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Abstract

The prognosis of metastatic osteosarcoma (OS) remains poor with a <20% survival rate, particularly in cases of distant (non-lung)
metastases. Tumor-treating field (TTF) therapy is a novel electric field-based treatment that causes metaphase arrest and tumor
cell death, with the advantage of reduced side effects compared to radiation and chemotherapy. TTF shows promise in glio-
blastoma and other solid tumors; however, few studies have examined its potential in the treatment of osteosarcoma. Therefore,
we explored the mechanism of TTF-induced metastasis inhibition and cell death using in vitro models. TTF (1.5 V/cm, 150 kHz) was
applied to U20S and KHOS/NP OS cell lines. In addition, a 3-dimensional culture system was established using these OS cell lines.
Cell migration and invasion (i.e., metastatic potential) were examined using a wound-healing scratch assay and transwell assay,
respectively. Western blotting of metastasis- and angiogenesis-related proteins was performed. TTF suppressed the migration of
and invasion by OS cells and inhibited the expression of epithelial markers, thereby preventing epithelial-mesenchymal transition
(EMT), a hallmark of metastasis. Moreover, TTF prevented angiogenesis in human tumor endothelial cells and downregulated
matrix metalloproteinase-2 (MMP2) and vascular endothelial growth factor (VEGF) expression. Therefore, TTF shows potential
as an improved treatment for osteosarcoma, warranting further preclinical studies in animal models to support clinical trials.
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0S, with little progress for more than 20 years.® However,
patients with metastatic or recurrent disease have reportedly
show a <20% long-term survival.” As such, the evaluation of
new and innovative therapies for cancer patients is deemed
necessary for developing more effective cancer treatments.

Introduction

The most common primary malignant bone tumor is osteosar-
coma (OS).'? Metastatic OS is a bone tumor that spreads to
distant areas from the initial site of origin in the affected bone.
It is typically challenging to control metastatic OS, although a
better prognosis is seen in patients with localized metastases as

compared to patients with distant metastases.”* As per histor-
ical data, significantly fewer metastatic OS patients (20%) have
shown no recurrence of their cancer and survived compared to
non-metastatic patients. Currently, treatment may consist of
radiation, surgery, biological therapy, or chemotherapy, as
either single therapies or in combination. Relapse is seen in
nearly one-third of OS patients with localized disease at initial
diagnosis, irrespective of combination therapy,” with 90% of
those recurrent due to lung metastases. Conventional therapy
demonstrates a 5-year survival of 60-70% for non-metastatic
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In the field of cancer treatment, tumor-treating field (TTF)
therapy is a novel anti-mitotic electric-field-based treatment. In
fact, additional features such as being a non-chemical, non-
ablative treatment set this therapy apart from radiotherapy,
surgery, chemotherapy, and other established cancer treatment
modalities. After 10 years of intensive mechanistic research,
TTF has entered clinical use quite recently. A portable, battery-
operated medical device is used to deliver TTF to patients. The
device uses non-invasive transducer arrays that are placed on
the skin surface encircling the tumor under treatment. The U.S.
Food and Drug Administration (FDA) has approved the use of
this drug for newly diagnosed glioblastoma (GBM) and for
treating patients with recurrent GBM with no further scope for
surgery or radiotherapy. Moreover, with the features of this
novel treatment modality, its high effectiveness, and low toxi-
city profile, the American Society of Clinical Oncology
(ASCO) has recognized TTF as an advancement in cancer
treatment.® In fact, TTF has been recommended in the most
recent National Comprehensive Cancer Network (NCCN)
guidelines as a category 2A treatment in newly diagnosed
GBM for patients with a good performance status.’ In particu-
lar, NCCN is conducting clinical trials of TTF in other solid
tumors such as non-small cell lung cancer (NSCLC), ovarian
tumors, pancreatic tumors, and malignant mesothelioma.'®

TTF is similar to other cancer treatments that demonstrate
certain biological effects, which are and continue to be
researched in several studies. Here, we discuss the currently
available knowledge on this mechanism. Highly polarized
tubulin dimer dipoles align in the direction of the applied TTF.
During metaphase within the cytoplasm, the normal rando-
mized movement of the tubulin subunits is eliminated by TTF
and thus the normal polymerization process of microtubules
that form the mitotic spindle is disrupted.''"'® This leads to
metaphase arrest, prolonged mitosis, and ultimately cell death
or induced autophagic cell death.'*'°

Ongoing clinical trials and the continued evaluation of new
treatments will result in future progress in the treatment of
metastatic OS. Treatment improvement in metastatic OS, spe-
cifically in areas of active exploration, will include TTF. This
pertains to the combined use of 2 or more techniques, which is
emerging as a significant approach to augment a patient’s cure
or survival chances. The most promising treatment can be
expected in OS cases by utilizing new and innovative TTF
therapies in clinical trials. Reportedly, cells proliferating via
an anti-mitotic mechanism are selectively targeted by TTE."!
However, the effects of TTF on OS metastasis have been exam-
ined by very few studies. TTF has inhibited solid tumor metas-
tasis in the lungs, as reported in 2 animal models by Kirson
et al,'® suggesting that primary cancer metastatic spread may
be effectively prevented by TTF. Nevertheless, the effects of
TTF on the regulation of the metastatic potential of OS or its
underlying mechanisms remain unclear. As such, this study is
the first to apply TTF to OS cells to explore the molecular
mechanisms of metastasis inhibition by assessing migration
and invasion.

Materials and Methods
Experimental Setup of the Electric Fields

Wires were attached to the bottom of each well, 1 cm apart. The
electric field (EF) intensity in the medium was measured using
2 insulated wires with exposed tips, which were connected to
an oscilloscope (GDS-2102A, GW Instek; New Taiwan City,
Taiwan) through a differential probe (GDP-100, GW Instek).
The noise level in the measurement of field intensity, which
was determined by the comparison between the EF intensity at
90° (normal to the EF lines) and at 0° (parallel to the EF lines),
was less than 30% of the signal. The applied EF intensity was
1.5 V/em and the applied frequencies ranged from 50 kHz to
300 kHz. Temperature was measured within culture dishes
during treatment because EF application can generate non-
negligible heat. The measurement showed that the change in
temperature due to the application of TTF was not significant,
revealing a maximum change of 0.3°C increase under our
experimental conditions. TTFs were generated using a pair of
insulated wires connected to a functional generator and a high-
voltage amplifier, which generated sine-wave signals ranging
from 0 V to 800 V, resulting in an applied EF intensity and
frequency of 1.5 V/ecm and 150 kHz, respectively.'” We used
1.5 V/em as the field intensity because of its use in clinical
settings. For TTF treatment, cells were plated in 100-mm
dishes and incubated at 37°C in a humidified atmosphere with
5% CO, until they reached 70—80% confluency.

Cell Culture

Two human OS cell lines (U20S, KHOS/NP) and a murine
endothelial cell line (2H11) were selected for this study from
the American Type Culture Collection (Rockville, MD). OS
cell lines were maintained in o-minimum essential medium
(Gibco®, Life Technologies, Carlsbad, CA) containing 10%
(v/v) fetal bovine serum (FBS; Gibco®, Life Technologies) and
1% (v/v) penicillin-streptomycin (Gibco®, Life Technologies).
The 2H11 cell line was maintained in DMEM supplemented
with 10% fetal bovine serum (FBS) in a humidified 10% CO,
environment.

Cell Viability Assay

Cell viability was determined by the trypan blue exclusion
assay and the MTT assay. An equal volume of trypan blue was
added to the cell suspension, and the percentage of viable cells
was evaluated by microscopy. Assays were performed in tri-
plicate. The MTT assay (EZ-CYTOX, Daeillab Service; Seoul,
Korea) was performed according to the manufacturer’s stan-
dard protocols.

Colony Formation Assay

Cells were treated with TTF for 48 h and then incubated for 10
days. The resulting colonies were fixed with 100% methanol
for 30 min, stained with 0.4% crystal violet (Sigma-Aldrich; St.
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Louis, MO), and then counted. The survival fraction, expressed
as a function of irradiation, was calculated as follows: survival
fraction = colonies counted/(cells seeded x plating efficiency/
100).

Three-Dimensional (3d) Culture System

U20S and KHOS/NP cells were seeded in 96-well plates at 1 x
10* cells/well. In the 3D culture model, wells of a 96-well
plates were pre-coated with 40 pl Matrigel (undiluted; Corning,
Tewksbury, MA) as a basement membrane followed by incu-
bation at 37°C for 30 min. Cells were plated onto the gel in an
appropriate medium, and wells were photographed using an
Eclipse Ti microscope with a DS-Fil camera (Nikon, Tokyo,
Japan) after 10 days.

Wound-Healing Scratch Assay and Invasion Assay

OS cells were seeded onto 6-well plates (Corning) at 2.5 x 10*
cells/well in 3 mL medium supplemented with 10% FBS. At 2
days, monolayers were mechanically disrupted using a sterile
200-pl pipette tip. The assay was performed in duplicate. Wells
were photographed after 24 h. Cells were then stained with
0.2% crystal violet. Cell migration was monitored using an
Eclipse Ti microscope with a DS-Fil camera (Nikon), and cells
were counted using ImagelJ software (United States National
Institutes of Health, Bethesda, MD).

Migration and invasion were measured in vitro using trans-
well chambers (Corning) according to the manufacturer’s pro-
tocol. Briefly, the upper well chamber was precoated with 40 pl
of Matrigel (diluted 1:14 with opti-MEM media). The cells
were seeded onto transwell upper chamber membranes at 2 x
10* cells/mL in 200 pL of medium and were either left
untreated or treated with TTF for 48 h. The medium in the
upper chamber was serum-free, while the medium in the lower
chamber contained 10% FBS as a chemoattractant. Cells that
passed through the coated membranes were stained with a
crystal violet solution supplied in the Transwell invasion assay
kit (Chemicon, Millipore; Billerica, MA) and photographed
after 24 h of incubation.

Matrigel-Based In Vitro Endothelial Tube Formation
Assay

Endothelial cell tube formation was assessed using Matrigel-
coated chamber slides, as described previously.'® Each Cell
lines (1 x 10%) were resuspended in serum-free DMEM and
loaded on top of the Matrigel, respectively. After TTF treat-
ment for 48 h, the results of each assay were photographed with
an Eclipse Ti microscope with a DS-Fil camera (Nikon) at a
magnification of x10.

Western Blot Analysis

Total proteins from OS cells were extracted in RIPA buffer (50
mM Tris-HCI, pH 7.4; 1% NP-40, 150 mM NaCl, and 1 mM

EDTA) supplemented with protease inhibitors (1 mM PMSF, 1
pg/mL aprotinin, 1 pg/mL leupeptin, and 1 mM Na;VO,) and
quantified using the Bradford method. Protein samples (30 pg)
were separated by SDS/polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane using wet transfer.
After blocking non-specific antibody binding sites, the mem-
brane was incubated overnight at 4°C with mouse monoclonal
antibodies against the indicated antibodies. Vimentin (sc-
6260), Twist (sc-81417), VEGF (sc-507), and MMP-2
(sc-10736) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). And N-cadherin (4061s), Snail (3895s),
and B-actin (3700) were obtained from Cell Signaling Tech-
nology (Danvers, MA, USA). The secondary antibody was
purchased from Invitrogen (Carlsbad, CA). After incubation
with peroxidase-conjugated secondary antibodies at 37°C for
1 h, the protein bands were visualized using enhanced chemi-
luminescence reagent (GE Healthcare Biosciences, Pittsburgh,
PA) and detected using the Amersham Imager 680 (GE Health-
care Biosciences).

Statistical Analysis

Statistical significance was determined using Student’s t-test.
Differences were considered significant if the P value was less
than 0.05 or 0.001 (*p < 0.05; **P < 0.01; ***P < 0.001).

Results
TTF Inhibited Cell Proliferation in OS Cell Lines

The TTF was aimed using insulated wires connected to a gen-
erator and an amplifier to generate a sine-wave signal ranging
between 0-800 V (Figure 1A). This section focuses on the
detection of TTF effects on KHOS and U20S cell proliferation,
and subsequently sent to the treatment for the counting of cells.
From the observations, it was inferred that the application of
TTF for 48 h played a significant role in the reduction of pro-
liferation of both KHOS and U20S cells by the trypan blue
assay (Figure 1B) and the MTT assay (Figure 1C). To deter-
mine the effects in vitro, we applied colony forming measures
(Figure 1D). After 10 days, we observed a clonogenic effi-
ciency of 30% in KHOS cells after treatment. Similar to the
results observed when applying TTF, we observed a reduction
in efficiency by 73% in U20S cells. The differences between
treated and untreated cells were significant (p < 0.01). Further,
colonies in untreated 3D cultures were larger than those formed
by TTF-treated cells (Figure 1E). This suggests that TTF can
initiate both anchorage-dependent (cell proliferation) and
anchorage-independent (colony formation) growth of OS cells.

TTF Suppression of Cell Migration and Invasion

A malignant form of OS was observed in cases of intensified
cell growth.'® Transwell chambers were further employed to
detect these effects. TTF-treated cells showed reduced migra-
tion and invasion in transwell assays compared with controls,
using Matrigel (Figure 2A). Further, the percentage of invading
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Figure 1. Effect of TTFs on the viability of OS cells (left: KHOS/NP, right: U20S). (A) Schematic of the experimental setup for TTF treatment.
(B) Cell viability was determined by a trypan blue exclusion assay; *p < 0.05; **p < 0.01. (C) The viability of cells treated with TTF was
significantly lower than that of cells treated with the control. The proliferation rate was detected by the MTT assay; **p < 0.01. (D) The
sensitivity of OS cells treated with TTF was measured via a colony formation assay. The survival fractionwas calculated as follows: survival
fraction = colonies counted/(cells seeded x plating efficiency/100); *p < 0.05; **p < 0.01.(E) OS cells were treated with TTFs (1.5 V/cm) for

3D colony culture.
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Figure 2. TTF inhibits the migration of and invasion by OS cells. (A) Tumor cell invasion and migration after 48 h of TTF treatment were

examined by transwell chamber assays in KHOS/NP and U20S cells. The number of invading tumor cells that penetrated through the gelatin and
Matrigel was counted using 5 high-intensity fields. Values represent the means of 3 experiments + SD; ***P <0.001. (B) OS cells were treated
with TTF for 48 h and then incubated for 24 h. The cells were then scraped with yellow pipette tips for the scratch assay. Values represent the

means of 3 experiments + SD.
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Figure 3. TTF regulates EMT protein levels in OS cells. (A) OS cells
were treated with TTF for 48 h and western blotting was performed
using the antibodies indicated for different timepoints.

or migrating cells was significantly reduced by 65.3% and
85.8% for KHOS cells, respectively, and by 91.3% and
89.4% for U20S cells, respectively. Additionally, a scratch
assay was employed to measure the effects of TTF on the
invasive and migratory abilities of OS cells. As shown in
Figure 2B, invasion and migration were inhibited by TTF in
OS cell lines.

TTF Regulates EMT-Related Protein Levels in OS Cells

In order to reveal the exact mechanism by which TTF modu-
lates the EMT, we performed western blotting (Figure 3). EMT
markers, including vimentin, N-cadherin, TWIST, and SNAIL,
were significantly affected by TTF in OS cell lines. Our results
indicate that TTF has an inhibitory effect on invasive and
migratory abilities through EMT-related markers.

Inhibition of Tumor Endothelial Cell Angiogenesis by TTF

Angiogenesis is an essential factor in cancer metastasis.'® This
was confirmed in this study when 2H11 cells showed suppres-
sion of vascular tubule development upon TTF application,
which was measured using a Matrigel-based tube formation
assay (Figure 4A). Endothelial tube formation was inhibited
by TTF in 2H11 cells. We also evaluated the extent to which
MMP-2 expression was altered in 2H11 and OS cells treated
with TTF. Notably, TTF suppressed the upregulation of MMP-
2. This further enhanced and regulated the expression of
angiogenesis-related genes, such as VEGF.>*?! This suggests
that TTF has the ability to suppress both VEGF and MMP2 in
2H11 and OS cells via angiogenesis (Figure 4B).

Discussion

In both adults and children, OS is the most common non-
hematologic malignant bone tumor.?? These malignancies
result in a significant decrease in life expectancy, as sarcomas
more commonly occur in adolescents and young adults com-
pared to most other forms of cancers.?® In addition to its poor
prognosis, OS is also characterized by a propensity for lung
metastasis, resistance to chemotherapy, and a high grade at
presentation.”* Currently, chemotherapy and surgery are both
used in OS management. Cure rates showed an improvement
from <20% to 65-75% with the incorporation of cytotoxic che-
motherapy into therapeutic regimens.** Moreover, today, the
majority of OS patients are offered limb-salvage surgery.**
Unfortunately, over the past 3 decades, patient survival has
shown no improvement despite advances in chemotherapy and
surgical techniques, particularly for metastatic OS patients.
This suggests that exploring and identifying directed and novel
OS therapies is a critical necessity.

The findings of the present study reveal that, in OS cells,
TTF can inhibit cell proliferation, migration, and invasion.
Thus, we identified the significance of TTF to demonstrate
potential implications regarding the inhibitory effect on not
only OS cell proliferation, but also migration and invasion.
Herein, MMP-9 was isolated as an invasion-related protein,
demonstrated through the digestion of the extracellular matrix
surrounding the tumor tissue. Cancer patients show a higher
expression of MMP-2 in association with metastasis®>; simi-
larly, high MMP-2 serum levels are correlated with rapid pro-
gression in metastatic cancer patients.”® As such, it can be
safely inferred that by reducing MMP2 expression, TTF sup-
pressed the migration of and invasion by OS cells. Therefore,
the suppression of MMP-2 underpins the anti-migration and
anti-invasion effects of TTF on OS.

In addition, there is substantial evidence to demonstrate that
cancer invasion and metastasis are significantly affected by the
EMT. The EMT is marked by 2 primary events: (i) downregu-
lation of vimentin expression and (i) downregulation of N-
cadherin expression.?” TTF treatment resulted in a significant
decrease in N-cadherin levels in the current study, indicating a
connection between reduced N-cadherin expression and inhi-
bitory effects on OS cell migration and invasion. This inference
is in line with a previous report that argued for TTF as a sup-
pressant of GBM cell migration and invasion post-EMT
expression inhibition.?*

First, this study identified an inhibitory effect of TTF on OS
migration, invasion, and angiogenesis, and propounds the fol-
lowing underpinning mechanisms: (1) reversal of endogenous
EMT, (2) suppression of MMP-2 expression, and (3) inhibition
of VEGF expression.

As such, this study suggests that TTF is an effective treat-
ment system for metastatic OS. The literature review also
shows stagnation in the improvement of patient outcomes
despite emerging revolutionary regimens containing conven-
tional cytotoxic chemotherapeutics for OS treatment over the
past 3 decades. In addition, the administration of all standard
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Figure 4. TTF inhibits angiogenesis of OS tumor endothelial cells by inhibiting MMP-2 and VEGF. (A) Representative photomicrographs of in
vitro tube formation assays for the control and TTF treatment groups after 48 h treatment in 2H11 and U20S cells. (B) MMP-2 and VEGF
expression were analyzed by western blotting of 2H11 and U20S cells treated with TTF for 48 h.

chemotherapeutic agents in the majority of patients with meta-
static and/or recurrent OS during the initial phase of treatment
has led to a limitation of secondary therapeutic options for
cumulative organ toxicity and/or resistance to previously used
agents.>° This necessitates the need to improve patient survival
by focusing on developing novel and effective therapies for OS
treatment. More clinical trials are needed to assess the role of
TTF in metastatic OS patients. In our opinion, TTF may be
considered as a potential modality for OS prevention and
therapy.

In conclusion, through the regulation of MMP2, TTF inhi-
bits OS cell proliferation, migration, and invasion. Neverthe-
less, future studies using animal models are imperative to
examine the roles of TTF in OS. Further research will develop
an in-depth insight into the underlying mechanisms regulating
the anti-tumor effect of TTF, which, in turn, will contribute to
the development of improved therapeutic strategies for meta-
static OS with improved patient outcomes.
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