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Abstract
Cryptochromes (CRYs) have been suggested to involve in the magnetic sensing for navigation of
migratory birds in response to Earth’s magnetic �elds. Magnetic �elds (MFs) through wireless penetration
change the cell physiology by effect on physicochemical reactions. Here, we aimed to investigate the
behavior of HEK 293T cells overexpressing human CRY-based magnetoreception complexes undergo
doxorubicin (DOX) treatment and exposure to moderate intensity static magnetic �eld (SMF) and
extremely low frequency-pulsed electromagnetic �eld (ELF-PEMF). The ability of this magnetosensor is
depended on CRY-photoreceptor proteins that complemented with putative magnetosensor proteins
(MagR). The results indicate that magnetic sensitivity of CRY-based magnetosensor can effects on the
intracellular reactive oxygen species (ROS) production and cell growth, cell cycle progression and
expression of DNA damage-related genes due to treatment of DOX, SMF and ELF-PEMF. Our �ndings
show that ROS accumulation signi�cantly decreased in the cells expressing CRY/MagR complexes in
response to all treatments, and also cell viability is decreased in contrast to MFs exposure. In addition,
magnetosensitive complexes mediated the upregulation of genes in the base excision repair (BER)
pathway including ITPA in presence of SMF as well as MTH1 in presence of ELF-PEMF in the DOX
treated-cells. Furthermore, CRY/MagR induced a remarkable cell cycle arrest at G0/G1 phase in the all
treatments. These results demonstrated that CRY/MagR complexes modify the DNA damage responses
during genotoxic stresses by controlling the cell cycle progression and ROS levels. Therefore, our data
suggest that CRY-based magnetosensitive complexes can increase the cytotoxic effects of DOX even
when SMF and/or ELF-PEMF exposure were provided, exclusively.

Introduction
Magnetic �elds (MFs) have non-invasive penetration to deep tissues of living system and wirelessly
interact with biological components, but it is largely unknown that how the MFs in�uence on the
parameters of cell behaviors such as cell growth and change the cell contexts1,2. MFs have more applied
in the medicine like MRI diagnostics, magnetoencephalography, etc3. However, some studies indicated
that exposure to MFs increases the production of deleterious free radicals and their pathological effects
upon human health as possibly carcinogens, which could cause some cancers like childhood
leukaemia4,5.

MFs can be classi�ed the static magnetic �elds (SMF) in various intensity ranges including week (< 1
mT), moderate (1 mT-1 T) and high (1 T <), and also electromagnetic �eld (EMF) in various frequency
including extremely low-frequency (< 300 Hz), intermediate (300 Hz-10 MHz) and radiofrequency
(10 MHz-300 GHz)6,7. Moreover, pulsed EMF (PEMF) represent a sub-class of EMFs containing
frequencies from 6 Hz up to 500 Hz8,9. The disparate in�uences of SMF and EMF stimulation on the
living organisms were explained in the well-known theory as Window Effect, which is depended on the
direct and indirect effects of multiple factors including physical concepts of MFs such as intensity,
frequency, pattern, exposure time and sources, and also biophysicochemical properties of biological
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target like type of cells in the bacteria, plant and animals, etc10,11. Externally applied MFs increase the
lifetime and production of free radicals and their reactivity rates in cells undergo physicochemical
mechanisms comprising intramolecular electron-nuclear hyper�ne structures, Zeeman Effect,
singlet/triplet interconversion states, Fenton and Haber-Weiss reaction, etc.,12–14.

The Earth’s natural magnetic �elds consist of quasi-SMF at low intensity ~ 50 µT, and also extremely low
frequency-PEMF (ELF-PEMF) ~ 7.83 Hz known as Schumann resonance. Some animal species can sense
the geomagnetic �elds (GMF) to enable behaviors including navigation and migration, growth and
reproduction, etc15. Studies proposed that cryptochrome (CRY)-based magnetic compass senses the
GMF underlying a magnetically sensitive chemical reactions16,17. CRYs are a family of highly conserved
�avoproteins involving electron transfer and redox-active �avin adenine dinucleotide (FAD) that respond
to UV-A/blue light and MFs as identi�ed in the all biological kingdom from bacteria to plants and animals
to humans18–20. FAD cofactor is photo-sensitive that reduced from an oxidized form to an anionic
semiquinone (FAD¯°) state under light exposure21,22. Mammals have two family members of CRYs that
expressed in the suprachiasmatic nucleus (SCN) as well as in the many other tissues, which are
necessary in the normal circadian rhythms and molecular clock mechanisms that mediate the
electrophysiological depolarization, action potential and resting in the SCN and optic nerves in response
to daylight and GMF23–25.

The circadian clocks control the various daily rhythmicity of the biochemistry, physiology, and behavioral
processes in mammals26. Moreover, the circadian cycle may in�uences the e�ciency of cancer
chemotherapy that known as chronochemotherapy, through modi�cation the cytotoxicity of anticancer
drugs and pharmacokinetics parameters in the tumors27. Some evidences indicated that MFs have
different effects on the cancer development, which may depend on the exposure parameters10. Moreover,
some studies demonstrated that long-term exposure to EMF can limits the cytotoxicity effects of
chemotherapeutics28,29. MFs may lead to therapeutic effects on the cancer cells by modulating cell cycle
events, DNA repair responses and circadian rhythms30. In addition, studies have shown that EMF
exposure can cause to disruption in the memory and neural-like behaviors, intracellular signaling
cascades, etc., by affecting on the circadian rhythms and molecular clock in the animals specially
mammals and insects31,32. The mechanisms of MFs-interactions within living systems such as human
exposure are a fascinating biological challenge and unclear. However, the effects of MFs have been
widely discussed as physical stimuli or inhibitors.

Doxorubicin (DOX) is a natural-product anthracycline antibiotic used as a chemotherapy agent for a
broad spectrum of solid tumors that is limited due to some side effects and drug resistance33. DOX
mainly triggers the cell death through stimulation of DNA damages and disruption of DNA repair, which is
because of double-strand breaks by inhibition of topoisomerase II and oxidative stresses through
generation of intracellular reactive oxygen species (ROS) against tumor cells34. In addition, DOX has
more adverse effects in the many additional cellular functions involving ceramide metabolism, cell cycle
arrest, etc35. Studies demonstrated that cells activate multiple repair mechanisms to detect and repair the
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DOX-induced DNA damages36. Many studies showed that DNA topoisomerases play a role in the
regulating of DNA topological changes, and induce either single- (type I) or double- (type II) strand DNA
breaks. These enzymes regulate the gene expression in the circadian system, so that the inhibition of
them can lengthen the circadian periods37,38.

ROS have essential pleiotropic roles in the various cellular functions, including redox signaling at
homeostasis and physiological levels or deleterious effects at pathological levels39,40. ROS are
associated in in�ammation-related disorders such as aging, asthma, cancer, diabetes, neurodegeneration,
etc41. Oxidative stress leads to DNA damages in the both nuclear and mitochondrial genomes of cells42.
Cells have defence mechanisms that are activated in response to ROS/oxidative stress signaling,
including anti-oxidants scavengers containing glutathione (GSH), glutathione peroxidase (GPx), catalase
(CAT), superoxide dismutase (SOD), etc., and also DNA damage responses (DDR)43,44. DDR comprises
the activation of multiple checkpoints, cell cycle arrest and DNA repair pathways that eventually
outcomes either repair and cellular proliferation or apoptosis and cell death45,46. Oxidation events lead to
promote the upregulation of DNA repair genes, mainly base excision repair (BER) pathway and also
nucleotide excision repair (NER) and mismatch repair (MMR) pathways to deal with the detection and
repair of oxidative DNA lesions47,48.

MFs could cause oxidative damages by indirect interaction of ROS in the cellular components such as
nucleic acids, proteins and lipids49–51. Studies have shown that MFs induce detectable cytogenotoxic
effects and cell cycle arrest that interference into DNA repair mechanisms and may trigger the ferroptosis,
necrosis and apoptosis cell-death in the normal and cancer cells4,52. Furthermore, studies indicated that
CRYs as core components of circadian clock involve in the control of cell cycle and responses to DNA
damages in mammalian cells24,53.

In this study, we have analyzed the cell behaviors comprising cell cycle and capacity of BER pathway in
the HEK 293T cells overexpressing the CRY-based magnetoreception complexes in response to oxidative
stresses. Our aim was to investigate the regulating aspects of magnetosensitive proteins on the cellular
responses to genotoxic stresses and possible links between the gene expression of BER pathway and
oxidative DNA damages which were modulated by DOX, SMF and ELF-PEMF exposure (Fig. 1). Our
�ndings demonstrate that CRY-based magnetosensor induces remarkable effects on the ROS
accumulation and BER activity, and furthermore cell growth and viabilities and eventually boosts the
e�ciency of DOX-cytotoxicity even in exposure of MFs.

Results

CRY/MagR overexpression decreased intracellular ROS
accumulation



Page 5/25

The total intracellular ROS formation in the HEK 293T cells expressing either GFP or CRY/
magnetosensor protein (MagR) genes under both DOX treatment (0.1 µM) and exposure of 10 mT SMF
and 50 Hz ELF-PEMF was determined using 2′,7′-dichloro�uorescein diacetate (DCFDA). As shown in
Fig. 2, ROS levels signi�cantly decreased in the CRY/MagR-expressing HEK 293T cells in the presence
and absence of SMF, ELF-PEMF and DOX compared to sham. However, DOX, SMF and ELF-PEMF
treatments induced signi�cant increase of ROS production in the other cell treatments. A clear distinction
could be observed between cells with overexpression of CRY/MagR and other groups in the ROS
accumulation in the presence and absence of MFs (Fig. 2c,d).

CRY/MagR induced G0/G1 phase cell cycle arrest
The distribution of GFP- and CRY/MagR-expressing HEK 293T cells following treatment with DOX
(0.1 µM) in exposure of SMF (15 mT) and ELF-PEMF (50 Hz) at different phases of cell cycle were
analyzed using propidium iodide (PI) and �ow cytometry (Supplementary Fig. S1). As shown in Fig. 3a,
although the arrest was not statistically signi�cant in the cells at the endpoint of transfection, but a
typical G0/G1 cell cycle arrest pattern was observed in GFP- and CRY/MagR-expressing HEK 293T cells
at 24 h afterthat compared to control cells (Fig. 3b). Notably, DOX caused G2/M phase arrest in all of
non-CRY/MagR-expressing HEK 293T cells after 24 h treatments, and furthermore when was
accompanied by a decrease in the number of cells at G0/G1 phase in presence and absence of SMF
compared to S phase in ELF-PEMF treatments relative to sham, respectively (Figs. 3b,c,d). The proportion
of G0/G1 phase arrest was substantially increased in the CRY/MagR-expressing cells, which was
accompanied by a decrease in the cell accumulation in S phase and G2/M phase except for combination
treatments of SMF and DOX at S phase relative to sham (Figs. 3c,d). In addition, ELF-PEMF exposure
induced G0/G1 arrest with a decrease in the cell number at S phase and G2/M phase, while these trends
were not noticeable in presence of SMF. These results suggested that CRY/MagR-based magnetosensor
can modulate cell growth in response to MFs through inhibition of G0/G1 to S phase transition in the cell
cycle.

Effects of SMF, ELF-PEMF and DOX on cell growth of
CRY/MagR complex-expressing cells
We assessed the cell viability of HEK 293T cells expressing either GFP or CRY/MagR treated with 0.1 µM
DOX in exposure of 15 mT SMF, 50 Hz ELF-PEMF through MTT staining and microplate reader. Cell
viability signi�cantly decreased in the DOX-treated wild-type and GFP-expressing HEK 293T cells
compared to control cells (Fig. 4a). As shown in Fig. 4b,c, both SMF and ELF-PEMF induced the
proliferation in the wild-type HEK 293T cells compared to sham. However, the viability signi�cantly
decreased in the cells expressing either GPF or CRY/MagR genes in all treatments.

CRY/MagR modulated expression of oxidative stress-
responsive genes
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To determine the effects of DOX (0.1 µM) upon HEK 293T cells expressing either GFP or CRY/MagR
genes in exposure of SMF (15 mT) and ELF-PEMF (50 Hz) that stimulate the ROS production, we
quanti�ed the mRNA expression levels of oxidative stress-responsible genes including OGG1, MTH1, ITPA
in the BER DNA repair pathway using qRT-PCR analysis. As shown in Fig. 5a, all three of these genes
showed statistically signi�cant decreased expression in cells expressing CRY/MagR at the endpoint of
transfection compared to 24 h after that expression level of ITPA gene signi�cantly increased in absence
of MFs compared to control cells (Fig. 5b). As can be seen in Fig. 5c, SMF signi�cantly induced the
expression of MTH1 gene in the CRY/MagR-expressing HEK 293T cells, and also levels of ITPA gene
expression showed signi�cant enhancement in response to SMF and DOX in the wild-type and
CRY/MagR-expressing cells. Furthermore, combination treatments with DOX more than just SMF,
signi�cantly boosted the levels of ITPA expression. ELF-PEMF exposure signi�cantly decreased the levels
of OGG1 gene expression in the wild-type and CRY/MagR-expressing HEK 293T cells, and also decreased
the levels of ITPA expression in all cell groups compared to sham (Fig. 5d). In addition, MTH1 expression
interestingly showed signi�cant decreased in CRY/MagR-expressing HEK 293T cells compared to
signi�cant increase in the wild-type cells in response to ELF-PEMF and DOX treatments. Combination
treatments with DOX enhanced the expression levels of MTH1 more than SMF alone compared to sham.
These results indicated that different biological activities of BER activity as response to ROS-modulators
has been observed from CRY-based magnetosensor.

Discussion
Although this is still unknown that whether migratory birds and many other animals can detect the
variations of Earth’s magnetic �elds, and used for orientation and navigation behaviors, but the best
explain is suggested as possible biophysical model underlying radical pair-based mechanism in a protein
biological compass17. These rod-like shaped magnetosensor complexes is related to couple of CRY-
photoreceptor with magnetosensitive MagR proteins, which is roughly con�rmed by experimental and
theoretical foundations in the bacteria, animals, etc16. Here, we investigated the possible impacts of
human’s CRY/MagR-based magnetoreception complexes in response to ROS accumulation of DOX-
treated HEK 293T cells in exposure of SMF and ELF-PEMF due to cell physiological function and
behaviors such as cell cycle and DNA repair responses.

Humans are continuously exposed to MFs, which are from natural origin comprising GMF, thunderstorm,
solar storms and/or manmade sources such as power transmission lines, factories, MRI and other
therapeutic apparatuses, etc54. Indeed, MFs as stimuli or deleterious stresses are important phenomena
in our surrounding environment, has been associated with the human health modulate the physiological
and hemostatic functions of cells especially neural cells and the circadian periods55,56. However, the
mechanism of these biologic in�uencing is not well-established on the cellular behaviors.

Many biological systems are enabled adaptation and respond to GMF and various arti�cial MFs by some
possible proposed-mechanisms, which integrate and convert the wireless physical information of MFs to
chemical and physiological signals in the cell behavior and responses. First mechanism involves a
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mechanically sensitive ferrimagnetic or superparamagnetic iron-containing particles-based
magnetosensor like a miniature compass needle, the second an electromagnetic induction in the
accessory proteins and others is based on light-sensitive radical pair mechanism16,57−59. Following the
last reported, CRYs are the best candidate for biochemical magnetoreceptor that mediate light-dependent
magnetosensitivity with radical-pair reaction, which associated with FAD¯° binding to CRY-photoreceptor
proteins16,19. Furthermore, some recent experiments revealed that radical pair formation in the
mammalian-type CRYs can occurs during magnetosensitivity by molecular oxygen and is not dependent
to light60–62. CRYs can implicate to reinnervation and repairing of nervous systems in the mammalian
brain as light-independent magnetosensor by an external low intensity EMF stimulations63. However,
magnetosensitivity property requires the light in the �ies, birds, etc.

In the current study, we used a moderate intensity SMF of 15 mT that is about 300X the very week
intensity of GMF (~ 50 µT) and also 50 Hz ELF-PEMF which is around 6X the Schumann resonance (~ 
7.83 Hz) upon cells overexpressing CRY-based magnetoreception complexes. We analyzed that whether
these MFs effect on the cell cycle events and DNA repair mechanisms. Circadian clock implicates to
modify the many physiological functions in mammals including metabolism, cell cycle and DNA damage
responses, cell growth and survival, apoptosis and angiogenesis, immune system and cellular
senescence, etc64–66. Some studies showed that the disruption of human circadian clock leads to failures
in the control of the cell cycle mechanisms, and increased the cancer risk67. In contrast, circadian system
can protects tumor cells from chemotherapeutics. Therefore, CRYs play a pleiotropic role in the cells such
related to p53 activity and cell cycle progression, and also DNA damage pathways, etc62,68.

Studies have shown that the overexpression of CRYs in numerous neuronal cells increases the effects of
MFs exposure on the cell behaviors and neural activities63,69. Redox cycling of CRYs participates the
formation of radical pair and singlet/triplet interconversion in the FAD¯° that triggers the transfer electron
form CRYs to MagR and magnetic susceptibility in MagR proteins16. In addition, redox cycling leads to
H2O2 and other ROS production in exposure of MFs and light60,70. In the present study, the physical and
chemical treatments cause to ROS production, but overexpression of magnetosensitive complexes
decreased the ROS accumulation in the treated-cells (Fig. 2). Following recent study by Sherrard et al.,
that showed human CRY-transformants can sense 10 Hz low-intensity EMF which decreased the
intracellular ROS levels in the human cells, and also suggesting that human CRY2 is as considered blue
light-responsive mediator60.

To further investigate, we evaluated the cell growth, cell cycle progression, and DNA repair capacity.
Circadian cycle and cell cycle are two interdependent important regulatory mechanisms that directly or
indirectly impact on the physiological and biochemical reactions, and also determine the behavior and
fate of cells71. We found that CRY/MagR overexpression can changes the cell distribution and triggers
the cell cycle arrest in the G0/G1 phases and consequently boosted the cytotoxicity of DOX in presence of
SMF and ELF-PEMF (Figs. 3, 4). Indeed, although DOX alone induced G2/M phase cell cycle arrest and
decreased the cell viability, but 50 Hz ELF-PEMF exposure may changes the transition acceleration of
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G2/M to G0/G1 phases, thereby led to G0/G1 phase cell accumulation and increase of cell proliferation.
However, SMF did not show any signi�cant effects on the cell cycle progression, but similarly increased
the cell viability. Probably, transition acceleration of G2/M to G0/G1 phases occurred in the combined
treatments of DOX via SMF or EMF that didn’t show any signi�cant cytotoxic effects.

When DNA is exposed to oxidative stresses, damages occur in the bases and sugar of some sensitive
nucleotides like guanine and lead to forming the side-products such as 8-oxoguanine (8-oxoG)72. The 8-
oxoG displays mutagenic potential by inducing GC-TA transversion in the DNA replication73. Some DNA
repairing mechanisms including MMR, BER and NER pathways generally implicate in response to
ROS/RNS-induced DNA damages74. However, BER is therefore the main repair system, removes a wide
range of oxidative DNA-damaged bases75. We eventually examined that whether the circadian clocks
change the oxidative damage-responsible gene expression of 8-oxoguanine DNA glycolysis (OGG1),
human mutt homolog 1 (MTH1) and inosine triphosphate pyrophosphate (ITPA) in the BER pathway.
These enzymes directly and indirectly recognize and cleave the 8-oxoG adducts, comprising OGG1 in the
DNA double helix and also MTH1 and ITPA in the nucleotide pools76–78. Studies showed that UV-
damaged DNA can repair by DNA photolyases of CRY, which is depended on blue light induction79. In
addition, �ndings con�rmed that the circadian clocks may optimize the repairing DNA lesions by NER and
MMR pathways80–82.

Some human health studies about the OGG1 gene expression didn’t show any upregulation in response
to oxidative DNA damages72. Interestingly in our study, exposure to DOX, SMF and EMF did not also
upregulate the OGG1 in response to oxidative stresses, even during combined treatments (Fig. 5).
Furthermore, our results suggest that ITPA more implicated in response to SMF oxidative damages, and
MTH1 in EMF DNA repair responses of cells even when treated with DOX. We also noted that although
SMF upregulated the MTH1 and ITPA in the cells overexpressing magnetosensitive complexes, EMF
downregulated the all of our considered-genes in the BER capacity (Fig. 5c,d).

In conclusion, from a chronochemotherapy prospective, our work shows that exposure to high levels of
external SMF or EMF relative to GMF change the physiological responses and repair mechanisms in cells
which treated with chemotherapeutics such as DOX. So that, MFs may disrupt the e�ciency of anticancer
drugs. GMF in our surrounding environments has important complexity effects on the physiology and
function of cells such action potential �ring in the neural cells. By contrast, arti�cial-MFs cause to appear
the neurodegenerative diseases in exposure of modern technology83. There are associations between
CRY magnetoreception proteins with intracellular ROS accumulation, cell cycle and cellular repair
responses in the course of SMF- and ELF-PEMF-induced pathology. Taken together, our �ndings
demonstrate the relationship between the circadian rhythms and oxidative DNA damages while CRYs
may control the BER activity by modifying the levels of cell cycle progression and ROS accumulation in
response to SMF and EMF. Furthermore, our data suggest that although the therapeutic effects of DOX
may modulated by SMF and EMF and also decreased cytotoxicity, but overexpression of
magnetosensitive proteins could increase the e�ciency of DOX-toxic effects when cells co-treated with
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SMF or EMF. In addition, our study shows that magnetogenetic effects of ELF-PEMF (~ 6X GMF) were
higher than SMF (~ 300X GMF) on the cell cycle events and gene expression. Based on the interference
effects of MFs, future work may involves studying the in�uences of ELF-PEMF or SMF exposure on the
neuroregeneration and repair due to magnetosensitive proteins and chronotherapeutics.

Methods

Molecular biology
The genes of human wild-type CRY 2, variant 2 (CRY2-2; NM_001127457.2) and MagR (NM_030940.3)
that are necessity for the formation of magnetosensor complexes16, were obtained from MCF-7 cell line.
In brief, total RNA samples were isolated from cells using a RiboEx reagent (GeneAll, Korea). For cDNA
synthesis, reverse transcription PCR was performed using Prime Script II reverse transcriptase (Takara,
Japan) and two speci�c oligonucleotide primers were designed by oligoanalyzer software, and were
synthesized by Pishgam Biotech Co. (Tehran, Iran). The complete open reading frame of CRY2-2 and
MagR were ampli�ed using forward (Fwd) and reverse (Rev) primers, which contained a restriction site
(underlined) as followed:

CRY2-2-Fwd, 5′-CTAGCTAGCATGCCAGCTCCACCCGGGCG-3′, Nhe1 restriction site;

CRY2-2-Rev, 5′-AAAGAGCTCTCAGGCATCCTTGCTCGGCA-3′, Sac1 restriction site;

MagR-Fwd, 5′-CTAGCTAGCATGTCGGCTTCCTTAGTCCGG-3′, Nhe1 restriction site;

MagR-Rev, 5′-AAAGAGCTCTCAAATATTAAAGCTTTCTCC-3′, Sac1 restriction site.

We designed primers for PCR and resequencing the �rst exon of CRY2-2 that was incomplete in genome
assembly, to achieve the full DNA coding sequence.

Construction of CRY and MagR expressing plasmids
The CRY2-2 and MagR cDNA were cloned into pDB2 (Invitrogen) as a high copy-number plasmid with
kanamycin resistance cassette. The pDB2 vector was extracted using Qiagen Midi kit (Qiagen, Hilden,
Germany). The DNA sequences and plasmid were double digested with Nhe1 and Sac1 restriction
enzymes at 37 °C overnight, and thus gel puri�ed. After that, the puri�ed PCR fragment was ligated to the
pDB2 vector by T4 DNA ligase at 14 °C overnight. In order to transform the recombinant DNA into E. coli
DH5α competent cells, which were freshly prepared by calcium chloride (CaCl2) treatment. Next, resulting
recombinant DNA was transformed to E. coli DH5α according to the protocol. Cells were �rst grown
overnight at 37 °C in LB media, and this starter culture was subsequently diluted 1:100 into LB media.
The native pDB2 plasmid containing green �uorescent protein (GFP) followed an identical culturing
approach. Clones were con�rmed for correct insertion by restriction double digestion of the isolated
plasmids (with Nhe1 and Sac1) and colony PCR. All plasmids were constructed by standard molecular
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biology procedures and subsequently veri�ed using an automatic sequencer (MWG) by cytomegalovirus
(CMV) promoter and SV40_PA_terminator universal primers.

Cell culture
The MCF-7 human breast adenocarcinoma and human embryonic kidney 293T (HEK 293T) cell lines
were used, originally obtained from National Cell Bank of Iran (NCBI) at Pasteur Institute of Iran (IPI). The
cells were grown in Dulbecco's modi�ed eagle's medium (DMEM) with neutral pH (7.2–7.4), containing
10% (v/v) heat-inactivated fetal bovine serum (FBS), L-glutamine (2 mM), 1% penicillin/streptomycin (all
from Gibco). Cultures were maintained in a humidi�ed incubator at 37 °C and 5% CO2 atmosphere. The
cell media was changed every 2–3 days, and when cells were con�uent about 70–80%, they were
trypsinized with 0.025% trypsin-EDTA (Bioidea, Iran). After attaching overnight, the cultivated cells were
prepared to transfection.

Transfection
HEK 293T cells were stably transfected with vectors of pDB2_CRY2-2, pDB2_MagR and native GFP-
expressing pDB2 plasmid as previously described. Transfection was achieved using 25 kDa branched
polyethylenimine (bPEI25, Sigma-Aldrich) at a concentration of 3.57 mg PEI per mg plasmid DNA
(pDNA)84. Brie�y, 200 × 103 cells were seeded in six-well cell culture plates (SPL Life Sciences Co., Ltd.
Korea) and incubated in a humidi�ed atmosphere at 37 °C under 5% CO2, overnight. Before transfection,
polymeric nanoparticles (containing PEI and prepared-pDNA) were prepared and diluted in FBS-free
DMEM in a total volume of 100 µl. At transfection time, the culture media was completely aspirated from
the wells and replaced drop-wise with suspension of nanoparticles. After that, the supplemented DMEM
with 10% FBS and 1% penicillin and streptomycin was added at 4 h later and cell culture plates were
returned to the 37 °C incubator for 48 h to allow gene expression. As seen in Supplementary Fig. S2, the
overexpression of these genes don’t show signi�cant toxic effects on the cells. The transfection e�ciency
was measured in cells, which were generated in the same way to express enhanced-GFP using a
luciferase assay. Luciferase activity was measured by luminometer (Berthold detection systems, GmbH,
Germany) at different times, and presented as relative light units (RLU/sec) per number of cells. As
shown in Supplementary Fig. S3, maximum transfection e�ciency was at 48 h post-transfection.

Characterization of nanoparticles

Gel retardation assay
The stability of DNA-binding polymeric complexes (PEI/pDNA) were examined by gel retardation assay as
shown in Supplementary Fig. S4. The formation of electrostatic binding between the amine group of PEI
with positive charge and phosphate group of DNA neutralize the negative charge of pDNA. Brie�y, the
complexes were prepared at de�ned concentration of 3.57 µg PEI and 1 µg pDNA. The complexes and
free pDNA were loaded onto agarose gels (1%) and electrophoresed at 90 V for 50 min. The retardation of
plasmid mobility was visualized by ethidium bromide (0.1 mg/ml) and ultraviolet imaging system.

Particle size and charge analysis
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The particle size and zeta potential of each sample were measured by a Malvern Nano ZS instrument and
DTS software (Malvern Instruments, UK) at room temperature. The samples were prepared at
concentration of 3.57 µg PEI and 1 µg pDNA in cold PBS up to 1 ml. The results were analyzed by
Zetasizer software (V6.12) as shown in Supplementary Table S1.

Cell treatments
The prepared-HEK 293T cells were treated by 0.1 µM DOX (Accord Healthcare) in exposure of 15 mT SMF
and 50 Hz ELF-PEMF. In brief, cells were seeded into cell culture plates (SPL Life Sciences Co., Ltd. Korea)
containing supplemented DMEM with 10% (v/v) FBS, 2 mM L-glutamine, 100 units/mL of penicillin and
100 mg/mL of streptomycin at 37 °C and 5% CO2, respectively. Cells were initially allowed to attach
overnight and then prepared for transfection by clonal plasmids containing either CRY and MagR or GFP.
Afterward, the media was removed and treated by new supplemented DMEM in the DOX, sham- and SMF-
or ELF-PEMF-exposed conditions for 24 h post-transfection. Generally, cells were characterized at the
endpoint of transfection processes and 24 h after that.

Magnetic �eld exposure system
Exposure to SMF (15 mT) and ELF-PEMF (50 Hz) were used in this study that prepared by a locally
designed homogeneous MF-generator. This platform consisted of two coils (1800 loops of 3.0 mm
diameter coated copper wire), which were resistant to heat up to 200 °C through passing either direct
current (DC) switching power supply or alternating current (AC) (Supplementary Fig. S5a). Wirelength in
each coil was about 1 km and each coil weighed approximately 40 kg. The coils received DC voltage up
to 50 V and AC voltage 220 V and 50 Hz frequency, current up to 16 A, and the maximum provided-power
was equal to 800 W. Coils had a total resistance and inductance of 3 Ω and 2 Henry, respectively. The
electric power was provided using a 220 V/AC power supply equipped with a variable transformer as well
as a single-phase full-wave recti�er. These two coils guided either SMF or ELF-PEMF through two iron
blades (with 1-meter height and a cross-section of 10 × 10 cm2).

A removable cell culture incubator (a plexiglass container with 35 cm length, 23 cm width and 52 cm
height) as exposure unit was included between both iron blades (with 1 cm gap) as shown in
Supplementary Fig. S5b, which was stabled by plastic bases upon wooden insulation (with 1 cm
thickness), and exposure unit is above the coils with 15 cm distance. In the exposure unit, humidity,
temperature (37 °C) and CO2 atmosphere (5%) were controlled using three different sensors. To cool off
the system, a gas chiller with optimum control on temperature was used. This automatic cooling system
included an engine, an evaporator, a condenser, and a refrigerant gas (Freon-12). The engine is far
enough from the exposure unit to avoid any signi�cant MFs interference. The evaporator covered the
outer surface of the coils, which enabled it to cool the system down effectively.

Overall cells were exposed to either sham or MFs conditions. Cells in sham-exposed conditions were
incubated inside the not-energized coils in absence of MFs exposure. The effects of current-induced
heating were not observed in the exposure unit (Supplementary Fig. S6). The temperature was measured
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inside and outside of the exposure unit, and external of the coils by thermometer at sham- and MFs-
exposed conditions at different currents of DC and AC.

The exposure system was designed to generate continuously homogeneous either SMF in the range of
0.5 mT to 90 mT or ELF-PEMF at a frequency of 50 Hz in the stable conditions. An electronic board was
used to stabilize the exposure system, therefore a SMF or ELF-PEMF were obtained inside of the exposure
unit. A Teslameter (13610.93, PHYWE, Gottingen, Germany) with a probe-type of Hall Effect was used to
measure MFs, calibrate the system and uniformity of MFs. A Hall Effect sensor is a transducer with the
varying output voltage in response to MFs. Presence of any pulsation in the different currents were tested
by an oscilloscope (40 MHz, model 8040, Leader Electronics Co., Yokohama, Japan), which resulted from
recti�er into MFs exposure system. This pulsation frequency may be related to the shortcoming of single-
phase full-wave recti�er used in the experiment, which provided a ripple voltage ~ 5%. However, the ripple
voltage is not zero, it is small enough to con�rm that generated MFs is highly homogeneous.

As seen in Supplementary Fig. S5c, the homogeneity of generated MFs was theoretically estimated by
Complete Technology for 3D Simulation (CST STUDIO 2011 software) to select the best site for our
samples within the exposure unit (http://www.CST.com). The pro�le of �eld emission in coils is
demonstrated with surfaces of the same color. The local value of GMF in our lab was 47 ± 5 µT, according
to measurement was performed by Tehran Geomagnetic Observatory, Institute of Geophysics, University
of Tehran.

Detection of intracellular ROS generation
Intracellular ROS contents of HEK 293T cells were quanti�ed using 2′,7′-dichloro�uorescein diacetate
(DCFDA) assay kit (ab113851, Abcam). For ROS assay, the 10 × 103 cells were seeded per well into 96-
well plates by 100 µL supplemented DMEM and prepared for transfection and treatments, respectively.
After that, cells were prepared immediately as manufacturer's recommendations. Brie�y, the media was
removed and cells were washed with PBS. Then, working DCFDA solution (20 µM DCFDA into 1X buffer)
was added to each well upon the cells and incubated for 45 min at 37 ºC in the dark. The working
solution was freshly made before each trial and did not store. After that, the buffer was completely
removed, and rewashed and replaced with PBS. The measurement of ROS levels were monitored
immediately by Cytation™ v3.0 Cell Imaging Multi-Mode Reader (BioTek, USA) at excitation / emission
wavelengths of 485 / 535 nm.

Cell cycle analysis
Cell cycle distribution of HEK 293T cells was characterized using propidium iodide (PI) staining (Sigma-
Aldrich). Brie�y, the 150 × 103 cells were seeded per well into 6-well plates by 2 mL supplemented DMEM
and prepared for transfection and treatments, respectively. After that for the assay, the medium was
initially collected and cells were washed with PBS and trypsinized. Then, cells were rewashed twice with
ice-cold PBS and centrifuged at 1200 rpm for 5 min. Supernatant was carefully removed, and cells were
�xed by 70% (v/v) cold ethanol (Merck), then incubated at 4 °C overnight. Next, ethanol was removed and
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cells were rewashed with cold PBS twice, carefully. Then, cells were resuspended in 50 µg/ml RNase-
supplemented cold PBS and incubated at 37 °C for 1 h. After that, cell suspension was stained with a
50 µg/mL PI solution in PBS supplemented with 0.1% (v/v) Triton X-100 at room temperature for 1 h in
the dark. Finally, cell cycle analysis was quanti�ed immediately by FACSCalibur �ow cytometer (Becton-
Dickinson, Franklin Lakes, NJ). Data were collected from at least 104 cells and analyzed using FlowJo™
v10.6.2 software (FlowJo LLC, USA).

Cell viability experiments
The cell viability of HEK 293T cells was determined using tetrazolium salt ((3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide [MTT]) (Sigma-Aldrich). For MTT assay, the 10 × 103 cells were
seeded per well into 96-well plates by 100 µL supplemented DMEM and prepared for transfection and
treatments, respectively. After that, the media was removed and added 100 µL dye solution (0.5 mg/mL in
FBS-free DMEM) to each well, and incubated at 37 °C for extra 4 h in the dark. The mitochondrial
succinate dehydrogenases are able reduce the MTT to formazan as an indicator of cellular viability.
Finally, the supernatants were removed and 100 µL Dimethyl sulfoxide (DMSO) (Daejung Chem., Korea)
was added to each well and incubated for dissolve of formazan crystals. Then, the optical density (OD)
of each well was quanti�ed by a microplate reader (uQuant MQX200, BioTek, USA) at 570 nm. The
percentage of cell viability was calculated based on the intensity of formazan compared to untreated
cells (either control or sham) using standard formula as shown in Eq. (1).

Quanti�cation of gene expression
Total cellular RNA was isolated from HEK 293T cells using a RiboEx reagent (GeneAll, Korea) according
to the manufacturer’s protocol. Brie�y, the 150 × 103 cells were seeded per well into 6-well plates by 2 mL
supplemented DMEM and prepared for transfection and treatments, respectively. After that, total RNA
was extracted and quanti�ed at 260/230 nm and 260/280 nm ratios indicated the yield of extracted RNA
by a UV spectrophotometer (NanoDrop 2000c, Thermo Scienti�c, USA). RNA integrity was con�rmed
using an agarose gel electrophoresis. The cDNA synthesis was performed according to the following
protocol: (1) DNase-1 treatment at 37 °C for 30 min to avoid genomic DNA contamination then followed
by inactivation at 72 °C, (2) For mRNA reverse transcription enhancement, random hexamer and oligo dT
mix primers were used, (3) cDNA synthesis was performed using the Prime Script II reverse transcriptase
(Takara, Japan) at 42 °C for 70 min followed by RT inactivation at 72 °C for 12 min. Then, quantitative
real-time PCR (qRT-PCR) was performed using high ROX SYBR® Green master mix assay kit (Biofact
biofactory, Korea) by a StepOne™ Thermocycler (Applied Biosystems, USA). The primers were designed by
oligoanalyzer software and, were synthesized by Pishgam Biotech Co. (Tehran, Iran). The quality of the
qRT–PCR reactions was con�rmed by melting curve analyses. The qRT–PCR data were calculated using
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the comparative Ct method. The sequences of qRT-PCR forward (Fwd) and reverse (Rev) primers to
amplify the fragments of OGG1 (173 bp), MTH1 (180 bp) and ITPA (167 bp) genes were respectively:

OGG1-Fwd, 5′-ACCCTGGCTCAACTGTATCACCAC-3′;

OGG1-Rev, 5′-CCGCTCCACCATGCCAGTGATG − 3′;

MTH1-Fwd, 5′-TGGGCCAGATCGTGTTTGAGTTCGT − 3′;

MTH1-Rev, 5′-TCGTCGGGCCACATGTCCTTG-3′;

ITPA-Fwd, 5′-AAGAAGCTGGAGGAGGTCG-3′;

ITPA-Rev, 5′-TCCAAGGGCATTGAAGCACA-3′;

GAPDH-Fwd, 5′-CCATGAGAAGTATGACAAC-3′;

GAPDH-Rev, 5′-GAGTCCTTCCACGATACC-3′.

Expression data were normalized to the housekeeping gene of GAPDH as reference gene, which
generated a 115 bp fragment to control the variability in expression levels. Reference gene was
approximately equal in all experiments. The fold-change values were calculated for each time point.

Statistical analysis
GraphPad Prism v6.07 (GraphPad Software Inc., San Diego, CA) was used for statistical analysis and
data graphing. We were applied one-way, (3 × 2) and (3 × 2 × 2) factorial ANalysis Of VAriance (ANOVA)
followed by post-hoc analysis using Newman–Keuls multiple comparison test to compare between
independent variables (e.g., cell type, DOX, SMF and EMF) in the ROS production, cell cycle distribution,
cell viabilities, and gene expression. The error bars represent the mean ± standard deviation (SD) of at
least three independent experiments (n = 3) for all biological-measured parameters in graphs. For all
experiments: *p < 0.05; **p < 0.001; ***p < 0.0001, and α,p < 0.05; β,p < 0.01; χ,p < 0.001 were considered as
a statistical signi�cance difference.
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Figure 1



Page 21/25

Schematic illustration of the possible physiological responses of cells overexpressing the cryptochrome
(CRY)-based magnetosensitive proteins to intracellular levels of ROS due to doxorubicin treatment and
wireless effects of homogeneous SMF and ELF-PEMF on the capacity of BER pathway and cell cycle
progression. The rod-like shaped magnetosensor complexes is depended on coupling of CRY-
photoreceptor proteins with putative magnetosensitive MagR proteins.

Figure 2

The intracellular ROS accumulation of HEK 293T cells expressing either GFP (green bars) or CRY/MagR
(blue bars) at the (a) endpoint of transfection and 24 h after that in the (b) absence (-) and presences (+)
of (c) SMF (15 mT) and (d) ELF-PEMF (50 Hz) treated with DOX (0.1 µM). The ROS concentrations were
measured by DCFDA �uorescent probe and Cytation Cell Imaging Multi-Mode Reader. The results are
expressed as a fold-value of unexposed cells (control (CTRL) and sham). Data are shown as the mean ±
SD (n = 3 independent biological replicates). *p < 0.05; **p < 0.01; ***p < 0.001 show signi�cant
differences relative to either CTRL or sham, and letter (χ,p < 0.001) show signi�cant differences between
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treated cells, which were analyzed by one-way, (3 × 2) and (3 × 2 × 2) factorial ANOVA followed with post-
hoc Newman–Keuls multiple comparison tests.

Figure 3

The cell cycle progression of HEK 293T cells expressing either GFP or CRY/MagR at the (a) endpoint of
transfection and 24 h after that in the (b) absence and presences of (c) SMF (15 mT) and (d) ELF-PEMF
(50 Hz) with DOX (0.1 µM) treatment. The representative results of cell cycle phase were analyzed by PI
staining and �ow cytometer assay. The results are expressed as percentage of unexposed cells (control
(CTRL) and sham). Data are shown as the mean ± SD (n = 3 independent biological replicates). *p < 0.05;
**p < 0.01; ***p < 0.001 show signi�cant differences relative to either CTRL or sham, which were analyzed
by one-way, (3 × 2) and (3 × 2 × 2) factorial ANOVA followed with post-hoc Newman–Keuls multiple
comparison tests.
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Figure 4

The cell viability of HEK 293T cells expressing either GFP (green bars) or CRY/MagR (blue bars) in the (a)
absence and presences of (b) SMF (15 mT) and (c) ELF-PEMF (50 Hz) treated with DOX (0.1 µM) for 24 h
post-transfection. Comparison of cell proliferation between the wild-type cells and treated cell groups
were determined by MTT staining and microplate reader. MTT was added into cells to form the formazan,
and DMSO was then added to dissolve the formazans. The optical density (OD) values of mixture were
determined at 570 nm by a microplate reader. The results are expressed as percentage of viable cells in
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the control (CTRL) or sham conditions. Data are shown as the mean ± SD (n = 3 independent biological
replicates). *,P < 0.05; ***,P < 0.001 show signi�cant differences relative to either CTRL or sham, and
letters (χ,p < 0.001) show signi�cant differences between treated cells, which were analyzed by (3 × 2) 
and (3 × 2 × 2) factorial ANOVA followed with post-hoc Newman–Keuls multiple comparison tests.

Figure 5

The relative mRNA expression level of oxidative stress-responsible genes in the HEK 293T cells
expressing either GFP or CRY/MagR at the (a) endpoint of transfection and 24 h after that in the (b)
absence and presences of (c) SMF (15 mT) and (d) ELF-PEMF (50 Hz) treated with DOX (0.1 µM). The
quanti�cation of oxidative-related gene expression levels including 8-oxoguanine DNA glycosylase-1
(OGG1), human mutt homolog 1 (MTH1) and inosine triphosphate pyrophosphate (ITPA) were
determined by qRT-PCR analysis. The results are expressed as a fold-value of untreated cells (control
(CTRL) and sham). Data are shown as the mean ± SD (n = 3 independent biological replicates). *p < 0.05;
**p < 0.01; ***p < 0.001 show signi�cant differences relative to either CTRL or sham, and letters (α,p <
0.05; β,p < 0.01; χ,p < 0.001) show signi�cant differences between treated cells, which were analyzed by
one-way, (3 × 2) and (3 × 2 × 2) factorial ANOVA followed with post-hoc Newman–Keuls multiple
comparison tests. (***; refers to the all cell groups).
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