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A B S T R A C T

Repetitive transcranial magnetic stimulation (rTMS) is used as a non-invasive treatment for various diseases, and
its potential application in cancer treatment has been proposed by researchers. However, the precise mechanisms
and effects of rTMS on many types of cancer, including glioblastoma (GBM), remain largely unknown. This study
aimed to investigate the effects of low-frequency rTMS on in vitro and in vivo GBM models and to elucidate an
underlying biological mechanism of rTMS on GBM. In vitro and in vivo GBM models were treated with low-
frequency rTMS (0.5 Hz, 10 min per day), and the effects of rTMS were assessed using various assays,
including CCK-8 assay, sphere formation assay, 3D invasion assay, RT-qPCR, Western blot, immunohistochem-
istry, TUNEL assay, MRI, and IVIS. The results showed that treatment of GBM models in vitro with low-frequency
rTMS significantly inhibited cell proliferation. Transcriptome array analysis revealed a substantial down-
regulation of FLNA and FLNC expression after low-frequency rTMS treatment. Moreover, in an in vitro GBM tumor
sphere model, low-frequency rTMS suppressed the activation of EGFR and EphA2, inhibited ERK/JNK/p38 and
PI3K/AKT/mTOR pathways, and induced apoptosis. Low-frequency rTMS also suppressed the invasion of GBM by
downregulating MMP2 and MMP9 expression. Additionally, in an in vivo GBM model, low-frequency rTMS
suppressed GBM progression by downregulating FLNA and FLNC expression. The results demonstrated that low-
frequency rTMS could be a potential treatment for GBM, achieved by downregulating FLNA and FLNC expression.
This study sheds light on the potential for rTMS as a therapeutic strategy for glioblastoma as well as other types of
cancers.
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Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive
method for stimulating the brain by generating a pulsed magnetic field
through the intact scalp and inducing localized electric currents in the
underlying cortical microenvironment [1,2]. Due to its ability to stimu-
late specific areas of the brain with minimal invasiveness, many re-
searchers have attempted to utilize rTMS to treat numerous neurological
disorders [3]. The effects of rTMS vary depending on the specific rTMS
protocol employed, which is determined by several factors, such as
stimulus frequency, stimulus intensity, and the total number of stimuli
[4]. Although most research into the potential clinical uses of rTMS has
focused on the treatment of depression, various rTMS protocols have
been made available to address many kinds of disorders, each with
distinct approaches [5–7]. Accordingly, there are many studies focused
on the optimization of rTMS to treat diseases including tic disorder,
intractable seizures, schizophrenia, stroke, Parkinson's disease, and Alz-
heimer's disease [8–13].

Glioblastoma (GBM) is a form of cancer characterized by primary
tumor occurring in the central nervous system (CNS), particularly in the
brain [14]. The overall prognosis of GBM remains poor, with patients
having a low survival rate [15]. The current standard treatment for GBM
patients consists of aggressive surgical techniques for complete resection
of the tumor mass and adjuvant therapies, such as radiation therapy,
chemotherapy, or a combination of these [16]. Despite recent advances,
it is still hard to improve the life expectancy of patients with GBM [17].
Therefore, more effective and less toxic treatments must be developed to
lessen the burden on patients.

Recent studies have indicated that rTMS is a feasible method for
treating cancer patients. As a non-invasive neuroimaging technique,
rTMS allows for preoperative mapping of the brain before surgery to plan
for the safe resection of brain tumors [18]. In addition, recently emerging
evidence suggests that rTMS can be effective in the neurorehabilitation of
patients who have undergone brain tumor surgery by improving their
motor and language abilities [19]. Moreover, there are some reports
suggesting that rTMS may have an effect on tumor progression by sup-
pressing tumoral development while stimulating immune functions [20,
21]. It has also been indicated that magnetic field stimulation has the
potential to affect glioma cells by preventing cell proliferation and
reducing cell viability [22].

In previous studies, low-frequency repetitive magnetic stimulation
(rMS) was found to reduce cell proliferation, while high-frequency rMS
increased cell proliferation [23–25]. Moreover, research using
low-frequency rTMS in neuroblastoma models showed a tumor sup-
pressive effect [26]. In light of the results of these studies, this investi-
gation aims to further investigate the tumor suppressive effect of
low-frequency rTMS on both in vitro and in vivo GBM models with the
goal of elaborating on the therapeutic effects and mechanisms of
low-frequency rTMS on GBM.

Materials and methods

Cell culture

The U-87 MG (U87MG) cell line (RRID: CVCL_0022) was obtained
from the American Type Culture Collection (Manassas, VA, USA).
U87MG cells were incubated in a humidified 5 % CO2 incubator at 37 �C
with Dulbecco's modified Eagle's medium (DMEM; Hyclone, Logan, UT,
USA) containing 10 % fetal bovine serum (FBS; Serum Source Interna-
tional, Charlotte, NC, USA) and 1 % penicillin/streptomycin (Gibco,
Rockville, MD, USA). The medium was replaced at three-day intervals.

U87MG cells were seeded at a density of 1 � 106 cells per 100 mm
plate. Trypsin-EDTA was used to dissociate confluent cells.
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Tumorsphere culture

Two primary tumor cell lines, TS15-88 and TS21-117, were estab-
lished from fresh GBM tissue specimens, as approved by the institutional
review board of the Yonsei University College of Medicine (4-2021-
0001). U87MG TS cell and primary GBM cells were cultured under
serum-free, non-adherent conditions to promote tumor sphere formation.
This culture method was used to recapitulate key characteristics of actual
tumors, maintaining tumor cellular functions essential to GBM progres-
sion, akin to those observed in primary cells. Briefly, cells were harvested
using Trypsin-EDTA, washed with PBS, and resuspended in a serum-free
medium composed of DMEM/F-12 (Mediatech, Manassas, VA, USA) with
1X B27 (Invitrogen, Carlsbad, CA, USA), 20 ng/mL of bFGF, 20 ng/mL of
EGF (Sigma-Aldrich, St. Louis, MO, USA), and 1 % penicillin/strepto-
mycin. The cells were plated at a density of 1 � 104 cells/mL per ultra-
low attachment 96-well plate. Cells were incubated at 37 �C in a hu-
midified atmosphere with 5 % CO2. Following the observation of sphere
formation in 24 h, treatments and subsequent experiments were
performed.
Plasmids and cell transfection

FLNA or FLNC overexpression plasmids (CAT# RC221764, CAT#
RC212462) and the negative control (NC) empty pCMV6 vector (CAT#
PS100001) were purchased from Origene (Rockwill, MD, USA). Under
normal cell culture conditions, U87MG cells were transfected with 1 μg
control vector, FLNA, or FLNC using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) according to manufacturer instructions. After 24 h,
transfected U87MG cells were cultured in tumor sphere culture condi-
tions to generate transfected U87MG TS, and subsequent experiments
were performed.
Repetitive transcranial magnetic stimulation

Before stimulation, cell growth medium was replaced in each exper-
iment. In vitro GBM models were stimulated with customized repetitive
magnetic stimulation (Bicon-1000Pro, Mcube Technology, Seoul, Korea).
Stimulation intensity was set to 18 mT and was delivered as a mono-
phasic pulse with a rise time of 370 μs. The frequency and amplitude of
the stimulation were monitored with a probe connected to a digital
multimeter and an oscilloscope, as described in previous studies [24–26].
Cells were stimulated for 10 min each day over a 3-day period. The
distance between the center of the magnetic coil (70-mm diameter) and
the culture dish was approximately 1.0 cm, and the magnetic coil did not
generate heat during stimulation, as confirmed with the thermal sensor
and cooling system implanted in the customized rMS. The in vitro GBM
models were divided into two groups: a sham group, in which culture
dishes were placed without rMS, and a low-frequency treatment group,
which received 0.5 Hz stimulation at an on-off interval of 3 s. After
magnetic stimulation, cells were harvested for further experiments
(Fig. 1A).
Cell counting Kit-8 (CCK-8 assay)

CCK-8 assays were performed according to the manufacturer's in-
structions (Dojindo, Kumamoto, Japan). Briefly, in vitro GBM models
were cultured in 96-well plates. After treatment, 10 μl of the kit reagent
was added to each well. Following incubation at 37 �C for 1 h, optical
density (OD) was measured at 450 nm using a multifunctional microplate
reader (VersaMax, Molecular Devices, San Jose, CA, USA).
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Sphere formation assay

For the sphere formation assay, GBM TSs were cultured in 96-well
plates as mentioned above.

Following treatment, wells containing successfully formed tumor
spheres were designated as sphere-positive and included in the analysis,
while wells without tumor sphere formation were excluded from the
count. The number of sphere-positive wells in the low-frequency group
relative to the sham group was calculated and presented as a percentage.
To determine TS morphology and size, GBM TSs were observed with an
inverted phase-contrast microscope (I � 71 Inverted Microscope;
Olympus, Tokyo, Japan) and imaged with a digital camera (DP70 Digital
Microscope Camera; Olympus) [27].

3D invasion assay

To evaluate the migratory capacity of cancer cells, which is a critical
hallmark of cancer progression and metastasis, a 3D invasion assay was
performed on U87MG, TS15-88 and TS21-117 cells. Each single spheroid
was seeded and cultured in individual wells of a 96 well plate containing
a mixed matrix composed of Matrigel (BD Biosciences, Bedford, Mass,
USA), collagen type I (Corning Incorporated, Corning, NY, USA), and TS
complete media. Single spheroids were seeded inside the matrix prior to
gelation, after which TS complete media was added over the gelled
matrix to prevent drying. Each spheroid was observed under microscopy,
and cancer cell migration within the gel matrix was quantified by
3

measuring the relative change in the occupied cell area, calculated as
(Area at 72 h�Area at 0 h)/Area at 0 h [28].

ATP assay

GBM TSs were plated in 96-well plates at a density of 104 cells per
well. After treatment, ATP levels were asessed using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Fitchburg, WI, USA) ac-
cording to manufacturer protocols. Briefly, a volume of CellTiter-Glo
Reagent equal to the volume of medium was added to each well, and
luminescence was measured using a Centro LB 960 microplate lumin-
ometer (Berthold technologies, Oak Ride, TN, USA) after which cells
were incubated at 24 �C for 10 min [29].

RNA preparation

Total RNA was isolated from the samples with TRIzol (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manufacturer's in-
structions [30]. A NanoDrop spectrophotometer (ThermoFisher Scienti-
fic) was used for confirmation of RNA quantity and purity.

RNA sequencing (RNA-seq) transcriptome analysis

RNA-seq transcriptome analysis of sham and low-frequency groups
was conducted by Macrogen Inc., (Seoul, Korea) using the HiSequation
Fig. 1. Low-frequency rTMS suppresses
cell proliferation by downregulating the
expression of FLNA and FLNC in the in
vitro GBM model. U87MG were used as the
in vitro GBM model. The model was divided
into two groups: a sham group (non-treated,
n ¼ 4) and a low-frequency group (treated
with low-frequency rTMS, n ¼ 4). (A) Sche-
matic figure of low-frequency rTMS treat-
ment on an in vitro GBM model. (B) Cell
counting kit-8 (CCK-8) assay of the in vitro
GBM model with or without low-frequency
rTMS treatment. (C) Quantification of CCK-
8 assay. (D) ATP assay of in vitro GBM
model with or without low-frequency rTMS
treatment. (E) The relative gene expression
of FLNA and FLNC in the in vitro GBM model
with or without low-frequency rTMS treat-
ment, as detected by RT-qPCR. (F) Western
blot analysis of FLNA and FLNC in the in vitro
glioblastoma model with or without low-
frequency rTMS treatment. (G) Quantifica-
tion of Western blot signals for FLNA and
FLNC. Values are presented as means �
standard error of the mean (SEM). Statisti-
cally significant differences are shown as *P
< 0.05, **P < 0.01, ***P < 0.001.
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2000 platform (Illumina, San Diego, CA, USA) for comparative analysis,
as described previously [31].

Quantitative real-time reverse transcription-polymerase chain reaction

Quantitative real-time reverse transcription-polymerase chain reac-
tion (RT-qPCR) was performed to validate the results of transcriptome
analysis. According to the manufacturer's instructions, ReverTra Ace®
qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan) was
used to prepare cDNA from total RNA. RT-qPCR to measure the mRNA
levels of genes of interest was performed using qPCRBIO SyGreenMix Hi-
ROX (PCR BIOSYSTEMS, London, UK) in a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The 2�ΔΔCT method
was used to conduct data analysis [32]. Supplementary Table 1 lists the
primers used for RT-qPCR.

Western blot

Total proteins were extracted from in vitro and in vivo experiments
using RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA), and
loaded onto SDS-PAGE gels (Bio-Rad, Hercules, CA, USA). Separated
proteins were blotted onto polyvinylidene difluoride membranes (Invi-
trogen) with 20 % (v/v) methanol in transfer buffer (Invitrogen) at 15 V
for 4 h at 4 �C. Membanes were blocked for 1 h using tris-buffered saline
with 0.01% Tween 20 (TBST) with 5 % skimmilk (Difco, BD Biosciences,
Oxford, UK. Blots were then washed three times with TBST for 10 min,
then incubated overnight at 4 �C with primary antibodies specific for the
following target proteins: p-PI3K (1:1000; Cell Signaling Technology,
Cambridge, England), p-EphA2 (1:1000; Abcam, Cambridge, England),
ERK, p-ERK, JNK, p-JNK, p38, p-p38, AKT, p-AKT, PI3K, mTOR, p-mTOR,
Bax, Bcl-2, FLNA, p-EGFR, EGFR, EphA2, MMP2, MMP9, and β-actin
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incu-
bation, blots were washed three times with TBST and further incubated
with horse-radish peroxidase–conjugated secondary antibody (1:3000;
Santa Cruz) for 1hr at 24 �C. Blots were visualized with an enhanced
chemiluminescence detection system (Amersham Pharmacia Biotech,
Little Chalfont, UK).

Mouse orthotopic xenograft model

To establish an in vivoGBMmodel, male athymic nudemice (6–8weeks
old; Central Lab. Animal Inc., Seoul, Korea) were used. 5� 105 U87MG TS
cells suspended in 3 μl PBS were implanted into the right frontal lobe by
stereotaxic injection using a Hamilton syringe (Donwoo Science Co., Seoul,
Korea). After 1 week, mice were anesthetized with 1–2 % isoflurane and
MRI experiments were performed with a 9.4-T Bruker BioSpec scanner
(Ettlingen, Germany) running Paravision 5.1, using a 40-mm transreceiver
coil. Following MRI analysis, mice with successful tumor xenografts were
selected and subjected to the following experiments. MRI was taken once a
week for 4 weeks. Mice in both sham and GBM groups were placed in a
modified restrainer, which had an open space for direct exposure of the
brain to the coil of the rTMS [33]. The distance between the center of the
coil and the brain was approximately 1.0 cm to replicate the conditions
used for previous in vitro experiments [34]. Mice were treated daily with
0.5 Hz rTMS for 10 min for the duration of the experiment. Mice in the
TMZ control group were treated daily with 30 mg/kg temozolomide
(Sigma Aldrich). While the sham group mice functioned as a positive
control, the TMZ group mice functioned as the negative control. Approx-
imately 21 d after the first treatment, some mice were euthanized, and the
brains were carefully removed. Survival of themice was analyzed using the
Kaplan–Meier method.

Immunohistochemistry (IHC)

Brains removed from mice were fixed in 4 % paraformaldehyde. The
brains were paraffin-embedded, and sections at a thickness of 5-μmwere
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cut with a microtome and transferred onto adhesive slides as described
previously [27]. Dako REAL EnVision Detection System (cat. no. K5007;
DAKO) was used for 3,30-diaminobenzidine tetrahydrochloride (DAB)
staining and counterstaining was performed with hematoxylin (cat. no.
GHS-3; Sigma). The sections were stained with antibody against FLNA,
FLNC p-EphA, p-EGFR, p-ERK, p-JNK, p-p38, AKT, p-AKT, p-PI3K,
p-mTOR,MMP2 andMMP9 (1:50). After staining, sections were analyzed
using a confocal microscope (LSM700; Zeiss, Gottingen, Germany).

Terminal dUTP nick end-labeling (TUNEL) assay

For analysis of apoptosis, in vitromodels were seeded on a cell culture
slide (SPL Life Sciences, Gyeonggi-do, Korea). Sample slides from both in
vitro and in vivo GBM models were fixed in 4 % paraformaldehyde. Af-
terward, the DeadEnd™ Fluorometric TUNEL system was utilized ac-
cording to manufacturer protocols. DAPI was added to the samples before
mounting with glass cover slides and fluorescent mounting medium. The
LSM700 confocal microscope was used for imaging, as described above.
The number of positively stained cells/total number of cells per specimen
field was measured, and the percentage of positive cells was calculated.
Four individual specimens per group were analyzed.

Bioluminescence imaging

Both In vivo imaging system (IVIS) and Living Image v4.2 software
from Caliper Life Sciences were utilized to analyze bioluminescence.
Mice were intraperitoneally injected with 100 μL of D-luciferin (30 mg/
mL; Promega) and were placed under 2.5 % isoflurane anesthesia for 15
min before signal acquisition.

Ethics statement

The Association for Assessment and Accreditation of Laboratory An-
imal Care (AAALAC) and the Institutional Animal Care and Use Com-
mittee (IACUC) of Yonsei University Health System (permit number:
2022-0152) reviewed and approved the experiments of the study.

Statistical analysis

All data are expressed as means� standard errors of the mean (SEM),
and all experiments were repeated at least four times with four technical
replicates in each group. The Statistical Package for Social Sciences
v.25.0 (IBM Corp. Released 2015. IBM SPSS Statistics for Windows,
v.25.0. Armonk, NY, USA) was used to conduct all statistical analyses.
The significance of intergroup differences was estimated using Student's
paired t-test, one-way analysis of variance (ANOVA), and Kaplan-Meier
analysis as appropriate. Statistical significance was set at P < 0.05.

Results

Low-frequency rTMS suppresses cell proliferation by downregulating the
expression of FLNA and FLNC in the in vitro GBM model

To establish an optimal low-frequency rTMS protocol for tumor
suppressive effect on GBM, cell viability of U87MG cells was assessed
after various frequencies of rTMS treatment. Although other frequency
groups ranging from 0.1 to 1 Hz demonstrated reduced cell viability, the
0.5 Hz group exhibited the lowest cell viability. These findings suggest
that the 0.5 Hz frequency is the most effective rTMS setting for GBM
treatment (Supplementary Fig. 1 and Supplementary Table 2). Next, cell
proliferation and ATP level were assessed using the CCK-8 assay and ATP
assay to evaluate the effect of low-frequency rTMS on the in vitro GBM
model (U87MG cells). In the CCK-8 assay, the proliferation of U87MG
cells was significantly decreased after low-frequency treatment (Fig. 1B
and C). ATP assay revealed notable decreases in ATP levels among
U87MG cells after the treatment (Fig. 1D). Afterward, RNA-seq
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transcriptome analysis was performed to identify differentially expressed
genes in sham group and low-frequency group of U87MG cells. The
expression of 11 transcripts and 6 transcripts was 1.5-fold higher and 1.5-
fold lower, respectively, in the low-frequency group than in the sham
group (Supplementary Table 3). Among downregulated genes in low-
frequency group, our group focused on the differential expression of
Fig. 2. Low-frequency rTMS suppresses cell proliferation and sphereformation
U87MG TS, TS15-88, and TS21-117 were used as the in vitro GBM models. Models
frequency group (treated with low-frequency rMS, n ¼ 4). (A) In vitro GBM sphere
formation in vitro with or without low-frequency rTMS treatment. (C) The sphere radiu
counting kit-8 (CCK-8) assay of the in vitro GBM models with or without low-frequen
GBM models with or without low-frequency rTMS treatment. (G) The relative gene
frequency rTMS treatment, as detected by RT-qPCR. (H) Western blot analysis of FL
treatment. (I) Quantification of Western blot signals for FLNA and FLNC. (J) Western
pCNV6 and with or without low-frequency rTMS treatment (K) Quantification of Wes
in U87MG TS transduced with FLNC or pCNV6 and with or without low-frequency
Values are presented as means � standard error of the mean (SEM). Statistically sig
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FLNA and FLNC, which are highly related to cancer development and the
metastasis of GBM [35,36]. To validate the effect of low-frequency rTMS
on the expression of FLNA and FLNC in U87MG cells, RT-qPCR and
Western blot were conducted. The expression of genes and proteins of
FLNA and FLNC was downregulated in low-frequency group compared to
that in sham group (Fig. 1E–G).
by downregulating FLNA and FLNC expression in in vitro GBM models.
were divided into two groups: a sham group (non-treated, n ¼ 4) and a low-

models with or without low-frequency rTMS treatment. (B) The ratio of sphere
s of in vitro GBMmodels with or without low-frequency rTMS treatment. (D) Cell
cy rTMS treatment. (E) Quantification of CCK-8 assay. (F) ATP assay of in vitro
expression of FLNA and FLNC in the in vitro GBM models with or without low-
NA and FLNC in the in vitro GBM models with or without low-frequency rTMS
blot analysis of FLNA and Ki-67 in the in U87MG TS transfected with FLNA or

tern blot signals for FLNA and Ki-67. (L) Western blot analysis of FLNC and Ki-67
rTMS treatment (M) Quantification of Western blot signals for FLNC and Ki-67.
nificant differences are shown as *P < 0.05, **P < 0.01, ***P < 0.001.
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Low-frequency rTMS suppresses cell proliferation and sphere formation in
the in vitro GBM model

To validate the effect of low-frequency rTMS on GBM, U87MG TS and
primary GBM cells, which maintain more pronounced characteristics of
genuine tumors under the TS culture condition, were used under the
same experimental condition. The in vitro GBM models (U87MG TS,
TS15-88, and TS21-117) were divided into sham and low-frequency
groups (Fig. 2A). Low-frequency groups were treated with low-
frequency rTMS and then assayed for sphere formation rate and size.
The rates of sphere formation and sphere radii were significantly reduced
after treatment (Fig. 2B and C). Additionally, consequent results from the
CCK-8 assay indicated that the cell proliferation rates of the in vitro GBM
models were significantly reduced after low-frequency treatment (Fig. 2D
and E). ATP assays revealed marked decreases in ATP levels in the in vitro
GBM models after the treatment (Fig. 2F). In addition, the gene
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expression and protein levels of FLNA and FLNC were downregulated in
the low-frequency group compared to that in the sham group (Fig. 2G–I).
To further determine whether low-frequency rTMS exerted its function
via FLNA and FLNC, rescue experiments were performed. U87MG cells
were first transfected with plasmids overexpressing either FLNA or FLNC
under standard 2D cell culture conditions. Following transfection, the
cells were cultured under tumor sphere conditions to induce sphere
formation. These tumor spheres were then subjected to low-frequency
rTMS treatment.

The results showed that the overexpression of FLNA or FLNC upre-
gulated the expression of Ki-67, which is a marker for cell proliferation.
Moreover, overexpression of FLNA or FLNC could rescue the expression
of Ki-67 even after low-frequency rTMS treatment on the U87MG TS cells
(Fig. 2J-M). These results indicate that overexpression of FLNA or FLNC
downregulated the tumor suppressive effect of low-frequency rTMS on
the in vitro GBM model.
Fig. 3. Low-frequency rTMS down-
regulates the ERK/JNK/p38 and PI3K/
AKT/mTOR pathway by suppressing
EGFR and EphA2 activation in in vitro
GBM models. (A) Western blot analysis of
EGFR and EphA2 in the in vitro GBM models
with or without low-frequency rTMS treat-
ment. (B) Quantification of Western blot
signals for EGFR and EphA2. (C) Western
blot analysis of ERK, JNK, and p38 in the in
vitro GBM models with or without low-
frequency rTMS treatment. (D) Quantifica-
tion of Western blot signals for ERK, JNK,
and p38. (E) Western blot analysis of PI3K,
AKT, and mTOR in the in vitro GBM models
with or without low-frequency rTMS treat-
ment. (F) Quantification of Western blot
signals for PI3K, AKT, and mTOR. Values are
presented as means � standard error of the
mean (SEM). Statistically significant differ-
ences are shown as *P < 0.05, **P < 0.01,
***P < 0.001.
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Low-frequency rTMS inhibits ERK/JNK/p38 and PI3K/AKT/mTOR
pathways via downregulation of EGF receptor and EphA2 activation
through suppression of FLNA and FLNC in the in vitro GBM models

To further investigate the effects of low-frequency rTMS at a molec-
ular level, the activation of EGFR, EphA2, and the ERK/JNK/p38 and
PI3K/AKT/mTOR pathways was assessed by Western blot, since FLNA
and FLNC were highly related to the activation of genes and pathways
[35]. In U87MG TS, TS15-88, and TS21-117 cells, Western blot results
showed that the levels of phosphorylated EGFR, EphA2, JNK, p38, ERK,
PI3K, AKT, and mTOR were significantly decreased after low-frequency
rTMS, indicating that the activation of EGFR and EphA2 (Fig. 3A and
B), ERK/JNK/p38 (Fig. 3C and D), and PI3K/AKT/mTOR (Fig. 3E and F)
signaling pathways were significantly inactivated.

Low-frequency rTMS induces apoptosis by downregulating ERK/JNK/p38
and PI3K/AKT/mTOR pathways in the in vitro GBM models

It is well known that the ERK/JNK/p38 and PI3K/AKT/mTOR path-
ways are major signaling pathways involved in cellular apoptosis [37].
To determine the effect of low-frequency rTMS on apoptosis in the in vitro
GBMmodels, the expression of Bax and Bcl-2 were measured by RT-qPCR
and Western blot, and the TUNEL assay was also performed. The
expression of Bcl2, an anti-apoptotic marker, was significantly down-
regulated after low-frequency rTMS, whereas the expression of Bax, a
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pro-apoptotic marker, were upregulated in the in vitro GBM models
(Fig. 4A–C). Moreover, TUNEL positive cells were notably increased in
low-frequency group compared to that in sham group (Fig. 4D and E).

Low-frequency rTMS suppresses invasion of glioblastoma by downregulating
the expression of MMP2 and MMP9 in the in vitro GBM models

In previous studies, overexpression of FLNC was related to enhanced
GBM invasiveness by upregulating matrix metalloproteases (MMPs) [36,
38]. To investigate the effect of low-frequency rTMS on the invasion of
GBM via downregulation of FLNC expression, the 3D invasion assay and
analysis of the expression of MMP2 and MMP9 were employed. Results
indicated that low-frequency rTMS had a suppressive effect on the in-
vasion morphology of in vitro GBM models (Fig. 5A and B). Compared
with the invaded area of the sham group, the invaded area of the
low-frequency group was significantly smaller. Moreover, the gene and
protein expression of bothMMP2 andMMP9was downregulated in the in
vitro GBM models (Fig. 5C–E).

Low-frequency rTMS suppresses GBM progression by downregulating the
expression of FLNA and FLNC in an in vivo GBM model

To investigate the effects of low-frequency rTMS on an in vivo GBM
model, U87MG TS cells were injected into the right frontal cortex of nude
mice (Fig. 6A). Tumor progression was monitored and measured using
Fig. 4. Low-frequency rTMS induces
apoptosis in the in vitro GBM models. (A)
The relative gene expression of Bax and Bcl-2
detected by RT-qPCR. (B) Western blot
analysis of Bax and Bcl-2 in the in vitro GBM
models with or without low-frequency rTMS
treatment. (C) Quantification of Western blot
signals of Bax and Bcl-2. (D) TUNEL assay in
the in vitro glioblastoma models with or
without low-frequency rTMS treatment. (E)
Quantification of TUNEL assay. Values are
presented as means � SEM. Scale bars ¼ 100
μm. Statistically significant differences are
shown as **P < 0.01, ***P < 0.001.



Fig. 5. Low-frequency rTMS suppresses
invasion by downregulating the expres-
sion of MMP2 and MMP9 in the in vitro
GBM models. (A) 3D invasion assay repre-
senting the invasive morphology of in vitro
GBM models treated with or without low-
frequency. (B) Quantification of 3D inva-
sion assay. (C) The relative gene expression
of MMP2 and MMP9 detected by RT-qPCR.
(D) Western blot analysis of MMP2 and
MMP9 in the in vitro GBM models with or
without low-frequency rTMS treatment. (E)
Quantification of Western blot signals for
MMP2 and MMP9. Values are presented as
means � standard error of the mean (SEM).
Statistically significant differences are shown
as *P < 0.05, ***P < 0.001.
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MRI and bioluminescence imaging. The findings revealed that tumor
sizes in the in vivo GBMmodel increased rapidly in the sham group, while
it decreased in the low-frequency and TMZ groups. (Fig. 6B–G). Kaplan-
Meier survival analysis showed that low-frequency and TMZ groups had
significantly prolonged life span compared to sham group (Fig. 6H).
Moreover, sectioned brain tissues with tumor mass were stained with
FLNA, FLNC, Ki-67 antibodies, and H&E. Results showed fewer cells
stained with FLNA, FLNC, and Ki-67 antibodies in the tumors of the low-
frequency group and the TMZ group compared to that in the sham group
(Fig. 6I and J). To determine the role of low-frequency rTMS on apoptosis
in the in vivo GBM model, the TUNEL assay was conducted. TUNEL
positive cells were increased in low-frequency group and TMZ group
compared to that in the sham group (Fig. 6K-L). In addition, there were
fewer cells stained with phosphorylated EphA, phosphorylated EGFR,
phosphorylated ERK, phosphorylated JNK, phosphorylated p38, AKT,
phosphorylated AKT, phosphorylated PI3K, phosphorylated mTOR,
MMP2, and MMP9 antibodies in the tumors of the low-frequency group
and TMZ group compared to that in the sham group. These results
indicated that low-frequency rTMS inhibited ERK/JNK/p38 and PI3K/
AKT/mTOR pathways via downregulating EGF receptor and EphA2
activation through suppression of FLNA and FLNC in the in vivo GBM
model (Fig. 6M � N).
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Discussion

rTMS is a non-invasive modality that stimulates the brain directly and
is considered a potential therapeutic option for a variety of neurological
diseases [39,40]. However, there have been different approaches to the
use of rTMS as a treatment for cancer therapy. In previous studies, it has
been suggested that low-frequency rMS treatment may have a potential
benefit on neuroblastoma treatment [23,26]. Therefore, we explored the
potential of low-frequency rTMS as one possible GBM treatment in this
study.

Our results showed that cell proliferation, ATP levels and sphere
formation of in vitro GBM models were significantly inhibited by low-
frequency rTMS, indicating that low-frequency rTMS may potentially
inhibit cell proliferation of GBM. RNA-seq transcriptome analysis be-
tween sham and low-frequency groups of in vitro GBM models showed
that the expression of FLNA and FLNC was significantly suppressed after
low-frequency rTMS. The results of RT-qPCR andWestern blot confirmed
the results of RNA-seq transcriptome analysis. In the rescue experiments,
the overexpression of FLNA or FLNC decreased the effect of low-
frequency rTMS on cell proliferation of in vitro GBM models. These re-
sults indicated that low-frequency rTMS may target FLNA and FLNC
genes, which are closely associated with GBM proliferation, suggesting



Fig. 6. Low-frequency rTMS suppressed tumor
progression in an in vivo GBM model. The in vivo
GBM model was divided into three groups: a sham
group (non-treated), a low-frequency group (treated
with low-frequency rTMS), and a TMZ group (treated
with 30 mg/kg temozolomide). (A) Schematic figure
of in vivo GBM model study. (B) MRI of brain tumor
volume in sham, low-frequency, and TMZ groups (n ¼
6). (C) Tumor progression of the in vitro GBM model
with or without low-frequency rTMS treatment or
TMZ, as measured by tumor volume in the brain from
MRI. (D) Final tumor size of the in vitro GBM model
with or without low-frequency rTMS treatment, or
TMZ. (E) Bioluminescence images of tumor volume on
the brain of sham, low-frequency, and TMZ groups (n
¼ 6). (F) Tumor progression of the in vitro GBM model
with or without low-frequency rTMS treatment or
TMZ, as measured by signal intensity of tumor mass in
the brain. (G) Final signal intensity of tumor size in
the in vitro GBM model with or without low-frequency
rTMS treatment, or TMZ. (H) Survival rate for each
group (n ¼ 4) was estimated based on Kaplan-Meier
curves. Log-rank test (P ¼ 0.008). (I) Tumor mass
stained by FLNA, FLNC and Ki67 antibody and H&E
staining. (J) Quantification of cells stained with FLNA,
FLNC and Ki67 antibody and H&E staining. (K)
TUNEL assay in the in vivo GBM model with or
without low-frequency rTMS treatment, or TMZ. (L)
TUNEL assay quantification. (M) Tumor mass as
stained by p-EphA, p-EGFR, p-ERK, p-JNK, p-p38, AKT,
p-AKT, p-PI3K, p-mTOR, MMP2, and MMP9 antibody
and H&E staining. (N) Quantification of cells stained
with p-EphA, p-EGFR, p-ERK, p-JNK, p-p38, AKT, p-
AKT, p-PI3K, p-mTOR, MMP2, and MMP9 staining.
Values are presented as means � SEM. Scale bars ¼
100 μm. Statistically significant differences are shown
as **P < 0.01, ***P < 0.001.
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that these genes could be potential targets for GBM treatment [35,36].
For further exploration, the activation of EGFR and EphA2 was investi-
gated, since the expression of FLNA and FLNC associates with EphA2 and
EGFR during cancer cell proliferation and GBM migration [36,41]. In
addition, the ERK/JNK/p38 and PI3K/AKT/mTOR pathways, which are
linked to the activation of EGFR and EphA2 and are highly related to
regulation of cancer proliferation, were investigated [42]. The results
demonstrated that low-frequency rTMS downregulates ERK/JNK/p38
and PI3K/AKT/mTOR pathways by inhibiting the activation of EGFR and
EphA2 in the in vitro GBM models. Through the downregulation of
ERK/JNK/p38 and PI3K/AKT/mTOR pathways, cellular apoptosis was
induced by low-frequency rTMS [43,44]. Low-frequency rTMS modu-
lated the expression of Bax and Bcl-2 and increased TUNEL positive cells
in the models. Altogether, these results indicated that low-frequency
rTMS inhibited cell proliferation and induced apoptosis in the in vitro
GBM models by downregulating the expression of FLNA and FLNC.

Moreover, FLNC is overexpressed in GBM patients and promotes GBM
metastasis by regulating MMPs [36]. The activation of MMPs degrades
the process of various extracellular matrix components and stimulates
9

GBM invasion and metastasis [45]. MMP2 and MMP9 are highly over-
expressed in GBM and contribute to remodeling the cellular cytoskeleton
in the invasion and migration of glioblastoma [46]. The results indicated
that GBM invasion, along with the expression of MMP2 and MMP9 genes
and their corresponding gene products, was downregulated in in vitro
GBM models following 3 days of low-frequency rTMS treatment. These
findings suggest a direct correlation between GBM invasion and FLNC
expression.

Furthermore, the effect of low-frequency rTMS on the in vivo GBM
model was assessed by MRI and bioluminescence imaging. The mice
bearing GBM reached the end point of their life span at 21 d while low-
frequency rTMS and TMZ treatment groups showed significant tumor-
suppressive effects, with prolongation of survival in the model. In addi-
tion, the expression of FLNA, FLNC and Ki-67 in the tumor mass was
decreased and TUNEL positive cells were increased in low-frequency and
TMZ groups compared to that in the sham group. These results indicated
that low-frequency rTMS suppresses GBM progression and induces
apoptosis by downregulating the expression of FLNA and FLNC in the in
vivo GBM model.
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In recent studies, various types of magnetic stimulation (MS) have
been tested as potential non-invasive treatments for cancer therapy. It
has been suggested that MS exerts effects on tumor angiogenesis by
suppressing the volume of blood vessels in tumor [47]. Moreover, reports
have demonstrated that MS induces apoptosis in cancers via the disrup-
tion of permeability of the mitochondrial membrane and an increase in
ROS generation [48,49]. In addition, MS has been found to exhibit
suppressive effects on cancer by inhibiting EGFR phosphorylation with
the interference of asymmetric dimerization of the EGFR kinase domain
[50]. Meanwhile research indicates that the effect of MS on cancer de-
pends on several parameters, including the magnitude, frequency, and
duration of the stimulation, since the sensitivity of cancers to MS varies
depending on their cellular composition [51,52]. Previous studies have
explored the effects of rMS by comparing various frequencies in reference
to preclinical and clinical application protocols [3]. High-frequency rMS
was found to cause an increase in cell proliferation, whereas
low-frequency rMS elicited tumor suppressive effects on cell proliferation
of neuroblastoma by inhibiting the Wnt/β-catenin signaling pathway
[24–26]. Moreover, similar intensity of stimulation showed a suppressive
effect on cell proliferation of glioma (18 mT) [22]. In the present study,
low-frequency rTMS downregulated GBM progression via suppression of
FLNA and FLNC. Therefore, it is possible to use low-frequency rTMS in
conjunction with other therapies as a treatment strategy for cancer.
However, further research should be conducted to elucidate the effect of
low-frequency rTMS on epigenetic modification of cancer to more closely
investigate the fundamental mechanism of action. In addition, it will be
imperative to establish targeted rTMS methods to precisely locate the
tumor mass for future clinical applications, in order to mitigate the
adverse effects of low-frequency rTMS on healthy tissue.

In summary, the results of this study suggest that low-frequency rTMS
may have a tumor suppressive effect on GBM progression. In addition,
the underlying mechanism of low-frequency rTMS on GBM appears to be
positively related to the downregulation of expression of FLNA and FLNC.
These findings indicate that low-frequency rTMS has a potential benefit
on GBM treatment. Therefore, the present study sheds light on the
mechanism and effectivity of low-frequency rTMS as a potential treat-
ment for non-invasive cancer therapy.
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