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New Treatment Options for Osteosarcoma — Inactivation
of Osteosarcoma Cells by Cold Atmospheric Plasma
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Abstract. Background/Aim: Cold atmospheric plasma has
been shown to inhibit tumor cell growth and induce tumor
cell death. The aim of the study was to investigate the effects
of cold atmospheric plasma treatment on proliferation of
human osteosarcoma cells and to characterize the underlying
cellular mechanisms. Materials and Methods: Human
osteosarcoma cells (U2-OS and MNNG/HOS) were treated
with cold atmospheric plasma and seeded in culture plates.
Cell proliferation, p53 and phospho-p53 protein expression
and nuclear morphology were assessed. Results: The treated
human osteosarcoma cell lines exhibited attenuated
proliferation rates by up to 66%. The cells revealed an
induction of p53, as well as phospho-p53 expression, by 2.3-
fold and 4.5-fold, respectively, compared to controls. 4’°,6-
diamidino-2-phenylindole staining demonstrated apoptotic
nuclear condensation following cold atmospheric plasma
treatment. Conclusion: Cold atmospheric plasma treatment
significantly attenuated cell proliferation in a preclinical in
vitro osteosarcoma model. The resulting increase in p53
expression and phospho-activation in combination with
characteristic nuclear changes indicate this was through
induction of apoptosis.
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Plasma, the fourth state of matter, can be subdivided into
thermal, and non-thermal, so-called cold atmospheric plasma
(CAP) (1). Thermal plasma has a temperature of more than
10,000°C. Its clinical applications include the ablation of
tumors or coagulation of blood vessels due to its high
temperature and consequent alteration of molecular
structures during treatment. CAP temperature ranges from
20°C to 50°C, thus preserving molecular structures and
cellular integrity. CAP can be described as a partially ionized
gas generated by focused electric discharge. It contains a
dose-controlled mixture of highly reactive and energetic
particles, including positive and negative ions, electrons,
excited atoms and molecules (i.e. singlet-oxygen), free
radicals such as reactive oxygen (ROS) and nitrogen (RNS)
species, characterized by atoms or molecules containing an
unpaired electron, photons, and electromagnetic fields,
leading to the emission of visible UV or VUV radiation. The
reactive compounds, which become biochemically active,
emerge either during the generation of the plasma in due
course of the interaction with molecules of the surrounding
air, or with the medium, bodily fluid, or tissue to be treated.
In addition to direct plasma effects due to the composition
of CAP at the effect site, there are also subsequent secondary
actions within the tissue, based on radical formation by CAP,
similarly to physiologically generated radicals.

CAP effects on living tissues have been shown to be
profoundly caused by the interaction of a mixture of
chemical reactive radicals and elementary particles with cell
membrane structures and molecular signaling pathways.
Most commonly used inert carrier gases for CAP are argon
and helium (2).

CAP offers a broad spectrum of clinical applications,
including eradication of pathogens (3), blood coagulation and
treatment of chronic wounds (4). More recently, its anticancer
effects have been discovered in vitro and in vivo and have led
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to establishment of a new medical field called plasma
oncology (5). CAP has been shown to inhibit tumor cell
growth, induce cell death and is more effective against tumor
cells than normal non-neoplastic cells, making it a promising
therapeutic option (6, 7). However, the underlying molecular
mechanisms remain poorly understood (8). Temporary loss of
cell adhesion and programmed cell death are two important
cell responses that have been identified so far (6).

Osteosarcoma (OS) is the most common primary
malignant bone tumor in adolescents and young adults.
Multi-agent chemotherapy and improved surgical techniques
have led to a long-term survival rate of up to 60-70% in
localized non-metastatic disease of the extremities (9). The
treatment strategy depends on the extent, location, and grade
of the tumor, as well as patient factors including age and
general condition. In cases where radical surgical en bloc
resection cannot be achieved with conventional surgical
techniques, additional treatment options are needed.

Due to its potential for tumor reduction and metastasis
prevention, CAP treatment may be a promising new
therapeutic approach to further improve outcomes of patients
with OS. The purpose of this study was therefore to analyze
the effects of CAP on human osteosarcoma cell lines U2-OS
and MNNG/HOS and to further characterize cellular effects
and underlying molecular mechanisms.

Materials and Methods

Cell culture. The human OS cell lines U2-OS and MNNG/HOS
(purchased from the American Type Culture Collection, Manassas,
VA, USA) were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1.0 g/l glucose supplemented with 10% fetal
bovine serum, 1 mM sodium pyruvate, and 1% penicillin/
streptomycin (all from PAN Biotech, Aidenbach, Germany) at 37°C
in a humidified atmosphere with 5% CO, atmosphere.

CAP treatment. For generation of CAP, the plasma jet KINPen MED
(Neoplas Tools, Greifswald, Germany) was used (argon as carrier
gas, gas flow: 3 1/min; supply voltage=65 V DC; frequency: 1.1
MHz). For cell proliferation assessment after CAP treatment,
4.0x104 (U2-08) and 8.0x104 (MNNG/HOS) cells were suspended
in 200 ul DMEM on an uncoated 24-well cell culture plate and
treated for 10 s with CAP or argon gas as control, respectively. After
CAP treatment, cells were immediately transferred to poly-L-lysine
(PAN Biotech) coated 24-well cell culture plates and incubated in
DMEM for 4, 24, 48, 72, 96 and 120 h. For protein analysis,
5.0x105 cells were suspended in 500 ul DMEM, treated with CAP
and incubated in poly-L-lysine coated 6-well cell culture plates.

Cell proliferation assay. Proliferation of U2-OS cells was examined
by viable cell counting utilizing a CASY Cell Counter and Analyzer
Model TT (Roche Applied Science, Mannheim, Germany).
Therefore, cells were detached by trypsin treatment, suspended in
CASYton (Roche Applied Science). A 1:100 dilution, and three
replicates of 400 pl of cell suspension were analyzed. Measurements
were performed using a capillary of 150 pm in diameter and cell
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line-specific gate settings to discriminate between viable and dead
cells, and cellular debris: 7.20 um/13.95 pm for U2-OS cells,
7.20 um/14.85 um for MNNG/HOS cells.

Western blotting. Cells were lysed [RIPA buffer: 50 mM Tris (pH
7.5), 150 mM NacCl, 10 mM K2HPO4, 5 mM EDTA, 10% glycerol,
1% Triton X-100, 0.05% sodium dodecysulfate, 1 mM NazVO,,
20 mM NaF, 0. mM phenylmethylsulfonyl fluoride, 20 mM
2-phosphoglycerate, complete protease inhibitor cocktail from Roche
Applied Science] and western blotting was performed using standard
techniques as described elsewhere (10). Primary antibodies against
p53, phospho-p53, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used in combination with the appropriate
peroxidase-conjugated secondary antibody (all from Cell Signaling
Technology, Danvers, MA, USA). Proteins were visualized using
SuperSignal West Dura Chemiluminescent Substrate (Thermo
Scientific, Waltham, MA, USA) in a ChemidocSystem (Biorad,
Munich, Germany) and quantified using Image Lab 3.0 (Biorad)
software according to the manufacturer’s instructions.

Fluorescence microscopy. U2-OS cells were seeded onto 3.5-cm cell
culture dishes and incubated for 24 h. For microscopic analysis,
cells were washed with phosphate-buffered saline (PBS; PAN
Biotech), fixed with 4% paraformaldehyde, rinsed twice with PBS
and permeabilized using 0.2% Triton X-100 (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany). Subsequently, chromosomal nucleic
acids were stained with 4’ ,6-diamidino-2-phenylindole (DAPI; Carl
Roth) and nucleus-specific signals were recorded using a BZ-9000
Fluorescent Microscope System (Keyence, Osaka, Japan).

Nuclear morphological assay. Characteristic changes of nuclear
morphology that occur during apoptotic condensation include
reduction in nuclear area and perimeter, nuclear deformation and
unrounding. These morphological changes and are also referred to
as nuclear shrinkage. For the detection of apoptotic changes in
nuclear morphology, microscopic images of DAPI-stained cells
were analyzed using a BZ II Analyzer software (Keyence). DAPI
signals of 0.5% of the total growth area were recorded and
subsequently analyzed regarding area, perimeter and brightness of
nuclear staining as described elsewhere (11). DAPI-positive nuclei
were defined by co-localization function of the Hybrid Cell Count
BZ-H2C module defining a range from 0.3-200 um?2, thus excluding
nuclear cluster and fragmented nuclei.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA,
USA). Data shown in the figures are either from representative
experiments or expressed as the mean+SD of at least five independent
experiments. Significant differences between experimental and
control groups were determined using the unpaired Student’s #-test.
p-Values of 0.05 or less were considered statistically significant.

Results

CAP treatment of OS cells attenuates cellular growth rates
in an in vitro cell culture model. To monitor a putative
inhibitory effect of CAP on U2-OS cell proliferation, CAP-
treated cells were cultivated over a period of 120 h. Control
treated U2-OS cells demonstrated characteristic cell growth,
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Figure 1. Growth-inhibitory properties of cold atmospheric plasma (CAP) in an in vitro cell culture model of osteosarcoma (0S). U2-OS cells (a)
and MNNG/HOS cells (b) were CAP-treated for 10 s and cell proliferation was assessed at different time points utilizing a CASY Cell Counter and
Analyzer Model TT (Roche Applied Science). Data are given as the mean+SD, statistically analyzed by Student’s t-test. Significantly different

compared to the control at *p<0.05, **p=<0.01, and ***p=<0.001.

CAP treatment of U2-OS exhibited
significantly attenuated proliferative rates (Figure la).
Further incubation experiments applying MNNG/HOS cells
confirmed these results. Compared to characteristic cell
growth of control cells, CAP treatment led to significantly
reduced proliferation of MNNG/HOS cells (Figure 1b).

whereas cells

CAP-induced attenuation of OS cells is paralleled by up-
regulation and activation of the apoptotic factor p53. p53
expression as a key regulator of apoptosis in mammalian cells
after CAP treatment was examined. Western blot analysis of
CAP-treated OS cells revealed significant induction of p53
expression in U2-OS cells compared to controls. Although no
induction was detectable in MMNG/HOS cells (Figure 2b),
phosphor-activation of the protein was found 24 h after CAP
treatment (Figure 2d and f). In addition to induction of p53
expression, phosphorylation is also required for initiation of
p53-dependent apoptosis pathways. Therefore, protein analysis
utilizing phospho-p53-specific antibodies was performed. The
phospho-p53 status in U2-OS cells as well as in MNNG/HOS
cells indicated enhanced the activation of p53 protein
following CAP treatment (Figure 2c and d, respectively).
Analysis of phospho-p53 relative to total p53 demonstrated
activation of p53-dependent signaling pathways in U2-OS
cells and MNNG/HOS cells in response to CAP treatment
(Figure 2e and f, respectively).

Morphology of CAP-treated OS cells suggests apoptotic
changes. DNA condensation and nuclear degradation are

later events in apoptotic cell death. For this reason, nuclear
morphology of CAP-treated cells was assessed. Light
microscopic analysis 24 h after CAP treatment demonstrated
morphological changes in both cell lines compared to
controls (Figure 3). Accordingly, nuclear morphological
characteristics were prominently altered in both U2-OS
(Figure 3b and d) and MNNG/HOS (Figure 3f and h) cells
compared to argon-treated cells, pointing to apoptotic
nuclear degradation and apoptotic body formation.

In order to test this hypothesis, bioinformatic analyses
including evaluation of apoptotic changes were performed.
Fluorescence microscopic analysis of OS cell nuclei showed
that CAP-treated cells formed shrunken nuclei demonstrated
by reduced area (Figure 4a and b). DAPI staining of OS cell
nuclei yielded an increased brightness of CAP-treated cells
indicating DNA condensation during apoptosis (Figue 4c).

Discussion

Being new in the field of medical applications of physical
plasma, plasma oncology is an important new topic in
healthcare (4, 5). Numerous studies have been carried out in
in vitro and in in vivo cancer models demonstrating anti-
neoplastic effects of CAP in solid tumors including prostate
cancer, pancreatic cancer, malignant melanoma, and glioma
(5,6, 12, 13). OS therapy is complicated by the development
of adverse effects that result from treatment with aggressive
cytotoxic chemotherapeutic agents (9). Furthermore, therapy
resistance of human osteosarcoma with poor prognosis has
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Figure 2. Cold atmospheric plasma (CAP)-induced expression and phospho-activation of the apoptotic regulator p53 in osteosarcoma (OS) cells.
U20S cells (a, c, e) and MNNG/HOS cells (b, d, f) were CAP-treated for 10 s, incubated for the indicated times, and harvested cells were subjected
to western blot analysis using antibodies directed against total p53 (a, b) and phospho-p53 (¢, d). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) signals served as loading control. Phosphorylation rate of p53 was calculated by the phospho-p53/total p53 ratio (e, f). Data are given
as the mean=SD, statistically analyzed by Student’s t-test. Significantly different compared to the control at *p<0.05 and **p=<0.01.
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Figure 3. Cold atmospheric plasma (CAP)-induced apoptotic changes of cell and nuclear morphology. For light (a, c, e, g) and fluorescence (b, d,
[, h) microscopy analysis, fixed U2-0S cells (a-d) and MNNG/HOS cells (e-h) were characterized utilizing a BZ-9000 fluorescent microscope system
(Keyence) at x60 magnification. Nuclear-specific staining was performed using 4',6-diamidino-2-phenylindole stain.

been reported in certain patient subgroups, necessitating new
therapeutic options (14, 15). Hence the present study
evaluated for the first time the impact of CAP on the
treatment of OS and found it a promising alternative
therapeutic approach or favorable additional therapeutic
option. By utilizing a preclinical in vitro OS model system
(U2-0S cells, MNNG/HOS cells), we demonstrated that
CAP treatment significantly attenuates cancer cell
proliferation and that this effect is associated with apoptosis
(Figure 5).

Performing a single CAP treatment of 10 s was sufficient
to inactivate OS cells significantly. Notably, cell
proliferation was apparently attenuated by p53-initiated

apoptosis. In contrast to necrosis, apoptosis involves
regulated enzyme activities of proteases and nucleases.
Moreover, due to a nearly intact cytoplasmic membrane,
apoptotic degradation is not associated with the liberation
of critical biomolecules which may induce local or systemic
processes of inflammation and immune responses (16).
Induction of apoptosis by cytostatics is a common mode of
action on the cellular level (17, 18) and has also been
reported for OS anticancer drugs (19, 20). CAP-dependent
induction of apoptosis has been demonstrated in malignant,
as well as in non-malignant cells (5, 6, 13, 21, 22, 23).
Clinical application of CAP in OS therapy may involve
radical computer-assisted surgical tumor resection and
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Figure 4. Biostatistical analysis of cold atmospheric plasma (CAP)-induced apoptotic changes of nuclei. 4',6-diamidino-2-phenylindole (DAPI)-
stained nuclei as depicted in Figure 3b, d, f and h were analyzed by the Hybrid Cell Count BZ-H2C module of the BZ 1I Analyzer software (Keyence).
Nuclear morphology in fixed and DAPI-stained U2-0S cells (a-c) and MNNG/HOS cells (d-f) was characterized regarding area (a, d), perimeter
(b, e), and brightness (c, f) of stained nuclei. Data are given as the mean=+SD, statistically analyzed by Student's t-test. Significantly different

compared to the control at *p=<0.05, **p=<0.01, and ***p=<0.001.

intraoperative CAP treatment of resection surfaces to further
reduce the risk for recurrence and metastasis. Questions
remain if CAP may represent a mutagenic agent being
harmful to healthy structures. To date, little is known about
the side-effects of CAP treatment due to relatively scarce in
vitro data. The same plasma device has been shown not to
induce mutagenic effects after application to the inner
membrane hen egg up to a plasma exposure time of 10 min
(11). Nevertheless, potential long-term effects need to be
ruled-out in vivo prior to clinical application in patients with
OS. This applies particularly to mutagenic and carcinogenic
risks. Nevertheless, CAP has been shown to increase
endothelial cell proliferation through fibroblast growth
factor-2 release and NO production (20, 22, 26). Because
angiogenesis is a key factor in metastasis enhanced by cancer
tissue through local cytokine and growth factor release, this
risk remains to be further examined.

Our results indicate that CAP may be a novel and
promising therapeutic option in OS treatment. Further studies
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should evaluate individual therapy parameters including
treatment intensity, exposure time, and the potential of
CAP/chemotherapy combination therapies. Furthermore,
future in vivo studies need to examine the influence of CAP
on adjacent tissue structures, tumor volume, invasiveness and
metastasis. After further adjustment of CAP-producing
devices to clinical needs, this novel technique could
significantly expand the therapeutic alternatives in
orthopedic oncology.
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