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Abstract: Innovative approaches have given rise to a method for treating newly diagnosed GBM cancer patients 
within a span of 4.9 months, resulting in improved median overall survival (OS) and minimal side effects during 
the phase III clinical trial. This approach is referred to as Tumor Treating Fields (TTFields). The objective of this 
study is to ascertain the potential of TTFields treatment in sensitizing GBM cancer cells by enhancing TTFields-
induced senescence. To achieve this, the research employed a multifaceted methodology that encompassed sev-
eral elements, including the analysis of SA-β-gal staining, flow cytometry, Western blotting, morphology assessment, 
Positron Emission Tomography (PET)/Computed Tomography (CT), immunohistochemical staining, and microassay. 
Over a period of up to 5 days, the number of cells exhibiting senescence-specific morphology and positive SA-β-
Gal activity progressively increased. These findings indicate that p16, p21, p27 and pRB are pivotal regulators of 
TTFields-induced senescence through NF-κB activation. The outcomes reveal that TTFields treatment effectively pro-
motes TTFields-induced senescence in GBM cells through a mechanism independent of apoptosis. In conclusion, 
this research underscores the viability of this treatment approach as a reliable protocol to address the limitations 
associated with the conventional GBM treatment.
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Introduction

In a clinical phase III trial, the application of 
tumor treating fields (TTFields) at a frequency 
of 200 kHz, which is a newly approved method 
for treating GBM, resulted in an extended medi-
an overall survival (OS) of 4.9 months among 
primary GBM patients. Remarkably, this treat-
ment exhibited mild side effects and did not 
lead to a deterioration in the patients’ quality of 
life [1-3]. These alternating electric fields span 
a frequency range from 100 to 300 kHz with an 
amplitude of 1-3 V/cm [4, 5]. Ceramic elec-
trodes, often referred to as transducer arrays, 
are affixed to the patient’s shaved scalp for the 
precise delivery of these fields at tumor-specific 
frequencies during clinical applications. It was 
noted that treatment compliance had a signifi-
cant impact on outcomes, with higher overall 
survival linked to monthly compliance rates 
exceeding 75% [6, 7]. This breakthrough in 
GBM patient treatment may potentially open 
doors to the incorporation of synergistic thera-
pies to further enhance its efficacy [8, 9].

Our investigation focused on understanding the 
mechanism of action of TTFields in the search 
for novel facilitating agents. TTFields were 
found to inhibit the formation of spindles and 
affect other dipole macromolecules crucial for 
cell division, such as septins. This interference 
may lead to mitotic catastrophe, ultimately 
resulting in cell death [10, 11]. Additional 
impacted biological processes encompass 
apoptosis, autophagy, DNA repair, and immuno-
genic cell death [10, 12]. However, limited 
knowledge is available regarding the molecular 
biological processes underpinning TTFields-
based cancer therapy.

Intrinsic and extrinsic stress, such as ionizing 
radiation (IR), can induce cellular senescence, 
characterized by an irreversible halt in the cell 
cycle [13-15]. Senescence diminishes a cell’s 
lifespan and proliferative capacity, making it a 
key mechanism for cancer prevention [16, 17]. 
The main drivers of senescence include telo-
mere shortening, DNA damage, oncogene acti-
vation, tumor suppressor inactivation, tumor 

http://www.ajcr.us


TTFields induced senescence

5627 Am J Cancer Res 2023;13(11):5626-5640

suppressor reactivation, and various other fac-
tors [18-22]. The p53 and p16-pRb pathways 
are primarily responsible for governing senes-
cence [21]. The DNA damage response (DDR) 
activates p53, leading to senescence-related 
growth arrest by promoting the production of 
p21, a cyclin-dependent kinase (CDK) inhibitor 
[23]. It has also been suggested that various 
anti-cancer drugs, including IR, impede tumor 
cell growth through therapy-induced senes-
cence [24]. Recent research has shown that 
radiation therapy-induced cell death in lung 
cancer cells is predominantly attributed to the 
induction of senescence rather than apoptosis, 
suggesting that the promotion of premature 
senescence may be crucial in mediating the 
anti-cancer effects of radiation therapy. Given 
the biological similarities between TTFields and 
radiotherapy mechanisms [8], we hypothesized 
that TTFields could also induce senescence 
[25]. TTFields exhibit anti-tumor effects by 
inhibiting growth, invasion, migration, or by trig-
gering apoptosis or autophagic cell death [8, 
26, 27]. Consequently, this study aimed to 
investigate whether TTFields treatment could 
enhance TTFields-induced senescence, along 
with IR, and to elucidate how TTFields treat-
ment accelerates cell death in GBM cells via an 
apoptosis-independent mechanism.

Materials and methods

Cell culture and tissue samples

Human glioblastoma U87 and U373 cells were 
procured from the Korean Cell Line Bank locat-
ed in Seoul, South Korea. U87 cells were cul-
tured in MEM (Minimum Essential Medium) 
with the addition of 10% fetal bovine serum 
(FBS), glutamine, HEPES, and antibiotics. These 
cultures were maintained at 37°C in a humidi-
fied incubator under 5% CO2. In parallel, U373 
cells were cultivated in RPMI 1640 medium 
supplemented with 10% FBS, glutamine, 
HEPES, and antibiotics under similar incuba-
tion conditions. Patient-derived GBM stem 
cells, specifically the 528NS variant, were 
sourced from Dr. Ichiro Nakano at the University 
of Alabama at Birmingham, Birmingham, AL 
[28]. GSC 528 spheres (528NS) were nurtured 
in a defined medium comprising Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 en- 
riched with 0.1% B27, 0.1% gentamicin, 20 ng/
mL basic fibroblast growth factor, and 20 ng/

mL epidermal growth factor (Invitrogen). To 
induce differentiation in 528NS cells, they were 
exposed to the defined medium consisting of 
DMEM/F12 supplemented with 10% fetal 
bovine serum, 0.1% B27, and 0.1% gentamicin 
for a duration of 12 days [29-31].

Experimental setup of electric fields

A pair of insulated cables connected to an oper-
ational generator and a high-voltage amplifier 
were utilized for the generation of TTFields, as 
documented in a prior study [32]. This setup 
emitted sine-wave transmissions spanning 
from 0 V to 800 V, thereby producing an applied 
electric field characterized by a strength and 
frequency of 0.9 V/cm and 150 kHz. Given its 
widespread application in clinical contexts, a 
field intensity of 1.0 V/cm was selected for the 
purposes of this study. Cells were cultivated 
between 100-mm plates and maintained at a 
temperature of 37°C in a humid environment 
with 5% atmospheric CO2 until they reached a 
confluence of 70-80% for subsequent irradia-
tion treatment.

Reagents

Antibodies targeting p16, p21, p27, pRB, p-p65, 
and p-Ikb alpha were acquired from Cell 
Signaling Technology in Danvers, MA, USA. 
Additionally, antibodies against beta-actin, 
p16, p21, and p27 were procured from Santa 
Cruz Biotechnology in Dallas, TX, USA.

SA-β-gal staining

The assessment of cellular SA-β-gal activity 
was conducted following a previously outlined 
protocol [33]. Cells were cultivated to a den- 
sity of 2 × 104 cells in 35-mm culture dishes, 
then subjected to PBS washing and fixation 
with 3.7% paraformaldehyde (v/v) at room tem- 
perature for a duration of 10 minutes. Sub- 
sequently, the cells were exposed to a staining 
solution that consisted of 1 mg/ml 5-bromo-4-
chloro-3-indolyl-β-D-galactoside, 40 mM citric 
acid-sodium phosphate (pH 6.0), 5 mM potas- 
sium ferricyanide, 5 mM potassium ferroc- 
yanide, 150 mM NaCl, and 2 mM MgCl2 for a 
period of 16 hours at 37°C. Following this 
staining process, the SA-β-gal stained cells 
underwent PBS washing, followed by counter-
staining with a 1% eosin solution for 5 minutes. 
Subsequently, the cells were washed twice with 
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ethanol. The percentage of blue-stained cells 
was calculated, with the count being based  
on every 400 cells observed under a light 
microscope.

MTT assay

For the quantification of cell viability, an 
equivalent volume of culture medium containing 
the EZ-Cytox reagent (EZ3000, Daeillab Ser- 
vice, Chungcheongbuk-do, Republic of Korea) 
was introduced to the cells, and this mixture 
was allowed to incubate for a period of 4 hours. 
Subsequently, cell viability was assessed by 
measuring the absorbance at 450 nm using  
a Multiskan EX spectrophotometer (Thermo 
Fisher Scientific; Waltham, MA, USA).

Western blotting

The GBM cells were treated with TTFields and 
subsequently incubated for a duration of 5 
days. Following the incubation, cell lysis was 
carried out using RIPA buffer, and the proteins 
were then separated through sodium-polyacryl-
amide gel electrophoresis before being trans-
ferred onto nitrocellulose membranes. These 
membranes were subsequently subjected to 
blocking with a 1% (v/v) solution of non-fat 
dried milk in Tris-buffered saline with 0.05% 
Tween-20. Further steps involved the incuba-
tion of the membranes with the necessary  
antibodies. Primary antibodies were employed 
at a dilution of 1:1,000, while secondary anti-
bodies were used at a dilution of 1:5,000. 
Immunoreactive protein bands were visualized 
through enhanced chemiluminescence (Amer- 
sham Biosciences) and then scanned. The 
ImageJ program was utilized to calculate the 
rate of change in the expression level of the tar-
get protein in comparison to the control.

Morphology

To investigate the impact of TTFields on cell 
morphology, cells subjected to TTFields treat-
ment were stained using Giemsa. In a nutshell, 
cells that were initially seeded in six-well plates 
were permitted to adhere to cover slips over-
night before undergoing TTFields treatment. 
Subsequently, the cells were fixed with metha-
nol for a duration of 10 minutes and then 
stained with Giemsa (at a concentration of 10% 
in PBS) for 15 minutes, followed by a thorough 
washing with tap water. Images were captured 
using a Nikon Eclipse Ts2R-FL microscope.

Tumor xenografts in nude mice

Subcutaneous injections of 528NS GBM 
patient stem cells (1 × 106 cells) were adminis-
tered into the hindquarters of 5-week-old 
BALB/c nude mice sourced from Nara Biotech 
in Gyeonggi-do, Republic of Korea. Once the 
tumor had reached a minimal volume falling 
within the range of 100-200 mm3, the mice 
were randomly divided into two groups, each 
consisting of 5 mice. The allocation of mice to 
their groups was conducted in a blinded man-
ner. The grouping was based on average tumor 
volume. Subsequently, TTFields at an intensity 
of 1 V/cm were initiated and maintained for a 
duration of 7 days. The tumor volume was cal-
culated using the formula (L × l2)/2, where mea-
surements of tumor length (L) and breadth (l) 
were obtained with a caliper. It’s worth noting 
that this trial received approval from the Korea 
University Institutional Review Board (KUIACUC- 
2018), and all relevant international and insti-
tutional guidelines governing the care and utili-
zation of animals were adhered to.

Acquisition technique of positron emission to-
mography (PET)/computed tomography (CT)

PET images were acquired using a Siemens 
Inveon PET scanner from Siemens Medical 
Solutions in Erlangen, Germany. To prepare the 
mice, they were gently warmed using a heating 
pad before being given 18F-fluoro-2-deoxy-d-
glucose ([18F]-FDG) orally. They were then in- 
jected with 200 µCi of [18F]-FDG through their 
tail veins while under anesthesia, which was 
administered as a solution of 200 µCi of 
[18F]-FDG (Forane solution, ChoongWae Phar- 
ma, Seoul, Korea). The acquisition of anatomi-
cal images was made possible by collecting 
X-Ray CT data of the mice using the Inveon sys-
tem, involving an 80-degree projection and full 
rotation. The X-ray CT exposure lasted for 200 
milliseconds, with a predicted scan time of 504 
seconds. The reconstruction of the X-ray CT 
data was carried out using the Feldkamp meth-
od, which utilizes Shepp and Logan filters [L.A. 
Feldkamp et al., Dearborn, MI, USA]. The result-
ing X-ray CT images had a pixel size of 109.69 
µm × 109.69 µm. After 30 minutes of tracer 
uptake and X-ray CT data collection, PET data 
was acquired over a 15-minute duration within 
the energy range of 350-650 keV. Emission list-
mode PET data was collected to generate 3D 
sinograms, and their reconstruction was per-
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formed using OSEM2D techniques. The recon-
structed images had a pixel size of 0.38 × 0.38 
× 0.79 mm3.

Various necessary corrections, including nor-
malization, random rectification, and dead- 
time correction, were applied to all datasets. 
Regions of Interest (ROIs) were defined using 
X-ray CT data. The coregistration of CT and PET 
images was facilitated by Inveon Research 
Workplace (version 2.0, Erlangen, Germany) 
from Siemens Medical Solutions. Using a pre-
determined conversion criterion, the highest 
pixel values within the ROIs on the PET image 
were assessed and converted to radioactive 
counts per minute (cpm) values.

Immunohistochemical staining (IHC)

For the purpose of immunohistochemical 
evaluations, 4-μm-thick sections of paraffin-
embedded tissue were affixed to glass slides 
coated for the detection of the target proteins. 
After antigen retrieval and the inhibition of 
endogenous peroxidases and non-specific 
protein binding, the slide sections were 
subjected to an initial incubation with primary 
antibodies. Subsequently, appropriate horsera- 
dish peroxidase-conjugated secondary anti- 
bodies were applied. To visualize the results, all 
slides were developed using 3,3’-diaminoben- 
zidine and were subsequently counterstained 
with hematoxylin.

Microarray analysis

Total RNA was extracted from both induced 
control and TTFields-treated cells using TRIzol 
(Invitrogen, Carlsbad, CA, USA). Subsequently, 
the extracted RNA was purified utilizing the 
RNeasy Mini Kit from Qiagen in Hilden, 
Germany, following the manufacturer’s provid-
ed guidelines. The quality of the RNA was eva- 
luated using an Agilent 2100 Bioanalyzer 
(Agilent, Palo Alto, CA, USA). Only high-quality 
RNA samples, characterized by a RNA integrity 
number exceeding 9.0, were utilized for the 
gene expression microarray analysis.

In the microarray analysis, 100 ng of total RNA 
was processed to generate biotin-labeled tar-
gets, which were then subjected to hybridiza-
tion with the Affymetrix Gene 1.0 ST array,  
following the manufacturer’s protocols. This 
approach was adopted to conduct gene expres-

sion profiling experiments, with Affymetrix, Inc. 
in Santa Clara, CA, USA, providing the neces-
sary materials and support.

RNA isolation and cDNA synthesis

To extract the cells, they were subjected to tryp-
sinization and then suspended in TRIzol from 
Invitrogen, based in Carlsbad, CA, USA. The 
subsequent isolation of total RNA was carried 
out using the RNeasy Mini Kit provided by 
Qiagen, located in Hilden, Germany, following 
the manufacturer’s recommended procedures. 
For the synthesis of cDNA, the QuantiTect 
Reverse Transcription Kit, also from Qiagen, 
was employed. To initiate this process, 1 μg of 
total RNA was combined with 2 μl of gDNA 
Wipeout Buffer, and then DEPC water was 
added to reach a total volume of 14 μl. This 
mixture was incubated at 42°C for 2 minutes. 
Subsequently, the blend was mixed with 
Quantiscript RT Buffer, RT Primer Mix, and 
Quantiscript Reverse Transcriptase, and incu-
bated at 42°C for 45 minutes. The reaction was 
then subjected to an incubation at 95°C for 2 
minutes and allowed to cool down to room 
temperature.

Statistical analysis

Statistical significance was assessed using an 
ANOVA statistical test, and the analysis was 
conducted with Prism 6 software, located in La 
Jolla, California, USA. In the text, the degree of 
statistical significance is indicated based on 
the associated P values. Specifically, the follow-
ing conventions were used: *, denoting P < 
0.05; **, denoting P < 0.01; and ***, denoting 
P < 0.001, to indicate statistically significant 
results.

Results

TTFields restrict the development of GBM tu-
mor xenograft implants in mice

The TTFields was aimed using insulated wires 
connected to a generator and an amplifier to 
generate a sine-wave signal ranging between 
0-800 V (Figure 1A). To investigate the poten-
tial of TTFields in inhibiting GBM growth in vivo, 
we transplanted surgically excised tumors 
derived from 528NS GBM patient stem cells 
into Balb/C mice. Following TTFields treatment, 
we observed a reduction in the number of Ki67-
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Figure 1. TTFields-sensitizing effect in in vivo models using GBM patient stem cells. A. Schematic of the experimen- A. Schematic of the experimen-
tal setup for TTFields treatment. B. TUNEL assay and immunohistochemistry for Ki-67 expression were performed 
using xenografts. C. Representative images of 528NS GBM patient cells tumor-bearing mice after injection. D. Nude 
mice were injected with 528NS cells lines and then treated with TTFields. Tumor volumes were measured by: vol-
ume = (length × width2 × 3.14)/6 (n = 5). Tumors were excised and weighed at the end of the experiment (7 days). 
E. The tumor weights of the mice with TTFields therapy-treated groups. F. PET/CT imaging of 528NS tumor-bearing 
mice after fluorine-18-fluorodeoxyglucose ([18F]-FDG) injection and subsequent anesthesia. The [18F]-FDG radioac-
tivity is presented as the maximal standardized uptake value (mean ± standard deviation).
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positive cells and an increase in the quantity of 
TUNEL-positive cells within the xenograft tumor 
tissue. Ki67 and TUNEL are established bio-
markers for proliferation and apoptosis, respec-
tively (as depicted in Figure 1B). Tumors treated 
with TTFields exhibited a notably slower rate of 
growth compared to the control group (as 
shown in Figure 1C). Furthermore, at the mac-
roscopic level, the TTFields-treated tumors 
were significantly smaller than those in the  
control group (illustrated in Figure 1D). On aver-
age, mice subjected to TTFields treatment had 
notably smaller tumor volumes than those in 
the control group (illustrated in Figure 1E). 
Additionally, GBM tumors treated with TTFields 
displayed reduced absorption of [18F]-FDG com-
pared to the control groups, as shown in Figure 
1F. Notably, when TTFields were directed 
towards the tumors, there was a remarkable 
70% reduction in tumor volume in TTFields-
treated mice compared to those treated with 
the control vehicle (as presented in Figure 1C). 
These findings provide compelling evidence 
that TTFields have a substantial inhibitory 
effect on tumor growth.

TTFields result in senescence in vitro

In spite of previous research highlighting the 
extensive induction of apoptosis by TTFields in 
various human cancers [4, 8, 34, 35], our 
investigation revealed a distinct pattern of cell 
cycle arrest and apoptosis in tumor implants 
from GBM patients treated with TTFields. 
Through in vitro experiments, we observed that 
TTFields treatment led to a significant reduc-
tion in the number of viable cells, as depicted in 
Figure 2A. Although TTFields did induce some 
level of apoptosis in GBM cell lines, it was insuf-
ficient to explain the substantial decrease in 
cell numbers observed across all three GBM 
cell lines tested, as shown in Figure 2B. This 
discrepancy led us to hypothesize that other 
mechanisms were at play in suppressing tumor 
growth in response to TTFields, particularly 
because the degree of apoptosis alone could 
not account for the marked reduction in cell 
numbers. One distinctive change we noted was 
a significant increase in cellular size after five 
days of TTFields treatment in vitro, as present-
ed in Figure 2C, a characteristic indicative of 
senescence. To verify if this observed pheno-
type was indeed due to senescence, we con-
ducted β-galactosidase activity analysis (SA-β-

Gal staining), and the results confirmed signifi-
cant senescence in the stem cells xenograft 
tumor obtained from the GBM patient who had 
received TTFields treatment. For further valida-
tion, we compared morphological alterations in 
GBM cells treated with ionizing radiation (IR), as 
the process through which IR induces senes-
cence is well-established [36, 37]. The expo-
sure to IR significantly reduced the cells’ prolif-
erative capacity while progressively inducing 
morphological changes associated with senes-
cence, such as an enlarged and flattened cel-
lular shape. This observed morphological trans-
formation aligned with the senescence pheno-
type reported in IR-treated cells [36, 38].

To ascertain the influence of TTFields on senes-
cence induction, we monitored cellular mor-
phology and SA-β-Gal activity over a span of 
five days. Over this duration, an increasing 
number of cells displayed senescence-specific 
morphology and exhibited positive SA-β-Gal 
activity, as illustrated in Figure 2D. The induc-
tion of senescence also led to a substantial 
reduction in cell growth, with nearly all cells 
staining positively for SA-β-Gal after five days.

TTFields activate the p16-p21-p27 signaling 
pathway in GBM cells

Regarding the molecular mechanism behind 
TTFields-induced cell senescence, the p53-
p21-RB pathway and the p16-RB pathway are 
pivotal molecular pathways responsible for 
inducing cell cycle arrest [39-42]. To determine 
the expression of p16, p21, p27, and RB in 
GBM cells exposed to TTFields for five days, we 
conducted PCR analysis and western blot anal-
ysis. The results indicated that TTFields signifi-
cantly up regulated the expression of p16, p21, 
and p27 in GBM cells, as illustrated in Figure 
3A. The increased expression of p16, p21, and 
p27 in GBM cells after five days of TTFields 
treatment was further validated through west-
ern blot analysis, consistent with the findings 
from PCR analysis, as demonstrated in Figure 
3B.

Of particular note, tumor implants generat- 
ed from patient stem cells obtained from 
528NS GBM exhibited significantly higher 
expression levels of p16, p21, and p27 and 
lower levels of pRB after being treated with 
TTFields, as determined through immunohisto-
chemical (IHC) analysis, as depicted in Figure 
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3C. These findings collectively indicate that 
p16, p21, and p27 act as critical regulators  
of TTFields-induced senescence. Taken togeth-

er, the analyses confirm that TTFields treat-
ment is indeed capable of triggering sene- 
scence.

Figure 2. Changes in cell morphology and senescence-associated β-galactosidase activity in GBM cells following 
exposure to TTFields. A. The proliferation rate was detected by MTT assay. B. U373 and U87 cells were exposed to 
TTFields for 5 days prior to annexin V/PI staining. C. U87, U373 and 528NS stem cells exposed to TTFields present-
ed an enlarged cellular volume and altered shape, resembling the typical senescent phenotype. D. The percentage 
of SA-β-gal-positive stained cells increased to 3 times when exposed to TTFields, respectively, compared with the 
control cells. 

Figure 3. The activation of the p16-p21-retinoblastoma protein (Rb) pathway induced by TTFields. A and B. The 
quantitative PCR analysis and western blot analysis of p16, p21 and p27 in 2 GBM cells subjected to TTFields for 5 
days. C. Immunohistochemistry for p27, p16, p21 and pRb expression level in the xenografts.
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Therapy-induced senescence initiates the se-
nescence via NF-κB activation

Cellular senescence and apoptosis represent 
two pivotal physiological and biochemical pro-
cesses that involve the NF-κB signaling path-
way [43, 44, 45]. To determine whether NF-κB 
induction plays a role in modulating cellular 
senescence following TTFields treatment, we 
conducted Western blot and IHC analyses to 

assess the levels of phosphorylated NF-κB  
p65 (p-p65 S536) and IκB-α. The results dem-
onstrated that TTFields treatment led to an 
increase in p-p65 levels and a decrease in its 
inhibitory regulator, IκB-α, as depicted in Figure 
4A and 4B.

These findings suggest that TTFields treatment 
induces NF-κB signaling, which may contribute 
to the modulation of cellular senescence.

Figure 4. Validation of the NF-Kb after TTFields treatment. A. Western blotting for p-p65, p65, p-IκB-α and IκB-α 
expression in 2 GBM cells. B. Immunohistochemistry for p-p65 and p-IκB-α expression level in the 528NS patient 
stem cell xenografts.
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Expression of marker genes showing senes-
cence according to time after TTFields

Microarray analysis was employed on both con-
trol and TTFields-treated cells to investigate 
potential senescence-associated pathways. 
The results indicated a significant association, 
represented by a Pearson correlation coeffi-
cient |r| > 0.9, and a substantial change 
(ANOVA p-value within 1 per cent FDR) over 
time, which allowed us to identify marker genes 
that represent senescence-related characteris-
tics (Figure 5A). This analysis revealed that 3 to 
18% of genes displayed a positive correlation, 
indicating a gradual up-regulation, while 4 to 
10% of genes showed a negative correlation, 
indicating a gradual down-regulation after ex- 
posure to TTFields. Furthermore, gene expres-
sion profiling revealed that several senescence-
related genes exhibited a ≥ 2-fold increase in 
expression after 5 days of treatment (Figure 
5B), providing additional confirmation of the 
role of senescence in TTFields-induced cell 
death. These genes may serve as conventional 
senescence indicators for TTFields treatment, 
and the functional assessments strongly sug-
gest that alterations in their expression may 
underlie the observed senescence phenotypes 
following TTFields exposure.

Discussion

Despite TTFields therapy’s current application 
in clinical settings, the precise mechanism by 
which it regulates cancer cells remains an enig-
ma. Recent research has unveiled a novel 
aspect of TTFields therapy, revealing that it 
induces senescence and apoptosis in GBM 
cells. The presence of TTFields inhibits cell pro-
liferation and elevates the number of senes-
cent cells marked by SA-β-gal, indicating that 
the delay in cancer cell growth due to TTFields 
encourages cellular senescence.

The induction of senescence is a significant 
alternative mechanism for tumor suppression, 
well-documented in the context of chemothera-
py and radiotherapy [24, 25, 46]. This study has 
unveiled a groundbreaking finding that TTFields 
sensitize cancer cells to senescence alongside 
apoptosis, in contrast to the prevailing focus on 
inducing tumor cell apoptosis in previous 
TTFields research [8, 35, 47, 48]. In the current 
TTFields therapy regimen, which combines 
radiation and chemotherapy for cancer treat-
ment, senescence can be achieved with nota-

bly lower chemotherapeutic doses compared 
to apoptosis. This bears importance as senes-
cence is associated with better therapeutic 
responses in cancer cases. Therefore, this 
TTFields strategy holds promise in mitigating 
the adverse effects of cancer therapy, particu-
larly in the context of combined chemo or radio-
therapy, thereby enhancing the quality of life 
and life expectancy for cancer patients in clini-
cal practice.

Prior studies have suggested that TTFields may 
inhibit GBM growth by inducing tumor cell apop-
tosis, mediated by elevated Caspase-3 and 
decreased Bcl-x [8]. This study further under-
scores the significance of cell senescence, 
which involves the up regulation of various 
genes, including p16, p21, and p53 [49]. The 
research findings substantiate the notion that 
TTFields promote senescence in GBM cells, as 
evidenced by SA-β-gal staining and Western 
blot results, demonstrating increased expres-
sion levels of p16, p21, and p53.

Moreover, TTFields treatment is found to boost 
the expression of p53 and p21, which are piv-
otal for triggering senescence. This aligns with 
the activation of p53-dependent senescence 
by various medications such as adenosine and 
metformin [50, 51]. Inducing a growth-inhibito-
ry response is considered an innovative 
approach, as anticancer treatment has previ-
ously been observed to induce a senescent 
state in cancer cells, especially relevant in clini-
cal settings [52]. The creation of a senescence 
response has proven effective in treatment 
strategies that either activate p21 or reactivate 
p53 [53, 54].

This study primarily concentrates on senes-
cence in human GBM, owing to its potential to 
revolutionize cancer treatment and inspire 
novel therapies. The research definitively dem-
onstrates that TTFields-induced tumor senes-
cence impedes GBM tumor growth in mice. 
Nevertheless, the study has limitations, such 
as not investigating senescence control in nor-
mal cell lines and the uncharted territory of 
long-term implications of senescence on tumor 
growth. Additional research is warranted to dis-
cern whether TTFields exert a similar impact on 
other cancer types.

In summary, TTFields therapy presents a prom-
ising avenue to transcend the limitations of 
conventional GBM treatment. It effectively miti-
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gates the malignancy of GBM cells by preferen-
tially inducing senescence. Although further 
research is required to integrate TTFields into 
GBM patients’ treatment regimens, the study 
underscores the importance of TTFields in 
GBM treatment. It introduces the concept that 
senescence induction in cancer cells is a piv-
otal biological mechanism of TTFields, in addi-
tion to the well-known mechanisms encom-
passing apoptosis, DNA damage, and autopha-
gy. These findings not only provide invaluable 
insights into TTFields’ anticancer mechanisms 

but also shed light on a novel approach for reg-
ulating senescence in GBM, offering new pros-
pects for cancer treatment. 
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