hypothesis both
in vitro and in vivo. However, additional studies are required
to undercover the intermediate pathway through which
mitochondrial damage causes overexpression of ATF4 and
CHOP.
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Mitochondria are organelles responsible for energy
metabolism, cellular redox/calcium homeostasis, and cell
death regulation in normal cells [38, 39]. Furthermore, mito-
chondria are also important mediators of tumorigenesis
because they regulate apoptosis and are thus involved in the
formation of neoplasms (through the alteration of mitochon-
drial function) [36, 40]. Cancer cells undergo metabolic
reprogramming through changes in mitochondrial function,
and tumorigenesis is promoted by changes in cancer cell-
specific metabolites [41]. Mitochondrial targeted therapy is
a unique approach that differs considerably from existing
anticancer drugs and can enable individualized treatment of
patients with carcinomas [36]. The anticancer effects of
NTPAM are closely related to the regulation of ATF4 and
CHOP activities, in which transcriptome analysis revealed
that they were related to the mitochondrial stress response.
Experimental analysis showed that these effects were medi-
ated by mitochondrial damage. Therefore, NTPAM is pre-
sumably suitable as a cancer-specific mitochondrial
targeting agent. To establish the generalizability of this mech-
anism, additional research is needed to determine whether
the same phenomenon appears in other cancer types.

Here, we performed an in vivo experiment involving an
intratumoral injection method, which showed positive
results supporting its potential use in clinical practice. In par-
ticular, NTPAM can be applied to HNC tumors in various
forms such as gargle or spray, in addition to a liquid injection
method. Therefore, NTPAM offers an alternative treatment
for HNC cancer that is refractory to existing treatment. How-

ever, for future clinical applications, large-scale experiments
with medium and large animals must be performed. Further
studies are also needed to optimize the dose of NTPAM and
establish its safety characteristics.

5. Conclusions

In conclusion, NTPAM induces the accumulation of mtROS
in HNC cells. Mitochondrial damage caused by this accumu-
lation of mtROS induces the overexpression of both ATF4
and CHOP, thereby increasing apoptosis. NTPAM offers a
new alternative therapy that can overcome limitations
involving toxic effects in normal cells and resistance to con-
ventional cancer therapy.
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