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Abstract

Glioblastoma is a highly malignant brain tumor with an extremely dismal prognosis, with a median survival of 12
months. Promoting glioma stem cell (GSC) differentiation is a crucial therapeutic strategy in treating glioblastoma
to improve survival. We combine standard chemotherapy drug Temozolomide (TMZ) with Electromagnetic Field to
evaluate their differentiation effects on glioma U87 cell line.

Human glioma U87 cells exposed to electromagnetic field (EMF), Temozolomide (TMZ) alone and a combination
of both were compared to control group. Nestin and CD133 were detected to identify stem-like cells (SLCs) changes
during the experiment. The differentiation was found through detecting the expression of the glial fibrillary acidic
protein (GFAP), and Notch4. We evaluated Ca*, SOD, and Notch as important chemical mediators in signal
transduction to elucidate the mechanism of actions in the processes of differentiation.

The expression of cancer SLC markers CD133, and neural stem/progenitor Nestin decreased in EMF/ Drug
combined group compared to control which shows depletion of stem-like cell pool. In contrast, the differentiation of
SLCs was increased by detecting the expression of the glial fibrillary acidic protein (GFAP), but, Notch4 decreased
in Electromagnetic field/Drug combined group compared to control which shows a benign process of treatment. The
differentiation was also confirmed by light microscopy. Morphological changes such as an elongated shape with
elongated neurites, intercellular connection, and neurite branching were observed. Superoxide dismutase (SOD), Ca*
and Notch were also increased as important chemical mediators in signal transduction.

Here, we found the combination of pulsed electromagnetic fields (PEMFs) and TMZ significantly resulted in
differentiation and glioma stem cells (GSCs) pool reduction that could have a profound therapeutic implication.
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Introduction

Glioblastoma multiform (GBM) is the most common and aggressive form of primary brain tumor in adults. Despite
standard treatment with surgery, irradiation, and chemotherapy to extend survival, it universally recurs and
unrelentingly results in death. Their ability to infiltrate diffusely into the normal brain parenchyma is associated with
the worst prognoses [1]. The median survival is approximately 12 months with less than 10% of patients alive at 5
years after diagnosis [2]. This dismal prognosis of GBM has motivated researchers to investigate alternative
therapeutic paradigms, such as differentiation therapy. The vast majority of research has been focused on the aspects
of proliferation and apoptosis, and little is known about its possible role involved in the process of cancer cell
differentiation.

It has recently been accepted that undifferentiated tumor cells, called cancer stem cells (CSCs) play a pivotal role in
the initiation and progression of cancers in various tissues [3]. CSCs comprise only a small portion of the tumor,
and every single cell can give rise to a new tumor. If the malignant cells of cancers are cancer stem cells, then it
should be possible to treat cancers by inducing differentiation of the stem cells. If tumor cells can be forced to
differentiate and cease proliferation, then their malignant potential will be controlled [4-6]. Increasing evidence
indicates that malignant gliomas originate from neural stem-cell populations, which are termed glioma stem-like
glioma cell [7,8]

Currently, drug-induced differentiation is considered as a promising approach to eradicating tumor-initiating cell
population and some of this anticancer drugs appeared to have the capability of inducing glioma cell differentiation
[9,10].

The addition of Temozolomide to radiotherapy for treatment of newly diagnosed glioblastoma patients increases
median survival 2 -2.5 months [11,12]. The study of Yuan et al., showed that Resveratrol and TMZ significantly
resulted in an increase in expression of astrocyte differentiation marker, glial fibrillary acid protein (GFAP). In their
study, TMZ treated group showed a significant GFAP expression compared to control group [13]. Beier et al.,
reported, Temozolomide induced a dose and time-dependent decline of stem cell subpopulation from MGMT
negative tumor [14].
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Pulse electromagnetic field in the 0-300 H, range as a therapeutic tool extensively used for the treatment of cancer
[15,16]. Some studies have suggested that static magnetic fields (SMFs) and pulse electromagnetic fields have the
potential as the adjunctive treatment method for chemotherapy [17-19]. Previous studies have demonstrated that the
cellular effects of extremely pulsed electromagnetic fields (ELF-EMFs) depend, in large part, on their intensity and
exposure time, as well as on the phenotype of the cellular target and interactions with intracellular structure [1
7,20,21]. Application of different time course of ELF-EMF have been shown to induces a different pattern of
differentiation irrespective of co-stressor applied [20]. Also, electromagnetic field has been reported to induce cell
differentiation of stem cells [22]. Some studies illustrate the potential of EMF therapy in combination with
conventional cancer therapies to sensitize tumors [23].

Improvement of glioblastoma treatment by even a moderate amount could potentially result in many years of life
saved. Differentiation-inducing therapy, which modifies cancer cell differentiation, has been proposed to be a novel
potential approach to treat malignant tumors. As mentioned above TMZ and EMF have the abilities of
differentiation and decreasing of SLGC or GBM-CSCs that express certain stem cell-associated markers, including
CD133 [24].

Although recent observations have shown that tumorigenicity is not entirely restricted to CD 133 positive tumor
subpopulation [24], there is a large, growing set of data linking the expression of AC133/CD133 with poor patient
prognosis in glioblastoma multiform patients [25]. AC133/CD133 downregulation is reported to be associated with
better survival in a mouse model [5]. Some data indicate that tumorigenicity, as well as radio-resistance and chemo-
resistance, may be attributes of CD133 expressing SLGCs [4,26]. If eradication of SLGCs is the critical determinant
in achieving cure [27], it must be reasoned that depletion of the AC133/CD133-positive cell pool through controlled,
agent or drug-induced differentiation could have profound therapeutic implications. Inducing differentiation is one of
the crucial therapeutic methods in cancer treatment [13]. The purpose of this study was to evaluate the effects of
TMZ and PEMFs on differentiation and GSCs reduction.

To confirm this assumption, we studied the effect of TMZ and PEMFs on glioma cell line U87. We exposed human
glioma US87 cells to three groups of experiment including; EMF, TMZ alone, and combined treatment, and
compared them to control group. The expression of cancer SLC markers CD133 and neural stem/progenitor Nestin
were detected to identify SLCs. And GFAP and Notch was assessed for differentiation of SLCs. We evaluated the
Ca*, SOD, Notch and some important chemical mediators in signal transduction to elucidate the mechanism of
actions in the processes of differentiation. Any therapeutic agent that induces differentiation and deplete stem-like
cell pool, could have profound therapeutic implications. Here, we found that the combination of PEMFS and TMZ
significantly resulted in differentiation and GSCs reduction pool.

Material and Method

Cell culture

Human glioblastoma cells from the U87 cell line (Pasteur Institute, Tehran, Iran) were cultured in 25 c¢cm? flasks
(Twaki, Tokyo, Japan) at a cell density of 10* cells/ml in Dulbecco’s modified Eagle’s medium (DMEM; product
code 11966025-Invitrogen Inc. Gibco BRL, Gaithersburg, MD, USA). Supplemented with 10% (v/v) heat
inactivated, sterile-filtered, fetal calf serum (Product Code: 12306C-500ML-Sigma- Aldrich Co., St. Louis, MO,
USA) and 1% (v/v) of penicillin-streptomycin solution (Product Code: P4333-100ML-Sigma-aldrich Co.), in a
humidified atmosphere of 5% CO2 at 37 + 0.5 °C. The cells were continuously exposed to different EMF (100 Hz,
100 + 20 G), TMZ (100 u M) and (EMF and TMZ) up to 144h. Control cells remained unexposed to EMF and TMZ
for the same time.

Exposure system
The exposure system has been described in greater detail elsewhere [17]. Briefly, ELF-EMF was generated by a

clinically approved magnetotherapy device Fisiofield Mini (Fisioline Co., Verduno, Italy) that could generate square
or sinusoidal waves with frequencies of 0—100 Hz and amplitudes of 0 — 100 G. The device was set to generate
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continuous square waves with a frequency of 100 Hz and amplitude of 100 G. In addition, the device contained four
coils that could apply magnetic fields to two groups as simultaneously and individually. As shown in Fig. 1A and B,
each culture flask was placed between two identical coils, each coil put in a chamber of Plexiglas sized 160 A~ 160
A~ 50 mm, by maintaining the coaxial distance of 40 mm apart. A cooling system based on continuous recirculation
of cold water around each coil prevented the temperature from rising. All materials used to build the exposure
system (i.e., plexiglas, polystyrene, and PVC) were transparent to EMF. The magnetic amplitude measurements, by
including the amplitude values generated by the device, were made by means of a Gaussmeter GMO8 (Hirst
Magnetic Instruments Ltd., Falmouth, UK) equipped with a Hall-effect sensor. (Fig. 1)

Fig.1. ELF-PEMFs exposure system. A) The cell cultures were exposed
by using a house-made ELFPEMFs exposure system constituted of: (1) a
signal generator Fisiofield Mini (Fisioline Co, Verduno, Italy) set to
generate continuous square waves with a frequency of 10, 50 or 100 Hz
and amplitude of 50 or 100 G, which are selectable by using apposite
knobs (2-3); (4) two chambers made of plexiglas sized 160x160x50
mm, each one containing a copper coil wire with a diameter of 130 mm
(5). The two chambers were separated by two side thicknesses of
polystyrene, maintaining a coaxial distance of 40 mm, in order to allow
the housing of a culture flask (6); a water-based cooling system
constituted of delivery tubes (7) and a chiller (8). B) The part of ELF-
PEMFs exposure system including coils and culture flask has been
designed in order to fit inside the incubator. C) not in scale magnetic
flux showing the direction of the field lines.

SOD assay or Measurement of intracellular reactive oxygen species (ROS) formation

Superoxide dismutase (SOD) is an antioxidant enzyme involved in the defense system against reactive oxygen
species (ROS). SOD level was measured using enzyme-linked immunosorbent assay (ELISA) kit (ABNOVA,
Taiwan). Briefly, after performance of the treatments, the cells were separated by EDTA trypsin and centrifuged for
20 minutes (at 3000 rpm) then supernatants were carefully collected. According to the manufacture’s
recommendations (bioassay technology laboratory) dilution of standard solutions performed. For standard well, 50
ul of standard, 50 pl Streptavidin-HRP solution (since the standard has already combined biotin antibody, it is not
necessary to add the antibody) and for test well, 40 ul of sample, 10 pu 1 of SOD antibody and 50 pl of Streptavidin-
HRP were added. Then seal the sealing membrane, gently shacked and incubated 60 minutes at 37° after washing
with drain liquid, chromogenic solution A 50 pl, chromogenic solution B 50 pl to each well was added. After
mixing, incubate for 10 min at 37° away from light for color development. Finally, 50 p I of Stop solution was added
into each well to stop the reaction (the blue changes into yellow immediately). Then color progresses between 10-20
min were assessed by ELISA reader (450nm, reference wavelength 630nm).

Determination of intracellular calcium concentration

Measurement of intracellular Ca?* Calcium concentration is useful to study the upstream and downstream events of
Ca?* signaling. Different groups of cells were loaded with 5uM Fura 2-AM for 60 min. After washing and removal
of Fura 2-AM, the cultures were incubated in dye-free saline for at least 45 min to allow for the de-esterification of
the Fura2-AM. The cells were analyzed immediately on the fluorescence plate reader (FLX800, BioTek. USA) and
the fluorescence intensity of cells in 96-well plates was quantified at an excitation of 340/380 nm and an emission of
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510 nm. Each experiment was performed six independent times. Results were expressed as fluorescence percentage
of control cells.

MDA measurement

Malondialdehyde (MDA) is an index of peroxidation. The MDA in the sample is reached with Thiobarbituric
Acid(TBA) to generate the MDA-TBA adduct. Briefly, 1x10° cells were homogenized with 300ul of the MDA Lysis
Buffer, then centrifuged (13,000 xg,10 min) to remove insoluble material. Place 200ul of the supernatant from each
homogenized sample into a micro centrifuge tube. According to the manufacturer’s recommendations (Bioassay
Technology Laboratory) dilution of standard solutions performed. Then, added 600ul of TBA solution into each vial
containing standard and sample. Incubate at 95°C for 60 min. Cool to room temperature in an ice bath for 10 min.
Pipette 200ul (from each 800pl reaction mixture) into a 96-well microplate for analysis. The optic density (OD) was
then read at 532nm by enzyme-linked immunosorbent assay (ELISA) reader (Pharmacia Biotech, Stockholm,
Sweden).

Real Time PCR

Gene expression of (CD133, N) were analyzed by real-time polymerase chain reaction (PCR). RNA was extracted
from 10* cells by the guanidine isothiocyanate-phenol-chloroform method using RNX" reagent (Cinagen, Tehran,
Iran) [28]. The isolated RNA was solved in 20 ml of RNase-free water. The single-strand cDNAs were synthesized
from total purified RNA using M-MuLV reverse transcriptase and oligo (dT) primer (Fermentas, Vilnius,
Lithuania). Real-time PCR reactions were done using Step One device (Applied Biosystems Foster City, CA, USA)
by mixing 10 ml of gPCR Master- MixSyGreen (Analytik Jena AG, Jena, Thuringia, Germany), 0.5 ml of primer
forward, 0.5 ml of primer reverse, 2 ml of cDNA, and 7 ml of RNase-free water. PCR amplification (40 cycles) was
performed in the following way: initial denaturation for 3 min at 95°C, denaturation for 30 s at 95°C, annealing for
30 s at different temperature according to primer sequences (table 1), extension for 40 s at 72°C and final extension
for 12 min at 72°C. Primer sequences (tablel) . The gene expression quantification was done by using the 2-24¢t
method [29] and the REST 2009 software (QIAGEN, Hilden, Germany)

Table.1. The nucleotide sequences that were used in primers for real-time analysis
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Western-blot analyzing

GFAP expression analysis by Western blots; Western blots of GFAP protein was carried out in order to study
differentiation progression. 25 mg of total protein from cell lysate was separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli [30] and then electro-transferred onto
polyvinylidene fluoride (PVDF) membrane (Merck Millipore, Billerica, MA, USA), according to Towbin et al. [31].
After blockage for 2h at RT with 5% (v/v) instant non-fat dry milk/Tris-buffered saline solution containing 0.1%
(v/v) Tween 20 (TBS-T), PVDF membrane was incubated overnight at 4°C with the primary antibody against GFAP
56055 — Santa Cruz Biotechnology Inc., Dallas, TX, USA). Specific antibody binding was detected by incubating
the membranes with horse radish-peroxidase (HRP)-conjugated secondary antibody (Product Code: sc-2005 — Santa
Cruz Biotechnol- ogy Inc.) at RT for 2 h. Luminol (GE Healthcare Bio-Sciences Corp., Piscataway Township, NJ,
USA) was used as a chemiluminescent substrate for HRP. The membranes were washed with TBS-T and scanned by
ChemiDocTM XRS+ imaging system (Bio-Rad, Hercules, CA, USA). OD-based quantification was performed by
Image LabTM 3.0 (Bio-Rad). b-actin (Product Code: sc-81178 _ Santa Cruz Biotechnology Inc.) Western blots were
used as controls.

Light microscopy (LM)

An inverted phase-contrast microscope Axiovert 25 (Carl Zeiss AG, Oberkochen, Germany) was used to investigate
morphological cellular changes. Three randomly selected fields from each culture were captured.

Statistical analysis

The results are expressed as meat+ SEM. The difference in mean intracellular ROS and calcium, MDA and genes
and protein expression data, between experimental groups and control were determined by one-way ANOVA,
followed by Tukey. P<0.05 was considered statistically significant. Data analysis was done by using statistical
package for social science (SPSS) version 16 software (IBM, Armonk, NY, USA).
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RESULTS
SOD activity

SOD activity increased after exposure of EMF and TMZ alone and concomitantly. SOD
activity indirectly represents the ROS production. EMF, TMZ administration and
combined treatment (EMF+ TMZ) increased activity of SOD 47%,60% and 85%after
120h and about 48%,75% and 98% after 144h respectively in comparing to control

(Fig2).

Fig. 2. SOD activity was assessed. Values are reported as percentage of
the control untreated cells, by considering it as 100%. Each value
represents the mean = SEM of four independent experiments, each done
in duplicate. Star indicates the value significantly different from the
control untreated cells (p < 0.05). Triangle indicates value significantly
different from all the other treatments at the same time point (p < 0.05).

Calcium concentration

Calcium concentration was analyzed by Fura-2 assay. Data showed, changes in calcium
concentration level after 120h and 144h. Exposure of EMF and TMZ alone and
concomitantly increased calcium level about 35%, no change and 75%after120h. Also,
EMF, TMZ and co-administration increased calcium level about 40%,10% and 80%
respectively after 144h (fig.3).

Fig.3. Determination of intracellular calcium of cells from different
groups. Values are reported as percentage of the control untreated cells,
by considering it as 100%. Each value represents the mean + SEM of
four independent experiments, each done in duplicate. Star indicates the
value significantly different from the control untreated cells (p < 0.05).
Triangle indicates value significantly different from all the other
treatments at the same time point (p < 0.05).
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MDA measurement

According to our data lipid peroxidation increase significantly after treatment (EMF, TMZ) and co-treatment
(EMF+TMZ) had synergistic effect. Malondialdehyde (MDA) value increased after 120h and 144h after exposure of
EMF and TMZ alone and concomitantly. EMF increased value of MDA 2.3, and 6 folds after EMF, TMZ, and
combination at 120h and 2.5,3.5 and 6.5 folds after 144h, comparing to control (fig.4).

Fig.4. Determination of NMDA production. Values are reported as
percentage of the control untreated cells, by considering it as 100%.
Each value represents the mean £ SEM of four independent experiments,
each done in duplicate. Star indicates the value significantly different
from the control untreated cells (p < 0.05). Triangle indicates value
significantly different from all the other treatments at the same time
point (p < 0.05).

Gene and protein expression (CD133, Nestin, GFAP, Notch4).

Gene expression analyzed by Real PCR technique. After EMF, TMZ and co-administration of(EMF+TMF). CD133,
Nestin and Notch4 decreased but, GFAP increased. CD133 mRNA expression increased 50%,60% and 90% by
exposure to EMF and TMZ alone and concomitantly after 144h. we observed the same pattern for Nestin, decreasing
about 50%, 43% and 83%, 144h after applying EMF, TMZ alone and together. Also decreasing in Nestin mRNA
was detected about 62%,60% and 93%by administration EMF, TMZ and both of them after 144h. conversely, over-
expression of GFAP was detected about 14, 20.32 folds by exposure EMF, TMZ individually and in combination
together after 144h in compare to control. We got the same result for GFAP protein expression, so expression
increased 70%, 100% and 150% after treatment by EMF, TMZ alone and simultaneously up to 144h. all of these
genes are involved in differentiation. Reduction of the three genes (CD133, Nestin, Notch4) and increase of GFAP
indicate the beginning of the differentiation (fig. 5,6,7).

Fig. 5. Nestin and CD133 mRNA expression levels (real-time PCR).
Data are expressed as a relative value, in arbitrary units (a.u.), upon b-
actin gene expression. Each value represents the mean +=SEM of four
independent experiments, each done in duplicate. Star indicates the
value significantly different from the control untreated cells (p < 0.05).
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Rhombus indicates value significantly different from all the other
treatments at the same time point (p < 0.05).

Fig. 6. Notch4 and GFAP mRNA expression levels (real-time PCR).
Data are expressed as a relative value, in arbitrary units (a.u.), upon b-
actin gene expression. Each value represents the mean +=SEM of four
independent experiments, each done in duplicate. Star indicates the
value significantly different from the control untreated cells (p < 0.05).
Rhombus indicates value significantly different from all the other
treatments at the same time point (p < 0.05).

Fig.7.GFAP protein expression (Western blots) of U87 cells exposed to a
100 Hz, 100 G, EMF and/or treated with 100 uM TMZ for up 144 h.
Values are reported with respect to the optic density (OD) of the control
untreated cells, by considering it as 100%. Each value represents the
mean £ SEM of four independent experiments, each done in duplicate.
Star indicates the value significantly different from the control untreated
cells (p <0.05).

Morphological changes

The morphology of U87 cells was monitored during the experiments and after144h. using light microscopy. The
U87 cells grew as cultures of cells with multiple, short, fine process (neurites). Cultures grew to high density. But
after exposure EMF and TMZ the number of cells decreased dramatically, in addition, EMF and TMZ induced
significant morphological change in U87 cells, mainly including an eclongated shape with elongated neurites,
intercellular connection and neurite branching (fig.8).

Fig.8. Cell morphology anlysis after exposure to a 100 Hz, 100 G, EMF
and/or treated with 100 uM TMZ for up 144 h. LM micrographs of cell
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(U87) cultures undergone to: no treatment (Control), exposure to an
EMF with a frequency of 100 Hz and an amplitude of 100 G (100
Hz,100 G, EMF), treatment with 100 uM TMZ (100 uM TMZ), or to the
combined treatment (EMF + TMZ). show representative cell shape
alterations. after exposure EMF and TMZ the number of cells decreased
dramatically,in addition to ELF and TMZ induced significant
morphological changes in U87 cells, mainly including an elongated
shape with elongated neurites, intercellular connections and neurite
branching. Bars = 20 um.

Discussion

To investigate the proliferation and differentiation phenomena induced by EMF and TMZ in u87 glioma cell line, in
vitro model system was used to assess biological effects of exposure. As Temozolomide is a potent first choice of
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chemotherapy for glioblastoma patients, we evaluated the effect of this drug alone and concomitant with EMF on
glioma cell line proliferation and differentiation. To find these effects, we assessed expression of Nestin and CD133
as neural stem cell marker and GFAP as astrocyte differentiation marker. Furthermore, the possible involvement of
Notch signal transduction on proliferation and differentiation was also studied. Interestingly, Nestin, CD133, and
Notch4 decreased, but GFAP increased. These results show that this combination therapy plays a role in
differentiation of GCSCs and glioma stem cell pool reduction.

Proliferation: (stem cell reduction) EMF and TMZ

Brain tumor initiating cells (BTICs) are implicated in the initiation, development of GBMs and radiotherapy
resistance [4,32], and also have some properties of normal stem cells [33,34]. Glioma stem cells have characteristics
such as self-renewal, multilinage differentiation ability and express various neural stem cell markers such as Nestin,
CD133, and olig2 [35]. CD133"cells present more probability of inducing CSC than CD133- do [36] and has been
accepted as a standard marker of GSCs, although may not be the ideal one.

The ELF-EMF has been reported to down-regulated early neuronal marker Nestin [37]. Temozolomide has also been
reported to have the abilities to deplete cancer stem cell, that is dose- and time-dependent [14]. The results of our
study showed that Nestin and CD133 reduced in EMF and Drug groups that were prominent in the combination

group.

Differentiation

To investigate the potential role of TMZ and EMF in differentiation, GFAP was evaluated. Since Notch is known to
be implicated in glial cell fate decision, proliferation, and differentiation and concluded to be a marker of
differentiated and less differentiated glioma cell [38], we also tested this gene as a differentiation marker. Glial
fibrillary acidic protein as a marker of differentiated astrocytes [39], is downregulated with increasing grade of
astrocytoma meaning that, GFAP is important for regulating or maintaining glial cell growth. Expression of GFAP
neurofilament protein in GBM may have a lower recurrence rate and better prognosis [40]. Dell’albani et al.,
reported that “Notch4 increased from astrocytoma grade II to GBM” [38]. Our result showed increased GFAP
expression in three group of the experiment compared to control, that was very high in magnetic and drug combined
treated group. Conversely, notch4 decreased that is compatible with the result of Dell” Albani et al.

TMZ has been reported to be involved in the differentiation process of GSCs. Villalva et al., demonstrated that
GSCs engaged in the differentiation process were more sensitive to TMZ [41]. In the study of Fu J et al., freshly
resected glioblastoma specimen revealed elevated expression of GFAP following TMZ treatment [42]. This was also
seen in a combination of Resveratrol and TMZ [13]. A recent report has shown TMZ reduced Notch 3 expression
and activation in glioma [43]. In our study in TMZ group, GFAP increased and Notch4 decreased.

EMF can affect cell proliferation and differentiation by influencing the expression of relevant genes and proteins
[44]. Pulsed electromagnetic fields have been reported to promote survival and neuronal differentiation of human
bone marrow mesenchymal stem cell (BM-MSCs). The electromagnetic field can induce cell differentiation of stem
cells [22]. In our study EM group showed differentiation pattern.

Mechanism

magnetic gradients can intrude into cells and act directly on cell organelles. it is still not clear how the weak MF
component of EMF can induce signals in a single cell leading to migration or proliferation. This is called the
problem of coupling the EMF to biological systems [44]. Many experiments on isolated cell systems point to the
Ca?" signaling pathway as the target of EMF in the first step of coupling [45,46].

we evaluated the role of Ca and found it, to be increased in EM and Temozolomide group which was prominent in
the combination group. In this study, we considered some mechanism of differentiation that could be affected by
EMF. Experimental investigations have addressed the interaction between EMF and calcium fluxes; because
calcium is a principal regulator of several cellular processes and survival [47]. It results from a complex interplay
between activation and inactivation of intracellular and extracellular calcium-permeable channels. These fluxes of
intracellular calcium can occur as transient increases or as repetitive calcium oscillations, which both ultimately lead
to altered cell activity [48]. The direct targets of ELF EMFs fields in generating non-thermal effects have not been
distinctly recognized. Most of all EMF-mediated responses may directly be produced through voltage-gated calcium
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channel (VGCC) stimulation in the plasma membrane [49]. Despite some studies have shown that calcium signaling
was not affected by low-electromagnetic fields, a systematic review with the inclusion of 42 studies, showed
evidence for an association of LF EMF with internal calcium concentrations and calcium oscillation patterns [50].
Several studies suggest that ELF-EMF control ion transport through increased intracellular Ca?* levels which has a
modulatory role during cell differentiation. Some data shows ELF-EMF exposure increase neuronal differentiation
of neural stem cells (NSCs) through increasing of Cavl-channel expression and function [51]. Calcium signaling
plays an extensive role in many cellular regulatory processes including proliferation, apoptosis and gene
transcription [52]. The role of calcium signaling in the cell proliferation depends on the cell and tissue types, being
deeply different in tumoral cells when compared to physiological processes [53]. Calcium can also promote
activation of Notch 1[54], that could be the mechanism of action on Notch4 changes in our study.

The balance between production of oxygen free radical and antioxidant in normal condition protect tissue damage
against free radical. Oxidative stress is a well-known part of molecular and cellular tissue damage mechanisms [55].
Malondialdehyde (MDA) is a marker of oxidative stress and is produced during the attack of free radicals to
membrane lipoproteins [56].

Superoxide dismutase plays an important role in alleviating tissue damage due to the formation of free radicals [57].
It acts as antioxidants by reducing more reactive species [58] and directly scavenging superoxide [59]. To determine
whether oxidative damage occurs, and to what degree, MDA and SOD were evaluated. Our study showed that MDA
was higher in the combined drug and EMF groups compared to control group, indicating the increase of oxidative
stress. This increased level could be attributed to increasing ROS production and/or deficiency of antioxidant
defense system. We also observed an increase in SOD activities. The results of many investigations have shown that
calcium is essential for the production of ROS [60]. Increasing level of intracellular calcium is responsible for ROS-
generation by the mitochondria. On the other hands, an increase in intracellular calcium concentration may be
stimulated by ROS. Interactions between ROS and calcium signaling can be considered as bidirectional, wherein
ROS can regulate cellular calcium signaling, while calcium signaling is essential for ROS production [61].
Simultaneously, Ca?* may increase the level of superoxide dismutase (SOD) in animal cells. ROS and Ca?* could be
the first induced effects of ELF-EMF on biological systems [62,63]. There is a direct relationship between ROS and
hem-oxygenase-1and SOD. Our previous study showed an increase in ROS, HO-1 and P53 [17].

Through redox system, over-expression of the superoxide dismutase (SODs) in vitro increases cell differentiation,
decreases cell growth and proliferation and can reverse a malignant phenotype to a nonmalignant one [58,64]. It is
likely that the effects of SOD on cell growth and differentiation are tightly connected to the antioxidant/oxidant
balance and thus the oxidizing/reducing environment. But, in vivo, all tumors do not necessarily respond equally to
the same signals. With a few exceptions, when antioxidant levels are augmented by either genetic or pharmacologic
means, the impact on tumor cells both in vitro and in vivo has been shown to inhibit tumor growth and have
suppressive effect on the malignant phenotype of glioma cell [65]. We found SOD and p53 were increased to
combat ROS increasing. Our results seem to support the report of Ehnert et al., that extremely low-frequency
electromagnetic fields cause antioxidant defense mechanisms [66].

P53 and notch signaling

Many signaling pathways have been reported to be involved in the differentiation of glioma tumor [9,38,67,68].

P53 can regulate Notch signaling activity but Notch can also regulate p53, in reciprocal positive or negative
feedback loops that are important for cell proliferation and cancer development. Positive or negative reciprocal
regulation of the two pathways can vary with cell type and cancer stage [69,70]. Notch pathway can blockade and
depletes stem-like cell in GBM [71]. Ca2+ can promote activation of Notch 1 and p53 [54].The role of Notch
pathway in the tumorigenesis is highly variable. It can be tumor suppressive or pro-oncogenic and can either
suppress or promote differentiation typically depend on the cellular context [69,72]. The results of our study and
others mentioned here, regarding the mechanism of action of EMF on differentiation are summarized in (Fig.9.)

Fig.9.Effects of EMF on cell differentiation; calcium signaling pathway may be the first step of targeting
of EMF. Calcium can promote activation of Notch4 and ROS. The interaction between ROS and SOD can be
considered bidirectional. Simultaneously, calcium may increase the level of SOD. Over-expression of the SOD
increase cell differentiation. P53 and SOD increase to combat ROS increasing. P53 can regulate Notch signaling but
Notch can regulate P53. Both P53 and Notch increase differentiation.
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Conclusion

This study showed that EMF and TMZ treatment of glioma cell line U87 induced growth arrest as confirmed by
neural progenitor/ precursor markers, Nestin, CD 133, and differentiation by GFAP. In our study, the combination
of TMZ and EMFS significantly upregulate the expression of GFAP, indicating that the combined treatment could
induce cell differentiation. The high Notch4 expression is associated with a less differentiated and possibly more
aggressive tumor. In our study decrease of Notch4 was associated with differentiation.

The mechanism of signal transduction distal to the receptor involves intracellular pathways was due to changes in
intracellular calcium. This long-term response involved persistent changes in the function of cells, decreased
proliferation, changes in gene expression and differentiation through Notch, ROS, P53, and SOD. Super Oxide
Dismutase acts similar to P53 as tumor suppressor genes and directly affect differentiation. Several studies have
reported a relationship between tumor suppression and neural differentiation in GBM. A network of signal
transduction and a complex crosstalk between all or some cell signaling are implicated in cell proliferation and
differentiation of GSCs (fig. 9.).

Differentiation of tumor-initiating cells of GBM by EMF and TMZ support the new approach to GBM treatment.
However, the anti-glioblastoma effects of EMF and the mechanisms underlying these activities remain to be
elucidated. These findings may open new avenues for identifying a therapeutic target in the differentiation therapy
of cancers. The above results suggest that our treatment induces differentiation of GBM cells and depletes the pool
of tumorigenic BTICs.
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