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1 | INTRODUCTION

Abstract

We previously reported the efficacy of anti-cancer therapy with hyperthermia using
an alternating magnetic field (AMF) and a magnetic compound. In the course of the
study, unexpectedly, we found that an AMF enhances the cytotoxicity of Com-
pound C, an activated protein kinase (AMPK) inhibitor, although this compound is
not magnetic. Therefore, we examined the cellular mechanism of AMF-induced
cytotoxicity of Compound C in cultured human glioblastoma (GB) cells. An AMF
(280 kHz, 250 Arms) for 30 minutes significantly enhanced the cytotoxicity of Com-
pound C and promoted apoptosis towards several human GB cell lines in vitro. The
AMEF also increased Compound C-induced cell-cycle arrest of GB cells at the G2
phase and, thus, inhibited cell proliferation. The AMF increased Compound C-
induced reactive oxygen species production. Furthermore, the AMF decreased ERK
phosphorylation in the presence of Compound C and suppressed the protective
autophagy induced by this compound. The application of an AMF in cancer
chemotherapy may be a simple and promising method, which might reduce the
doses of drugs used in future cancer treatment and, therefore, the associated side
effects.
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addition of chemotherapy only prolongs the average survival period

(median  14.6 months) compared to radiation alone (median

Glioblastoma (GB), known as a WHO Grade IV astrocytoma, is the
most common primary brain tumor.! It has a very poor prognosis
because of its invasiveness, its resistance to treatment, and the diffi-
culty of total resection. Currently, the standard of treatment for
glioblastoma patients is adjuvant chemotherapy with temozolomide

(TMZ) combined with extended focal radiotherapy.? However, the

12.1 months). The treatment outcome has changed little in recent
decades. Therefore, a novel and more effective medical treatment
with few complications needs to be developed.

It is well known that AMP-activated protein kinase (AMPK) is a
serine/threonine kinase and a molecular hub for cellular metabolic

control.®> AMPK is the downstream component of a kinase cascade

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2018 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Cancer Science. 2018;109:3483-3493.

wileyonlinelibrary.com/journal/cas | 3483


http://orcid.org/0000-0002-1812-5720
http://orcid.org/0000-0002-1812-5720
http://orcid.org/0000-0002-1812-5720
http://creativecommons.org/licenses/by-nc/4.0/
http://www.wileyonlinelibrary.com/journal/CAS

AKIMOTO ET AL

ELRRWATSE Cancer Science

as a sensor of the intracellular energy charge, which is activated by
increasing AMP coupled with decreasing ATP.* AMPK is activated
under environmental conditions in various cells and plays a critical
role in systemic energy balance. Rois et al demonstrate that AMPK
activation is essential for the proliferation of astrocytic tumor cells
by promoting cell-cycle progression in both mice and humans.®

Compound C (6-[4-(2-Piperidin-1-ylethoxy) phenyl]-3-pyridin-4-
ylpyrazolo [1,5-a]pyrimidine) is a cell permeable AMPK inhibitor,
which is the only available agent. Compound C (BML-275) induced
apoptosis in myeloma, glioma, breast carcinoma and prostate cancer
cells.®® Compound C also induced the accumulation of G2-M in the
cell cycle in glioma.® Lui et al report that Compound C is an extre-
mely potent anti-glioma agent; however, it has little effect on the
human astrocyte.'®

Recently, intratumoral hyperthermic therapy for GB using mag-
netic iron-oxide nanoparticles (FezO,4) directly injected into the
tumor and exposed to an alternating magnetic field (AMF) to gener-
ate heat has been investigated.“'12 Furthermore, Optune (formerly
known as NovoTTF-100A, Novocure, Jersey, Israel) was approved
for use with TMZ for the treatment of adults with newly diagnosed
supratentorial glioblastoma multiforme (GBM) after maximal surgical
reduction and completion of radiation.*®> The common feature of
these novel treatments is the application of a physical phenomenon.

We have previously examined hyperthermia treatment for
tumors using magnetic material and an AMF.2*” In the course of
our study, we unexpectedly found that an AMF increased the cyto-
toxicity of an AMP-activated protein kinase (AMPK) inhibitor, that is,
Compound C, which is not a magnetic material. Several reports have
explored the application of an AMF. In 1994, whole body pulsed
magnetic field (PMF) exposure for 1 hour suppressed tumor growth
when combined with cisplatin, carboplatin or doxorubicin treatment
in vivo.*® Similarly, a PMF (1.5 mT peak, repeated at 1 and 25 Hz)
increased the cytotoxicity of vincristine (VCR), mitomycin C (MMC)
and cisplatin.19 However, the mechanism remains elusive. Our condi-
tion of the AMF (280 kHz, 250 Arms) is much different from the
previous reports, especially the frequency.

This is the first report of an AMF being applied in the treatment
of GB in combination with the anti-tumor agent, Compound C. We
propose that the application of an AMF for cancer therapy may be a
simple and promising method, which might reduce the dose and,

thus, the side effects of chemotherapy in future cancer treatments.

2 | MATERIALS AND METHODS

2.1 | Reagents and cell culture

Compound C (6-[4-[2-(1-Piperidinyl)ethoxy]lphenyl]-3-(4-pyridinyl)pyr-
azolo[1,5-a]pyrimidine dihydrochloride: Dorsomorphin dihydrochlo
ride) was purchased from Abcam. TMZ, carmustine (1,3-bis(2-chlor-
ethyl)-1-nitrosourea; BCNU) and U0126 were purchased from Sigma.
Chloroquine (CQ) was purchased from Thermo Fisher Scientific.
Human GB cell lines, U251 (U251MG-Luc, JCRB1386) and A172 (A-
172, JCRB0228), and the human metastatic mammary carcinoma cell

line MCF7 (MCF7, JCRB0134) was purchased from the Japanese Col-
lection of Research Bioresources (JCRB) Cell Bank. The U251 cell line
was engineered to express the firefly luciferase gene. The human GB
cell line T98 (T98-G, CRL-1690) was purchased from the ATCC. The
human pancreatic cancer cell line PANC1 (PANC-1, RCB2095) was
purchased from RIKEN BioResource Research Center (RIKEN BRC).
Normal human astrocytes (NHA) were purchased from the Lonza
group. In all cases, early-passage cultures were stored and used for the
experiments. The GB cell lines were cultured in DMEM (Sigma-Aldrich)
containing 10% FBS and 1% penicillin-streptomycin. MCF7 and
PANC-1 were cultured in RPMI-1640 with L-glutamine and phenol red
medium containing 10% FBS and 1% penicillin-streptomycin. The nor-
mal human astrocytes (NHA) were cultured in specialized medium
(AGM BulletKit) purchased from the Lonza group. D-Luciferin was pur-
chased from Promega (Madison, WI, USA).

2.2 | Electric devices

An alternating magnetic field was driven by a transistor inverter (Hot
Shot, Ameritherm Inc., New York, NY, USA) and generated by a sole-
noid copper coil (resistivity: 1.673 x 10~ Qm) with an inner diame-
ter of 4 cm and an outer diameter of 5 cm. The experiments were
performed at a frequency of 280 kHz and a current of 250 Arms for

15-90 minutes. 151720

2.3 | Thermometer and thermography

A thermometer (fibre optic thermometer FL-2400, Anritsu Meter
Co., Tokyo, Japan) or a thermograph (InfraRed camera, Nippon
Avionics Co., Ltd., Tokyo, Japan) was used to determine the temper-

ature in vitro.?!

24 | XTT assay

A cell proliferation assay was performed using a commercial kit, the
XTT Cell Proliferation Assay Kit (Biological Industries, Beit Haemek,
Israel), as previously described.??? U251, T98, A172, MCF7, PANC1
and NHA cells were seeded on 96-well plates at 5.0 x 102 cells (Fig-
ure 1F, Figure 2B, Figure 4D and Figure 6A) or 1.0 x 10* cells (Fig-
ure 1E, Figure 2A and Figure 5D) per well. The cells were incubated
for 24 hours in an atmosphere of 5% CO, in air at 37°C in the presence

of Compound C, with or without 30 minutes of exposure to an AMF.

2.5 | In vivo imaging system analysis

The in vivo imaging system (IVIS) analysis was performed as
reported.?1?® U251 cells expressing the luciferase gene were seeded
on a 4-cm dish (1.5 x 10° cells per dish) and incubated for 1 day.?*
Then, 5 pmol/L Compound C was added, and the cells were stimulated
with or without AMF for 30 minutes. At 24 hours after combined
therapy with Compound C and an AMF, D-luciferin (4.7 mg/well) was
added. After 15 minutes, the bioluminescence signal (proportional to

the number of surviving cells) was examined using an IVIS.
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FIGURE 1 The alternating magnetic
field (AMF) apparatus and coil. A,
lllustration of the AMF generator and
representative picture of the coil and dish
in the incubator. B, lllustration of the
solenoid coil. C, Representative
thermography of the solenoid coil. D, The
temperature of the coil for 90 min. E, The
cytotoxic effect of Compound C on the
proliferation of U251 and T98 glioblastoma
(GB) cell lines and normal human
astrocytes (n = 4, **P < 0.01,

#¥%P < 0.001). F, The effect of Compound
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2.6 | The measurement of reactive oxygen species

The measurement of reactive oxygen species (ROS) was performed as
previously reported.'>2* The GB cells were incubated overnight in 96-
well plates (2.0 x 10* cells per well) and then exposed to Compound
C with or without 30 minutes of AMF exposure at 37°C for 24 hours.

2.7 | Apoptosis assay

Apoptosis assays were performed as previously described.?® U251,
A172, T98, MCF7 and PANC1 cells were seeded in 4-cm dishes at
1.5 x 10° cells per dish and incubated for 24 hours. Compound C
was added (5 pmol/L), and the cells were incubated at 37°C for
24 hours in an atmosphere of 5% CO, in air.

2.8 | Cell cycle analysis

Cell cycle analysis was performed using the Cycletest TM Plus DNA
Reagent Kit (BD Biosciences) according to the manufacturer's

protocol.?®

2.9 | Western blotting

Western blot analyses were performed as previously described.?>2%

Briefly, the cells were lysed and sonicated in RIPA buffer (Thermo Sci-

entific, Rockford, IL, USA). Equal amounts of protein were subjected to

6 6 ® O

T T T
Q N “

Compound C (pmol/L)

Compound C (umol/L)

SDS-PAGE. After electrophoretic separation, the protein bands were
transferred to a Millipore Immobilon-P membrane followed by
immunoblotting with antibodies against molecules of interest. The fol-
lowing primary antibodies were used for immunoblotting: Bcl2, BAX,
cleaved caspase-3, phospho-ERK, Akt, phospho-Akt, mTOR, phospho-
mTOR, raptor, phospho-raptor, p70S6K, phospho-p70S6K, 4EBP1,
phospho-4EBP1,GAPDH and LC3B, obtained from CST (Cell Signaling
Technology, Beverly, MA, USA), as well as ERK, obtained from SCBT
(Santa Cruz Biotechnology, Dallas, TX, USA). Detection was performed
using anti-rabbit or anti-mouse secondary antibodies followed by Clar-
ity Western ECL Substrate (Bio-Rad, Hercules, CA, USA).

2.10 | Detection of autophagic flux

The formation of autophagosomes and autophagolysomes was
detected in T98 cells using the Premo Autophagy Tandem Sensor
RFP-GFP-LC3B Kit (Thermo Fischer Scientific, Grand lIsland, NY,
USA).?” The cells were grown on coverslips and incubated with com-
ponent A containing the RFPGFP-LC3B overnight. The cells were
then treated with vehicle or 5 pmol/L Compound C for 24 hours
with/without AMF for 30 minutes.

2.11 | Data analysis and statistics

Values represent the means + SEM. Statistical comparisons among
groups were performed using Student's t-test or 1-factor ANOVA



ELERWATSE Cancer Science

AKIMOTO ET AL

T98 U251 A172
(A)
150 = 150 = 150 =
3 ns . - £ ns o = *
= 100 4 — il T 1004 = s = 100+ - o e
2 2 —_ 2 o
B 5 - 5
@
2 2 2
E 50 § 50 E 50+
o o o
0- T T 0- T T 0- T T
LA S ° L R R S .
AMF time (min) AMF time (min) AMF time (min)
Compound C (1 pmol/L) Compound C (1 pmol/L) Compound C (1 pmol/L)
T98 Il CTRL U251 Il CTRL A172 Il CTRL
(B) 150 - I AMF 150 - I AMF 150 = | AMF
o ns Py ns *nx — ns
n-& — hkk B"E — — EEed Bg 1—_:_ e
= 100 4 - — T 100 == — T 100 —
S . 8 = kS
o = — © . © - —
& 2 £
3 50 - 5 50+ 5 504 o
a o o
0~ T T T 0~ T T T 0- T T T
L) LN L o N o o N o
Compound C (umol/L) Compound C (pmol/L) Compound C (pmol/L)
(€) CC : Compound C
AMF : Alternating magnetic field
CTRL -
Lumingscence U251
‘ F 150
Lo £
AMF - -'S_ 100
I B
L 0
4 i -
ﬁ_m £
— g
. CC (5 pymol/L) & o |
—————— 100
CC(BumollL)f—
+
AMF . =
CC (5 umol/L) % Counts
@ 1U251 :Luciferin (4.7 mg/well) + -
® :Compound C (5 pmol/L) \ :AMF AMF cor sl
[Max = 349
Il ROS generation
Cell counting
(D)
T98 ... U251 A172
250 - [ ! _ 250 - 150
g FA . = S
& 201 . 2 201 2 ns ns 0
3 = = T
100
g 150 - % 150 ns g a
8 100 T r']rs 3 100 ns g iy
g g - T - g s0- i
@ oy rax & i iy @ =
o 50+ T _ g 04 T o
£ : ;
Te & & & e & & & e & o
g g g
& F S & F F S & F S
« « &«

FIGURE 2 The alternating magnetic field (AMF) decreased the cell viability of glioblastoma (GB) cell lines in the presence of Compound C.
A, Applications of the AMF for longer than 30 min increased the Compound C-induced cytotoxicity in T98, U251, and A172 cells (n = 4; ns,
not significant; *P < 0.05, ***P < 0.001). B, Compound C at 1 or 5 umol/L exhibited cytotoxicity when combined with the AMF for 30 min in
T98, U251 and A172 cells (n = 4; ns, not significant; *P < 0.05,%*P < 0.01, ***P < 0.001). C, Viability analysis in the presence/absence of
Compound C with/without the AMF for 30 min in U251 cells, which have been engineered to express the firefly luciferase gene. The viability
of U251 cells was measured in terms of photon flux measured with an in vivo imaging system (IVIS). D, Quantification of cell viability with an
IVIS imaging system. D, Effect of AMF for 30 min on ROS production in the absence/presence of Compound C (5 pmol/L) and the cell number
counts for T98, U251 and A172 cells using the trypan blue assay (n = 4; ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001)
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with the Bonferroni post-hoc test. A P value of less than 0.05 was

considered statistically significant.

3 | RESULTS

3.1 | Compound C suppressed cell growth in
glioblastoma cells and normal human astrocytes

We previously reported that hyperthermia generated with feru-
carbotran (Risovist) in an AMF enhanced cisplatin-induced apop-
tosis of oral cancer cells in culture.'® Similarly, we demonstrated
that the use of hyperthermia and chemotherapy with p-oxo N,N’-
[Fe(Salen)], a
organic compound, greatly enhanced its cytotoxicity in oral can-

bis(salicylidene)ethylenediamine iron magnetic

cer and glioblastoma because Fe(Salen) generates heat when
exposed to an AMF and exhibited a hyperthermic effect.*>” In
the course of our study, we hypothesized that an AMF enhanced
the cytotoxicity of an anti-tumor agent that does not possess
magnetism.

To examine the effect of an AMF in the presence of Com-
pound C, we used a commercial AMF generator equipped with a
solenoid coil in the same condition (280 kHz, 250 Arms) as previ-
ously reported (Figure 1A).2>Y” The sample dish was placed above
the center of the coil (Figure 1B). To exclude the effect of heat
generation from the coil, we checked its temperature using ther-
mography. The results showed that the temperature of the sole-
noid coil rose to less than 36°C for 90 minutes (Figure 1C,D).
Similarly, the temperature of the coil according to a thermometer
was not increased above 36°C for 30 minutes (280 kHz, 250
Arms) (Figure S1a). The AMF did not change the expression of
heat shock protein (HSP) 70 in the presence/absence of Com-
pound C 24 hours after exposure to the AMF for 30 minutes (Fig-
ure S1b,c).

We first examined the cytotoxicity of Compound C. As men-
tioned above, Compound C is a cell-permeable AMPK inhibitor.
Compound C exhibited cytotoxicity in gliomas.’® In the current
study, Compound C suppressed the cell proliferation of GB cells
(T98 and U251) and normal human astrocytes (NHA) in a dose-
dependent manner (Figure 1E). However, Compound C exhibited
cytotoxicity in NHA, and its effect in normal human astrocytes was
less than that in glioma cells, indicating that the difference in effi-
cacy between cancer cells and normal cells may contribute to a
reduction in its side effects.

We next examined whether an AMF exhibited cytotoxicity in
normal cells, namely, NHA. We found that the AMF did not exhibit
cytotoxicity in NHA in this condition. (Figure 1F). Furthermore, the
AMF did not enhance the cytotoxicity in NHA in the presence of 1
or 5 umol/L Compound C. Collectively, the AMF had no adverse
effects on the NHA in the presence/absence of Compound C. In the
treatment of brain tumors, it is extremely important to avoid injuring

normal cells, such as NHA.

Cancer Science RUIs= e

3.2 | An alternating magnetic field increased
cytotoxicity and promoted reactive oxygen species
production in the presence of Compound C in
glioblastoma cells

We examined whether an AMF enhanced the cytotoxicity of Compound
C in GB cell lines. Application of an AMF for longer than 30 minutes
showed time-dependent cytotoxicity in the presence of 1 pmol/L Com-
pound C in T98, U251 and A172 GB cell lines (Figure 2A). Furthermore,
the AMF in the presence of 5 pmol/L Compound C showed greater cyto-
toxicity than that in the presence of O or 1 pmol/L Compound C in T98,
U251 and A172 GB cell lines (Figure 2B).

The in vivo imaging system (IVIS) analysis also showed that the
AMF resulted in greater Compound C-induced cytotoxicity than
5 pmol/L Compound C alone or the AMF alone in U251 cells, which
were engineered to express the firefly luciferase gene (Figure 2C).
These results are in accord with the result in Figure 2A.

It is reported that Compound C-induced ROS generation in skin
cancer and pancreatic cancer cells.?®2? Therefore, we next evaluated
whether the AMF promotes Compound C-induced ROS production.
We found that Compound C increased ROS production, and the
AMF further promoted Compound C-induced ROS production in
T98, U251 and A172 cell lines (Figure 2D). In contrast, AMF did not
change ROS generation in normal cells (NHA) (Figure S2). These data
suggested that an AMF in the presence of Compound C enhanced

cytotoxicity by increasing ROS production in GB cell lines.

3.3 | An alternating magnetic field promoted
Compound C-induced apoptosis and the accumulation
of G2-M in the cell cycle, resulting in the inhibition of
cell proliferation

It was reported that Compound C showed cytotoxicity towards
glioma cells through multiple mechanisms, including the activation of
the calpain/cathepsin pathway, inhibition of AKT and mTORC1/C2,
cell-cycle block at G2-M, and induction of apoptosis and autop-
hagy.1®?° Therefore, we evaluated whether an AMF promotes Com-
pound C-induced apoptosis and accumulation of G2-M in the cell
cycle. We found that Compound C increased apoptosis, and the
AMF further promoted Compound C-induced apoptosis of T98,
U251 and A172 cells (Figure 3A,B), not NHA (Figure S2). We also
found that Compound C created a block at G2-M, and the AMF fur-
ther promoted cell-cycle blockade of T98, U251 and A172 cells at
the G2 phase (Figure 3C,D).

3.4 | An alternating magnetic field decreased
Compound C-induced ERK phosphorylation and
increased BAX/Bcl2 and caspase-3 expression in the
presence of Compound C

AMPK is a key regulator of cellular energy metabolism and is acti-

|10

vated under metabolic stress for survival.”™~ To examine the effect of
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FIGURE 3 The alternating magnetic field (AMF) promoted Compound C-induced apoptosis and the accumulation of G2-M in the cell cycle,
resulting in the inhibition of glioblastoma (GB) cell proliferation. A, Representative analysis of apoptosis of T98 cells in the presence of
Compound C (5 pmol/L) with or without the AMF. Early apoptosis and late apoptosis are shown in Q3 and Q2, respectively. B, Percentages of
apoptosis in the stimulation of 5 pmol/L Compound C for 24 h with/without the AMF for 30 min in human GB cells (n = 4; ns, not significant;
*P < 0.05, ##P < 0.01, ***P < 0.001). C, Representative histogram of flow cytometry-based cell cycle analysis in the absence/presence of
Compound C (5 pmol/L) with/without the AMF for 30 min. D, Percentages of G2/M arrest in the presence/absence of Compound C (5 pmol/L)
with/without the AMF for 30 min in human GB cells (n = 4; ns, not significant; **P < 0.01, ***P < 0.001)
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FIGURE 4 The alternating magnetic field (AMF) inhibited Compound C-induced phosphorylation of ERK and, thus, increased apoptosis in
T98 cells. A, Western blot analysis of the protein expression of ERK, p-ERK, Bcl2, BAX and cleaved caspase-3 in T98 cells stimulated by
Compound C (0, 1, 5, 10 pmol/L) for 24 h. B, Western blot analysis of the protein expression of ERK, p-ERK, Bcl2, BAX and cleaved caspase-3
in T98 cells stimulated by Compound C (5 pmol/L) for 24 h with/without the AMF. C, Densitometric analysis (bar graph) of the western blot
showed that the AMF decreased the Compound C-induced phosphorylation of ERK and increased the BAX/Bcl2 ratio and cleaved caspase-3
expression (n = 4; ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001). D, The cytotoxic effect of U0126 was analyzed using the XTT
assay. T98 cells were pretreated with U0126 (10 umol/L) for 1 h and then treated with 5 pmol/L Compound C for 24 h (n = 4; ns, not
significant; **P < 0.01, ***P < 0.001). E, Representative images of the western blot analysis showed that U0126 dephosphorylated ERK and
increased cleaved caspase-3 expression in T98 cells in the presence/absence of 5 pmol/L Compound C for 24 h

an AMF, we next investigated a mechanism whereby an AMF
enhanced the cytotoxicity of Compound C in GB cells. Compound C
blocked the Akt/mTOR pathway through AMPK inhibition as previ-
ously reported.®® The Raf/MEK/ERK and PI3K/AKT signaling path-
ways cooperatively link with each other to enhance the proliferation
and apoptotic resistance capacity in cancer cells.> Both signaling
pathways are activated by growth factor receptors. These 2 path-
ways can exert complementary and redundant functions when only

a single pathway is inhibited.3?

Our results showed that Compound C or Compound C+ AMF,
inhibited the phosphorylation of Akt in T98 and U251 cells (Fig-
ure S3). The AMF did not significantly enhance Akt/mTOR signaling
inhibition.

In contrast, the ERK signaling pathway is known to play a
major role in cell proliferation, and the effect of Compound C on
the phosphorylation of ERK is not fully understood. In the current
study, we found that Compound C promoted the phosphorylation
of ERK in T98 cells.

in a dose-dependent manner To our
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knowledge, this is the first study to report that Compound C
increased the phosphorylation of ERK (Figure 4A). Interestingly,
Compound C did not increase but rather decreased ERK signaling
in NHA (Figure S2).

Because the AMF enhanced the apoptotic effect in the presence
of Compound C, we examined the protein expression of BCL-2 and
BAX. These proteins are known to be key regulators of apoptosis
represented by anti-apoptotic proteins.>33* They regulate the efflux
of pro-apoptotic molecules from mitochondria and other organelles.
Compound C also increased the protein expression of BAX/Bcl2 and
caspase-3 in T98 cells in a dose-dependent manner (Figure 4A).

Taken together, we assumed that this Compound C-induced ERK
phosphorylation is a response to the cytotoxicity of Compound C
and is responsible for the drug resistance. Interestingly, the AMF
negated the Compound C-induced phosphorylation of ERK. The
AMF further increased the protein expression of BAX/Bcl2 and cas-
pase-3 in the presence of Compound C in T98 cells (Figure 4B,C).
U0126, MEK inhibitor, decreased phosphorylation of ERK, resulting
in increasing ROS generation and cleaved caspase 3 in the presence
of Compound C (Figure S4). These results suggested that the AMF

(A) (B)
AMF -
Compound C

(5 ymol/L)

Compound C
(umol/L) 0 1 5 10

LC3BI/T LC3BI/T

GAPDH

promoted cytotoxicity via inhibition of Compound C-induced ERK
phosphorylation.

To confirm this hypothesis, we examined whether U0126, an
MEK1 and MEK?2 inhibitor, also negated Compound C-induced ERK
phosphorylation and suppressed cell proliferation. In fact, U0126
decreased the phosphorylation of ERK in the presence of Compound
C and increased the expression of cleaved caspase-3 (Figure 4D,E).
This result is similar to the effect of an AMF in the presence of
Compound C in T98 cells. Collectively, these results suggested that
the AMF decreased the Compound C-induced phosphorylation of
ERK and enhanced the cytotoxicity of Compound C in T98 cells.

3.5 | An alternating magnetic field inhibited
compound C-induced autophagy, resulting in
increasing cytotoxicity of compound C in T98 cells

Autophagy is a catabolic process whereby cells self-digest intracellu-
lar organelles.®* Autophagy is an evolutionarily conserved and genet-
ically controlled process, resulting in the selection of cellular proteins

and organelles for degradation by the lysosomes. Vucicevic et al

GAPDH s s s S

©)
(D)

Fold change of LC3BII/GAPDH
Proliferation (%)

(E)

CTRL

Puncta/Cell

AMF

CcC

CC+AMF

Puncta/Cell

FIGURE 5 The alternating magnetic
field (AMF) inhibited Compound C-induced
autophagy and enhanced Compound C-
induced cytotoxicity in T98 cells. A, The
representative western blot analysis
showed that stimulation by Compound C
for 24 h decreased the ratio of LC3Bl/Ilin
T98 cells in a dose-dependent manner. B,
The representative western blot analysis
showed that the AMF decreased
Compound C-induced autophagy in T98
cells in the presence of 5 pmol/L
Compound C. C, The densitometric
analysis showed that the AMF inhibited
Compound C-induced autophagy in T98
cells stimulated by 5 pmol/L Compound C
(n = 4; ns, not significant; *P < 0.05,
P < 0.01, **P < 0.001). D, The effect
of chloroquine (CQ) (10 pmol/L) in cells
stimulated by Compound C (5 pmol/L) for
24 h with/without the AMF. Proliferation
Autolysosome was analyzed using the XTT assay (n = 4;
ns, not significant;*P < 0.05, **P < 0.01,
*xkP < 0.001). E, Representative images of
puncta in T98 cells in the presence of
5 pmol/L Compound C with/without the
AMF for 30 min. F, The number of puncta
in each cell (n = 50 cells; ns, not

significant; *P < 0.05, **P < 0.01,
kP < 0,001)
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Representative images of western blot

analysis. The AMF inhibited Compound C- LC3BI/I
induced autophagy and induced apoptosis

in MCF7 cells. E, The densitometric Gissiad
analysis showed that the AMF inhibited Caspase3
Compound C-induced autophagy and

increased Compound C-induced cleaved GAPDH

caspase-3 in MCF7 cells

report that Compound C-induced protective autophagy, and the
autophagy inhibitor bafilomycin A1 further increased the cytotoxicity
of Compound C in U251 glioma cells.>® Therefore, we investigated
whether the AMF could regulate autophagy in the presence of Com-
pound C in GB cells and NHA. Compound C increased LC3BII
expression in a dose-dependent manner in T98 cells (Figure 5A).
Although Compound C increased autophagy, Compound C did not
increase the expression of BAX and cleaved Caspase 3, and did not
decrease the expression of BCL-2 in NHA (Figure S2). Interestingly,
the AMF negated Compound C-induced autophagy in T98 cells (Fig-
ure 5B). U0126 also decreased Compound C-induced autophagy in
T98 cells (Figure S4).

This result might indicate that the AMF increased the cytotoxic-
ity of Compound C via the inhibition of autophagy. Similarly, Com-
pound C increased the number of autophagosomes (Figure 5E,F). In
contrast, the AMF decreased the number of autophagosomes.

A randomized, double-blind, placebo-controlled trial using chloro-
quine, an autophagy inhibitor, was performed for glioblastoma multi-
This
conventional therapy improved the treatment outcomes. To investi-

forme.®® study concluded that adding chloroquine to

gate the effect of an AMF, we evaluated the effect of chloroquine in

LC3BIl Cleaved Caspasel

3

)

Fold change of
cleaved Caspase3/GAPDH

I

the presence of Compound C. Chloroquine increased the cytotoxic-
ity of Compound C in T98 and U251 cells (Figure S5). These results
are similar to that of the AMF. Thus, these results indicated that the
AMF increased the cytotoxicity of Compound C via the inhibition of
Compound C-induced protective autophagy. Taken together, MAPK
signaling pathway is important, and is located in the upstream of

ROS generation and autophagy in this cascade.

3.6 | An alternating magnetic field increases the
cytotoxicity of Compound C in breast carcinoma and
pancreatic cell lines MCF7 and PANC1

Compound C-induced apoptosis in glioma and breast carcinoma.’
Compound C also inhibited cell proliferation in glioma and human
pancreatic cancer cell lines.®?? We examined whether an AMF
increases the cytotoxicity of Compound C in the breast carcinoma
and pancreatic cell lines MCF7 and PANC1. The XTT assay showed
that an AMF for 30 minutes enhanced Compound C-induced cyto-
toxicity in a dose-dependent manner in MCF7 and PANC1 cell lines
(Figure 6A). The AMF also induced cell apoptosis in the presence of
5 pmol/L Compound C (Figure 6B,C) and promoted autophagy,
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resulting in increased levels of cleaved caspase-3 (Figure 6D,E). Inter-
estingly, the AMF also increased the cytotoxicity of TMZ and BCNU
induced-cytotoxicity in U251 glioma cells (Figure Sé).

4 | DISCUSSION

In the present study, we demonstrated that an AMF increased the
cytotoxicity of Compound C via the de-phosphorylation of ERK and
inhibition of autophagy in various cancer cells, including GB cells. In
contrast, AMF did not affect the cytotoxicity of Compound C in nor-
mal cells (NHA). The AMF also enhanced the cytotoxicity of various
anti-cancer drugs (TMZ and BCNU), which are used clinically in GB
cells. An AMF may help to decrease the dose of Compound C and
other anti-cancer drugs, resulting in the reduction of side effects in
the future.

The present study demonstrated that an AMF decreased the
phosphorylation of ERK in the presence of Compound C. The AMF
did not increase the phosphorylation of ERK in the absence of Com-
pound C. As mentioned above, it was not previously known that
Compound C increases the phosphorylation of ERK. To our knowl-
edge, this is the first report of this phenomenon. However, there is
currently no evidence that supports how the AMF regulates the
phosphorylation of ERK in the presence of Compound C. Further
studies regarding the effect of the AMF are needed to investigate
the mechanism of the anti-tumor effect of the AMF.

It is known that autophagy is activated by chemotherapy or radi-
ation.3¢3” Therefore, autophagy is attracting attention as a target of
cancer treatment. Our study indicated that an AMF increased the
cytotoxicity of Compound C through the suppression of autophagy.

An AMF has a potential therapeutic antitumor effect in the pres-
ence of Compound C, whereas the underlying mechanism remains
unknown. It is well known that the mitochondria play an important
role in energy transduction. Mitochondrial iron and the other transi-
tion metals that are magnetic bodies are used by cytochrome ¢ oxi-
dase (CcO), the final enzyme complex in the electron transport chain.
Therefore, the AMF may affect the metal in the mitochondria and
induce instability of the mitochondrial electron transport system. The
mechanism connecting the effect of the AMF and anti-cancer drugs,
including Compound C, needs to be determined in future studies.

Other issues also remain before clinical application will be possi-
ble. First, the different conditions (kHz or Arms) of the electric
device need to be further investigated. However, it is difficult to
change the experimental conditions because our device is an indus-
trial machine. There is the possibility that other conditions of the
AMF further increase the cytotoxicity of Compound C on GB cells
or other cancer cells. The adequate conditions may differ according
to the types of cancer cells or anti-cancer drugs. In our data, the
AMF did not enhance the cytotoxicity of paclitaxel (data not shown).
Therefore, the effect of the AMF may be dependent on the molecu-
lar size of the anti-cancer drug because the molecular size of pacli-
taxel is much larger than that of other anticancer drugs. It may be
desirable to develop an AMF generator that can be adjusted in terms

of the detailed condition or coil to optimize the efficacy upon expo-
sure to an AMF.

In conclusion, the AMF enhanced the cytotoxicity of Compound
C-induced cytotoxicity via the de-phosphorylation of ERK and inhibi-
tion of autophagy in GB cells. The AMF enhanced the cytotoxicity
of Compound C for not only GB cells but also breast cancer cells
and pancreatic cancer cells. The application of an AMF may a
promising method to reduce the dose and the side effects of

chemotherapy in cancer treatment.
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