
Am J Cancer Res 2020;10(10):3475-3486
www.ajcr.us /ISSN:2156-6976/ajcr0119711

Original Article
Sorafenib increases tumor treating fields-induced cell 
death in glioblastoma by inhibiting STAT3

Jeong-Yub Kim1, Yunhui Jo2, Hoon-Kyu Oh3*, Eun Ho Kim4*

1Division of Radiation Biomedical Research, Korea Institute of Radiological and Medical Sciences, Seoul 01812, 
Republic of Korea; 2Department of Bio-Convergence Engineering, Korea University, Seoul 02842, Republic of Ko-
rea; 3Department of Pathology, School of Medicine, Daegu Catholic University, Nam-gu, Daegu, Republic of Korea; 
4Department of Biochemistry, School of Medicine, Daegu Catholic University, Nam-gu, Daegu, Republic of Korea. 
*Equal contributors.

Received August 6, 2020; Accepted September 22, 2020; Epub October 1, 2020; Published October 15, 2020

Abstract: A newly diagnosed or recurrent Glioblastoma multiforme (GBM) can be treated with Tumor-treating fields 
(TTFields), an emerging type of alternative electric field-based therapy using low-intensity electric fields. TTFields 
have a penchant to arrest mitosis, eventually leading to apoptosis. Therefore, it is regarded as a potential anticancer 
therapy. However, in this study, we confirmed the combined efficacy of sorafenib and TTFields to improve the treat-
ment efficiency of malignant GBM. Experimentation revealed the ability of sorafenib to decrease the signal trans-
ducer and activator of transcription 3 (STAT3) and this inhibition increased the sensitivity of TTFields in preventing 
tumor expansion. It was found that both combinatorial as well as monotherapy aimed to inhibit or reduce the level 
of STAT3, but the extent was different and based upon the reaction conditions. This drug is also capable of arrest-
ing multiple kinase pathways along with STAT3-related proteins (Mcl-1 and Survivin). STAT3 silencing can also be 
accomplished by RNA interference and can increase the TTFields-sensitizing effect of sorafenib. If the effects are 
reversed and gene regulating STAT3 is expressed more, it annihilates the effects of treatment. Moreover, sorafenib 
plus TTFields significantly inhibited xenograft tumor growth and combinatorial treatment reduced STAT3 expression 
more effectively in vivo. These in vitro and in vivo results indicate that sorafenib tends to sensitize GBM cells to 
TTFields-induced apoptosis by inhibiting STAT3.
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Introduction

Glioblastoma multiforme (GBM) is a rare but 
lethal primary brain malignancy in adults, with 
the average incidence in the USA being appro- 
ximately 11,000 annually [1]. Owing to the infil-
trative nature of the disease, its treatment is 
difficult and necessitates surgical resection, 
leading to a median survival time of only 3-6 
months [2-4]. In the early 1960s, the Brain 
Tumor Study Group (later renamed the Brain 
Tumor Cooperative Group) succeeded in sig- 
nificantly extending the survival time of pati- 
ents with GBM through the incorporation of 
adjuvant combined therapy to the treatment 
regimen [5-7]. Presently, combined therapy can 
result in a median survival time of approxi- 
mately 1 year, whereas its combination with  
an oral alkylating agent like temozolomide can 

extend the survival period further to 14-16 
months [8-10].

Tumor-treating fields (TTFields) is a new type  
of tumor therapy in which alternating electric 
fields of low intensity and intermediate fre- 
quency are transmitted using a non-interfering 
transducer placed locoregionally around the 
anatomical region of the tumor cells. A study 
demonstrated that TTFields were able to dis-
rupt cell division in the cells of interest, while 
other preclinical manifestations concluded the 
anti-tumor effects of TTFields vary according to 
the type of malignancy involved in the experi-
ment [11, 12]. It has been found that TTFields 
have made significant improvements to incre- 
ase the life expectancy of GBM patients. After 
subsequent studies, the US Food and Drug Ad- 
ministration has given approval for the use of 
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this treatment for patients with newly diagnos- 
ed GBM or recurrent GBM after surgery, and is 
typically combined with radiation therapy and 
adjuvant temozolomide [13, 14]. 

With respect to the mechanism of action, 
TTFields can affect multiplying cells because 
they cast their effect on the charged macro- 
molecules and other cell components, which 
are important constituents of mitosis. They ac- 
complish this by causing structural changes  
to or the dislocation of these cellular compo-
nents. Such dislocation of particular organel- 
les or other components would subsequently 
alter the physiological functions of the cell  
and affect its division cycle, disrupting normal 
mitosis. The effects of TTFields on various cel-
lular processes can be explained by dipole 
alignment and dielectrophoresis under the 
action of applied external stimulation [15, 16]. 
A molecule in a dipole state has negative and 
positive poles at its opposite ends that are  
generated by the movement, or alignment, of 
the electrons present in the molecule in a spe-
cific direction. In the presence of an external 
uniform alternating electrical field, the charged 
molecules inside the cell tend to align to the 
direction opposite to their charge and their  
normal pathways are disrupted, eventually in- 
hibiting the cell division and its proliferation 
[17]. This is because the moving molecules are 
highly polar and are responsible for the com- 
pletion of the cell cycle [18, 19].

Sorafenib (Nexavar), a potent inhibitor of multi-
ple kinases, has been found to block tumor cell 
proliferation by targeting the Raf-mitogen-ac- 
tivated protein kinase (MAPK)-extracellular sig-
nal-regulated kinase (ERK) signaling pathway 
[20]. This drug has an anti-angiogenic effect by 
interfering with tyrosine kinases, such as vas-
cular endothelial growth factor receptors (i.e., 
VEGFR2 and VEGFR3) and platelet-derived gr- 
owth factor receptor beta (PDGFRβ) [20, 21]. A 
phase I open-label study deals with determin-
ing the optimal dose of sorafenib in combina-
tion with radiation therapy and temozolomide 
to determine the safe and maximum tolerated 
level of the drug. The trial was conducted on 17 
patients with newly diagnosed high-grade glio-
mas. It has been shown that multiple pathways 
regulate the spread of malignant gliomas. The- 
se pathways, along with endothelial cells, play 
key roles in disease progression as well as re- 

sistance development against subsequent tre- 
atments. Resistance against treatment is usu-
ally associated with elevated levels of VEGF 
and its receptors and PDGFR activation [22-
24]. Moreover, up to 30% of patients carry ge- 
ne amplifications on band 4q12 on chromo-
some 4, which carries VEGFR2, PDGFRα, and 
KIT [21, 25, 26]. Concordantly, it was found th- 
at major mutations were found in MAPK tyro-
sine pathways in lieu of Ras or Raf kinases and 
it is responsible for poor prognosis and elevat-
ed apoptosis. It has been found that the ma- 
jority of the kinase pathways are inhibited by 
sorafenib, indicating that it can serve as an 
effective anticancer treatment. Indeed, experi-
mental and clinical trials have shown that so- 
rafenib exhibits synergy with not only radiation 
therapy but also TTFields. Its combination with 
TTFields therapy results in the arrest of mitosis 
and a reduction in colony-forming units, there-
by delaying Hepatocarcinoma (HCC) growth in 
animal models [27]. Additional studies have 
confirmed that sorafenib, temozolomide, and 
other cytotoxic agents can act synergistically  
to reduce the viability of tumor cells [28, 29]. 
Hence, we can use this combination strategy 
with TTFields to harness the highest advanta- 
ge of the drug.

The transcription factor signal transducer and 
activator of transcription 3 (STAT3), which plays 
a critical role in inflammation and tumor pro-
gression is activated by cytokines and growth 
factors, which are activated by tyrosine phos-
phorylation [30]. It was recently found that 
GBM cells are regulated by STAT. GBM cell lines 
pretreated with recombinant tumor necrosis 
factor-related apoptosis-inducing ligand (TRA- 
IL), upon subsequent action of sorafenib, re- 
strained tumor advancement by reducing the 
level of phosphorylated STAT3 (p-STAT3). The 
drug was specified in a time- and dose-depen-
dent manner and also subsequently reduced 
the expression of STAT3-related proteins (i.e., 
Mcl-1, survivin, and cyclin D1) [31]. Interesting- 
ly, the sorafenib-mediated inactivation of ST- 
AT3 that led to GBM inhibition was in fact a 
kinase-dependent process, which was further 
regulated by tyrosine phosphatases along  
with SH2-domain-containing cytosolic phos-
phatase-1 (SHP-1) [32].

Radiation therapy, TTFields therapy, and anti-
cancer drugs, or their combination, has been 
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widely used in several malignancies. However, 
the clinical potentials and mechanisms of com-
bining TTFields with a tyrosine kinase inhibitor 
drug (sorafenib) have not yet been explored for 
GBM. This study aims to focus on the preclini-
cal study of sorafenib in a combinatorial treat-
ment to curb malignant GBM. Here we have 
investigated the susceptibility of GBM both in 
vivo and in vitro upon the action of sorafenib 
with TTFields. The study elucidates the mecha-
nism of its action in the context of STAT3 reduc-
tion. The inferences of this work can be used  
as clinical manifestations of application of this 
novel treatment in patients with unresectable 
or recurrent GBM.

Materials and methods

Experimental setup of electric fields

To generate the TTFields, PVC-insulated wires 
of 0.17 mm thickness with an outer diameter  
of 0.4 mm and a dielectric breakdown of 25  
kV/mm purchased from Seoil Electric Wire Co., 
Ltd. (Gyeonggi, South Korea) was used and 
powered using an arbitrary function genera- 
tor (AFG-2112, Good Will Instrument Co., Ltd., 
Taiwan). The generator was connected to a 
high-voltage amplifier bought from A303 (A. A. 
Lab Systems Ltd, Israel) which produced sine 
waves with a potential of 0 to 800 V [33]. To 
apply the electric field to the cell lines, a pair  
of insulated wires were attached to the bot- 
tom of each cell dish placed at a unit centime-
ter stretch between them [33]. For all experi-
ments, the intensity and frequency of the 
applied electric fields were 0.9 V/cm and 150 
kHz, respectively. We chose 0.9 V/cm because 
it is very close to the intensity currently used in 
clinical TTFields therapy.

Antibodies and chemicals

Sorafenibtosylate was purchased from Selleck- 
chem (Houston, TX, USA). For in vitro experi-
ments, a 10 mmol/L stock solution of sora- 
fenib was prepared by dissolving the drug in 
dimethyl sulfoxide (DMSO). The stock solution 
was stored at 4°C. Antibodies for immunoblot-
ting such as Mcl-1, β-actin, and ki-67 were pur-
chased from Santa Cruz Biotechnology (San 
Diego, CA, USA). Other antibodies such as anti-
STAT3, Survivin, cleaved PARP, and c-Myc we- 
re procured from Cell Signaling (Danvers, MA, 
USA).

Cell culture

The cell lines, U87 and U373, containing hu- 
man GBM, were provided by the Korean Cell 
Line Bank (Seoul, South Korea). Both cell lines 
were grown and maintained in Dulbecco’s Mo- 
dified Eagle’s medium (supplemented with 10% 
fetal bovine serum, glutamine, 4-(2-hydroxye- 
thyl)-1-piperazineethanesulfonic acid [HEPES], 
and antibiotics) at 37°C in a humidified incu- 
bator containing an atmosphere of 5% CO2.

Colony formation assay

At 24 h after exposure of the GBM cells to the 
TTFields, the cells were treated with sorafenib 
(final concentration, 5 μmol/L) for 72 h. After 
14-20 days, the colonies were stained with 
0.4% crystal violet (Sigma, St. Louis, MO, USA). 
Various factors need to be considered to deter-
mine the number of viable cells. These include 
plating efficiency (PE) and the survival fraction. 
PE is defined as the portion of the cells which 
were seeded and eventually furnished into  
colonies; it is represented in the terms of per-
centage and varies according to the culture 
environment. The survival fraction, expressed 
as a function of condition, was calculated as 
follows: survival fraction = colonies counted/
(cells seeded × PE/100).

Detection of apoptotic cells using annexin V 
staining

The cells treated with sorafenib were later 
exposed to the TTFields for duration of 48 h. 
The cells obtained from this treatment were 
then washed with ice-cold phosphate-buffered 
saline (PBS), treated with trypsin and resus-
pended in one times the buffer. This binding 
buffer has 10 mM HEPES/NaOH [pH 7.4], 140 
mM NaCl, and 2.5 mM CaCl2. These solutions 
were mixed to make the total density of the 
solution equal to 1 × 106 cells/mL. Then, 100 
μL of the cell solution was mixed with 5 μL of 
annexin V FITC (PharMingen, San Diego, CA, 
USA) and 10 μL of propidium iodide stock solu-
tion (50 μg/mL in PBS) was added by slightly 
mixing to stain the plates. Following this, the 
whole setup was incubated for 15 min at an 
optimum temperature and in the dark to pre-
vent any photosensitive or heat-sensitive reac-
tions. After incubation, cells were collected and 
mixed with a buffer (400 μL, 1 ×) and counted 
using the Fluorescence-activated cell sorting 
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(FACS) technique. We used a FACScan device 
(Becton Dickinson, Franklin Lakes, NJ, USA).  
On average, 10,000 cells were recovered from 
each of the samples after the treatment. Cell- 
Quest software from BD Biosciences (Franklin 
Lakes, NJ, USA) was used for data analysis.

Trypan blue staining assay

Trypan Blue Staining Solution (ab233465, 
Cambridge, UK) is a vital stain that colors  
dead tissues or cells blue. Since cells are very 
selective, in a viable cell, the trypan blue will 
not pass through the membrane; however, it 
traverses the membrane in a dead cell. Hen- 
ce, dead cells are shown as a distinctive blue 
color when visualized using a microscope.

Cell viability assay

To determine cell viability, U87 and U373 cell 
lines were incubated under appropriate condi-
tions in a 96-well-plate at a density of 5,000 
cells/well for 24 h. To determine the number of 
viable cells, a culture media with EZ-Cytox was 
mixed and incubated for another 4 h. Then a 
Multiskan EX (Thermo Scientific, Waltham, MA, 
USA) was used to measure cell viability at a 
wavelength of 450 nm.

STAT3 SiRNA transfections

The following human STAT3-specific siRNAs, 
synthesized by Bioneer (Bioneer, Seoul, South 
Korea), were used: sense CGUCAUUAGCAGAA- 
UCUCA, antisense UGAGAUUCUGCUAAUGACG 
(STAT3 siRNA).

The siRNA duplexes were transfected into  
cells using Lipofectamine® RNAiMAX Reagent 
according to the manufacturer’s guidelines. 
siRNA was transfected in the STAT3 gene us- 
ing Stealth RNAi where a non-targeting siRNA 
(Bioneer) was employed as a control group. 
During this process, the transfections were  
performed again by using Lipofectamine® 
RNAiMAX and Opti-MEM reduced serum medi-
um (Gibco® Life Technologies, Carlsbad, CA, 
USA), when 60-70% of the cells started to mer- 
ge, to make the terminal value of 20 nmol/L of 
siRNAs. Then the cells were incubated in this 
culture for duration of 5 h after which the pH  
of the medium was altered to normal without 
the administration of antibiotics. Cell lines in 
this novel culture were allowed to rest and in- 

cubated for another 48 h. Samples were then 
collected and examined to note the transfec-
tion sequence which was repeated three addi-
tional times.  

Plasmid transfections

Various plasmids as carriers were also devised 
as vectors to transfer the recombinant DNA 
using standard DNA recombination cloning 
strategy. Human STAT3 cDNA (wild-type) was 
purchased from OriGene (Rockville, MD, USA). 
The wild-type form of STAT3 was generated 
using formal (CTGGCCTTTGGTGTTGAAAT), re- 
verse (AAGGCACCCACAGAAACAAC). The plas-
mids were transfected to the targets by us- 
ing Mirus 2020 Reagent as per the manufac-
turer’s guidelines.

Tumor xenografts in nude mice

A single-cell suspension (2 × 106 cells) was  
subcutaneously injected into the flank of 5- 
week-old BALB/c nude mice (Nara Biotech, 
Seoul, South Korea). When the tumor reach- 
ed a minimal volume of 100 to 200 mm3, a  
1 V/cm TTF, 30 mg/kg sorafenib (3 times a 
week) or combination treatment was started 
and continued for seven days. Tumor volumes 
were determined using the formula (L × l2)/2  
by measuring tumor length (L) and width (l)  
with a caliper. All animal work was carried  
out per our institute policies while abiding by 
the guidelines of the Institutional Animal Care 
and Use Committee of KIRAMS (kirams2019- 
0073, 28/06/2019). 

Positron emission tomography and computed 
tomography 

A Siemens Inveon positron emission tomogra-
phy (PET) scanner was used for PET imaging 
[34]. Experimental mice were first warmed us- 
ing a heating pad. Then, 200 µCi of [18F]-FDG 
was administered into the tail vein and the  
mice were given 2% isoflurane in the presence 
of 100% oxygen (Forane solution; ChoongWae 
Pharma, Seoul, South Korea). Next, X-ray com-
puted tomography (CT) was performed to ob- 
tain the anatomical imaging of mice from vari-
ous angles starting from 180° and 360° pro- 
jection, using the Inveon system. Experimen- 
tal mice were exposed to the rays for 200 ms 
and the scanning lasted around 504 s. The X- 
ray CT images were then reconstructed, which 
altered the pixel size to 109.69 µm × 109.69 
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µm. After 30 min of transfection and CT imag-
ing, PET imaging was done for the next 15  
min. The emission list-mode PET data were 
sorted into three-dimensional sinograms and 
then reconstructed using the two-dimensional 
ordered subset expectation maximization (OS- 
EM2D) method. The final image had a pixel 
dimension of 0.38 mm × 0.38 mm × 0.79 mm. 
All relevant corrections, such as normalization, 
dead-time correction, and random correction, 
were performed for all datasets. X-ray CT data 
were used to delineate the region of interest 
(ROI). The PET and CT image data were co- 
registered using Inveon Research Workplace 
(version 2.0; Siemens Medical Solutions). The 
maximum pixel values for the ROI on the PET 
imaging were measured and converted to 
radioactivity counts per minute (cpm) values. 

Western blotting

After the treatment of the GBM cells with 
sorafenib, they were treated with TTFields. The 
cells were then lysed with RIPA buffer and  
then the total proteins were separated using  
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. After the separation of pro-
teins, they were transferred to a nitrocellulose 
membrane and subsequently blocked with 1% 
(v/v) non-fat dried milk prepared in Tris-buf- 
fered saline containing 0.05% Tween-20 and 
incubated with the respective antibodies. Pri- 
mary antibodies were diluted at 1:1,000 and 
secondary antibodies at 1:5,000. The immu- 
noreactive protein bands were visualized us- 
ing an enhanced chemiluminescence system 
(Amersham Biosciences, Little Chalfont, UK) 
and scanned.

Immunohistochemistry

Immunohistochemical assays were performed 
by resecting the breast sections over a paraf- 
fin section of 4 µm thickness which was then 
mounted over coated glass slides to determine 
proteins. After this, the administered antigens 
were retrieved from the plating and the local 
endogenous peroxidases and nonspecific pro-
tein binding sites were inhibited. The slide sec-
tions were incubated with the primary antibod-
ies followed by horseradish peroxidase-conju- 
gated secondary antibodies. 

Statistical analysis

All data are expressed as mean ± standard 
deviation values. Statistical differences bet- 
ween groups were assessed using Student’s 
t-test (two-tailed) and ANOVA analysis. P-va- 
lues were interpreted as follows; *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Results

Sorafenib increased TTFields-induced apopto-
sis in GBM cells

The purpose of this study was to better under-
stand, analyze, and evaluate the action of 
sorafenib in sensitizing GBM cell lines to 
TTFields-induced apoptosis by examining the 
apoptotic effects of the drug. Toward this, two 
GBM cell lines were administered doses of 
sorafenib and examined using 3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5 diphenyltetrazolium bromide 
(MTT) assay. From the observations, we can 
conclude an enhanced sensitivity in both U373 
and U87 cell lines where the tumor progres- 
sion was limited within 48 h of application of 
the treatment with ≥ 5 µg/mL sorafenib (P < 
0.05) (Figure 1A). Similar observations were 
also reported after the application of TTFields 
to the same cell lines where a 20% reduction  
in cell sustainability was found at 0.9 V/cm 
[27]. A greater growth inhibitory effect was 
observed due to the combined action of so- 
rafenib and TTFields, thereby highlighting the 
better antitumor effect of the combinatorial 
therapy relative to monotherapy on the U373 
and U87 cell lines. This was further verified by 
both the cell counting assay (Figure 1B) and 
colony formation assays (Figure 1C). To know 
whether the combination treatment is suc- 
cessful or not, we stained the cell lines with 
annexin V and propidium iodide for FACS ana- 
lysis. The observations showed a remarkable 
alleviation in the severity of GBM of the treat- 
ed cell lines within 48 h of exposure while ele-
vating apoptosis (Figure 1D). The serial doses 
of sorafenib treatments were applied to the 
GBM cell lines to determine the combined dos-
age of TTFields and sorafenib with better anti-
GBM efficacy (Figure 1E). The above experi-
ment points to the fact that sorafenib tends  
to make the GBM cells prone to the action of 
TTFields in vitro.
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Figure 1. Sorafenib enhances TTFields-induced apoptosis in GBM cells. A. Sorafenib inhibited the viability of GBM 
cells in a dose-dependent manner. The viability of U373 and U87 cells treated with the indicated doses of sorafenib 
was found by staining with 0.4% trypan blue; *P < 0.05; **P < 0.01. B. It was found that the cell lines adminis-
tered with a combination treatment showed the least viable cell count in comparison to monotherapy using either 
TTFields or Sorafenib. The growth rate is as assessed using cell counting assay; *P < 0.05; **P < 0.01. C. The sen-
sitivity of the two chosen cell lines was inferred from the degree of survival fraction using a colony-forming assay; *P 
< 0.05; **P < 0.01. D. U373 and U87 cell lines were administered 5 µmol/L of sorafenib and/or TTFields for 48 h 
for annexin V/propidium iodide staining; *P < 0.05; **P < 0.01. E. The combined TTFields plus sorafenib treatment 
induced GBM cell apoptosis in a dose-dependent manner.

Figure 2. STAT3 downregulation causes the sensitization of TTFields. This 
downregulation of STAT3 is inhibited by further action of Sorafenib. Cells 
were pretreated with TTFields were treated with sorafenib for 24 h. Cell ly-
sates were then prepared for western blotting for investigating the proteins 
of interest.

Combined sorafenib plus 
TTFields treatment was associ-
ated with lower STAT3 levels in 
GBM cells

A previous study had suggest-
ed that STAT3 might play a role 
in mediating cancer cell resis-
tance to TRAIL [31]. Therefore, 
we examined the expression  
of STAT3-regulated proteins to 
investigate the possible molec-
ular targets involved in the so- 
rafenib-mediated TTFields sen-
sitization of GBM cells to apop-
tosis. As shown in Figure 2, the 
downregulation of STAT3 and 
its related proteins (Mcl-1 and 
Survivin) was evident in both 
cell lines. The cells were then 
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Figure 3. Validation of STAT3 targeting in vitro. A. STAT3 silencing via siRNA increased the sensitivity of the GBM cells 
to the TTFields. Cells were transfected with either scrambled (control) or STAT3 siRNAs for 48 h and then to TTFields 
for 24 h. The proliferation rate was measured using trypan blue cell counting and the cell death rate was measured 
by FACS; *P < 0.05; **P < 0.01. B. The number of live cells was measured using cell counting. GBM cells transiently 
expressing Myc-STAT3 (on right) were pretreated with TTFields for 24 h, and then with sorafenib for another 24 h. 
The proliferation rate was measured by trypan blue cell counting and the cell death rate was measured by FACS 
analysis; *P < 0.05; **P < 0.01.

further co-treated with sorafenib plus TTFields, 
which also decreased the total STAT3 levels. 
The decrease in STAT3 was associated with the 
poly (ADP-ribose) polymerase (PARP) gene. The- 
se results provided evidence that apoptosis 
was induced in cells exposed to sorafenib plus 
TTFields (Figure 2). Therefore, we can infer that 
sorafenib sensitizes the cells to TTFields and 
inhibits STAT3, showing the promising role of 
STAT3 for enabling cell sensitization to TTFields. 

Manipulation of the STAT3 expression altered 
the cell sensitivity to TTFields

To validate the role of STAT3 in the TTFields-
sensitizing effect of sorafenib, the STAT3 gene 
was either knocked down or overexpressed in 

GBM cells. For this purpose, the cells were 
transfected with either scrambled (control) or 
STAT3 siRNAs for 24 h and then exposed to 
TTFields. The gene knockdown resulted in en- 
hanced apoptotic cell death, with a decrease in 
the relative cell number (Figure 3A), indicating 
that the silencing of STAT3 had significantly im- 
proved the sensitivity of the GBM cells to the 
TTFields. This strongly indicated that by target-
ing the STAT3 signaling pathway, the sensitivity 
of the GBM cells toward TTFields can be alter- 
ed. Subsequently, we generated cells transi- 
ently expressing STAT3 to investigate the sen- 
sitizing effect of sorafenib in the presence of 
the transcription factor. Ectopically expressed 
STAT3 significantly abolished the combined 
effects of sorafenib plus TTFields on apoptosis 
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Figure 4. TTFields-sensitizing effect of sorafenib in in vivo models of GBM. A. Nude mice were injected with U373 
cells lines and then treated with either a monotherapy of TTFields or sorafenib, or a combination of the two. Tumor 
volumes were measured by: volume = (length × width2 × 3.14)/6 (n = 5). Tumors were excised and weighed at the 
end of the experiment (7 days). B. The body weights of the mice were not very different for sorafenib-, TTFields-, 
and combinatorial therapy-treated groups. C. PET and CT imaging of U373 tumor-bearing mice after fluorine-18-flu-
orodeoxyglucose ([18F]-FDG) injection and subsequent anesthesia. The [18F]-FDG radioactivity is presented as the 
maximal standardized uptake value (mean ± standard deviation); *P < 0.05; **P < 0.01. D. Hematoxylin & eosin 
(H&E) staining and immunohistochemistry for Ki-67 expression; *P < 0.05, **P < 0.01.

(Figure 3B). Together, these results demon-
strate the importance of STAT3 inhibition in 
mediating the combined effects of sorafenib 
plus TTFields.

Combinatorial therapy with sorafenib plus TT-
Fields reduced xenograft tumors in nude mice

The relevance and potential clinical implica-
tions of combinatorial therapy with sorafenib 
plus TTFields were assessed in vivo using  
xenograft tumors derived from the U373 cell 
line. Tumor-bearing mice were treated for 4 
days with TTFields (1 fraction per day) followed 
by either the vehicle (DMSO) or oral sorafenib 
(dosage of 5 mg·kg-1·day-1; either alone or in 
combination) for the duration of this animal 
study. Necroscopy (data not shown) revealed 

that all the animals tolerated the treatments 
well, with no observable signs of toxicity or 
gross pathological abnormalities. Tumor grow- 
th was significantly suppressed by the 1-week 
combinatorial treatment with sorafenib plus 
TTFields compared with that observed in the 
untreated control tumors (Figure 4A). There 
were little visible signs of toxicity due to any 
treatment in mice, as demonstrated by the  
lack of differences in body weights (Figure 4B). 
As shown in Figure 4C, low uptake of [fluorine-
18]-fluorodeoxyglucose ([18F]-FDG) was obser- 
ved in tumors in mice treated with TTFields  
plus sorafenib as compared with that in mice 
receiving monotherapy with either agent. The 
maximum standard uptake value was 0.53 ± 
0.09 in the control group, 0.40 ± 0.04 in the 
sorafenib-treated group, 0.29 ± 0.02 in the 
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TTFields-treated group, and 0.27 ± 0.03 in the 
combinatorial therapy-treated group (Figure 
4C). In xenograft tumor tissue, combination 
treatment decreased the number of Ki67-posi- 
tive cells which are proliferation markers (Fig- 
ure 4D). Based on treatment, we can conclude 
that monotherapy with sorafenib or TTFields 
did not show significantly different results and 
had only a mild effect on tumor cell reduction. 
By contrast, the sorafenib plus TTFields com- 
bination treatment exhibited better antitumor 
effects in vivo. 

Combinatorial therapy with sorafenib plus 
TTFields inhibited tumor growth through the 
suppression of the STAT3 axis in vivo

The effects of the monotherapy and combi- 
natorial therapy on STAT3 expression in vivo 
were also investigated by western blotting 
(Figure 5A and 5B). Additionally, xenografts 
from mice subjected to different treatments 
were stained for STAT3 expression using im- 
munohistochemistry (Figure 5C). Collectively, 
the results verified that combinatorial therapy 
with sorafenib plus TTFields reduced STAT3 
expression more effectively than monotherapy 
with either of the agents. Therefore, the anti- 
tumor effects of combinatorial therapy have 
been definitively verified in vivo.

Discussion

The lack of restorative therapeutic solutions is 
posing a great threat to patients with unre- 
sectable advanced GBM. Currently, surgery fol-
lowed by radiation therapy with concurrent and 
adjuvant temozolomide represents the stan-
dard of care for newly diagnosed GBM [35]. 
However, in the treatment of all carcinomas, 
TTFields is currently being introduced as the 
fourth new protocol after surgery, chemothera-
py, and radiation therapy. The study demon-
strates the effect of combination therapy to- 
wards increased the survival rate and the ex- 
tent of tumor suppression. Hence, acting as a 
potential curative strategy for GBM patients 
[27-29, 36], our present study not only verified 
the antitumor effects of combinatorial therapy 
with sorafenib plus TTFields, but also highlight-
ed the mechanism of action of this treatment 
via inhibiting tyrosine kinases and phosphory- 
lation of STAT3. In this experiment, GBM cells 
were treated with TTFields followed by sorafe- 
nib treatment and the effective inhibition of 
GBM growth in vitro and in vivo was inferred 
using this strategy. This conclusion can help 
establish a procedure with better anti-GBM ef- 
ficacy to target the STAT3 transcription. These 
results suggested that TTFields are not only 
effective but are also clinically relevant. With 

Figure 5. Validation of the in vivo target of STAT3. A. Western blotting for STAT3 expression in U373 tumors. B. The 
expression of STAT3 was normalized. Values are the means ± standard deviation; *P < 0.05. C. Immunohistochem-
istry for STAT3 expression level in the xenografts; *P < 0.05.
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pacing technology, refinements are in progress 
with an aim to avoid damage to the TTFields-
sensitive healthy organs in the vicinity of the 
tumor cells, considering the same, substantial 
doses of TTFields are delivered to the cancer-
ous cells. 

To achieve this objective, we need to shift the 
focus towards a novel and more effective cura-
tive target strategy for GBM; thereby, consider-
ing the combination therapy. Upon experimen-
tation, it has been found that STAT3 inhibi- 
tion promotes better action to prevent tumor 
expression by elevating apoptosis. This STAT3 
inhibition can be achieved by a multi-kinase 
drug inhibitor labeled as sorafenib. Our results 
have shown that combinatorial treatment with 
sorafenib plus TTFields increased GBM cell 
apoptosis and inactivated STAT3 in the cells. 
STAT3 inhibition increases the action of PARP 
genes; hence blocking carcinogens by alkylat-
ing them. This kinase drug inhibits tyrosine 
phosphorylation in the Ras, Raf or MAPK and 
VEGFR pathways. Whereas the previous litera-
ture reported it being another aspect, the lat- 
ter showed its inhibition in hepatocellular car- 
cinoma via kinase-independent SHP-1-mediat- 
ed STAT3 inactivation [32].

This study concludes that the sensitization 
action is solely STAT3 dependent as a slight 
modification in its expressing gene showed 
considerable effects. These modifications al- 
tered the potent proteins present on the STAT3 
such as Mc-1, cyclin D1, and Survivin. If both 
the kinase and non-kinase inhibition activities 
of sorafenib are taken into consideration, we 
can see that they would preferentially increa- 
se the drug’s potential to act synergistically 
with TTFields to affect multiple operations and 
intracellular signaling pathways [37]. Thus, the 
targeting of molecules involved in these pro-
cesses by sorafenib administration would sen-
sitize GBM synergistically to the apoptotic ef- 
fects of TTFields. Furthermore, as the sensitiz-
ing effect of sorafenib in GBM treatment is  
well characterized, it is important to compare 
its sensitizing effect and underlying mecha-
nism of TTFields and the combined efficacy of 
sorafenib and temozolomide, known as stan-
dard treatment for GBM to enhance the effi- 
cacy and safety of these forms of GBM treat-
ment. This combination therapy of TTFields  
and sorafenib will be the novel strategy act- 
ing as an advantage for the patients suffering 
from unresectable GBM. 
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