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Abstract The exposure to extremely low-frequency magnetic
fields (ELF-MFs) has been associated to increased risk of neu-
rodegenerative diseases, although the underlying molecular
mechanisms are still undefined. Since epigenetic modulation
has been recently encountered among the key events leading
to neuronal degeneration, we here aimed at assessing if the
control of gene expression mediated by miRNAs, namely
miRs-34, has any roles in driving neuronal cell response to
50-Hz (1 mT) magnetic field in vitro. We demonstrate that
ELF-MFs drive an early reduction of the expression level of
miR-34b and miR-34c in SH-SY5Y human neuroblastoma
cells, as well as in mouse primary cortical neurons, by affecting
the transcription of the common pri-miR-34. This modulation is
not p53 dependent, but attributable to the hyper-methylation of

the CpG island mapping within the miR-34b/c promoter.
Incubation with N-acetyl-l-cysteine or glutathione ethyl-ester
fails to restore miR-34b/c expression, suggesting that miRs-34
are not responsive to ELF-MF-induced oxidative stress. By
contrast, we show that miRs-34 control reactive oxygen species
production and affect mitochondrial oxidative stress triggered
by ELF-MFs, likely by modulating mitochondria-related miR-
34 targets identified by in silico analysis.We finally demonstrate
that ELF-MFs alter the expression of the α-synuclein, which is
specifically stimulated upon ELF-MFs exposure via both direct
miR-34 targeting and oxidative stress. Altogether, our data
highlight the potential of the ELF-MFs to tune redox homeo-
stasis and epigenetic control of gene expression in vitro and
shed light on the possible mechanism(s) producing detrimental
effects and predisposing neurons to degeneration.
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H2-DCFDA 2′,7′-Dichlorofluorescin diacetate
MicroRNAs/MiRs MicroRNAs
MF Magnetic field
MFI Mean fluorescence intensity
MPP+ 1-Methyl-4-phenylpyridinium
NAC N-Acetyl-L-cysteine
PCNs Primary cortical neurons
PD Parkinson’s disease
PI Propidium iodide
PMA Phorbol 12-myristate 13-acetate
RA Retinoic acid
RMS Root-mean-square
ROS Reactive oxygen species
SNCA α-Synuclein
sncRNAs Small non-coding RNAs
3’UTR 3′-Untranslated region

Introduction

Over the last decades, the Western societies have been
experiencing an increasing exposure to different sources of
non-ionizing radiations arising from both environmental and
domestic devices, as a consequence of urbanization, sustained
economic progress, and widespread diffusion of technological
applications. This represents a subject of growing concern to
public health as whether the electromagnetic fields (EMFs)
may elicit pathogenic effects is still matter of debate [1].
Based on an increased risk for childhood leukemia and glioma
associated with residential extremely low-frequency (ELF)
magnetic field (MF) and wireless phone use, both ELF and
radiofrequency (RF) EMFs have been classified as Bpossibly
carcinogenic to humans^ by the International Agency for
Research on Cancer (IARC) [2, 3]. Occupational exposure
to ELF-MFs has been also associated with an increased risk
of neurodegenerative diseases, mainly Alzheimer’s disease
(AD) and amyotrophic lateral sclerosis (ALS), whereas a
univocal association with Parkinson’s disease (PD) patients
is still lacking [4–8]. A major drawback in assessing the
possible impact of ELF-MFs on human pathologies relies on
difficulty to establish a causal association between unfavorable
health effects and radiations or whether it might be somehow
influenced by additional/unrelated factors [9]. Furthermore,
ELF-MFs are non-ionizing radiations, making the specific
molecular targets and biological effectors hard to be identified.

In this context, ELF-MFs have been generating most
attention as environmental factors playing relevant roles
in neurodegenerative aetiopathogenesis, since their interaction
with in vitro and in vivo neuronal systems directly implies the
occurrence of oxidative stress. Indeed, oxidative stress is a
major responsible for dysfunction and, eventually, death of
brain cells, in which the high oxygen consumption and the
rich-in-lipid content make them particularly vulnerable to

oxidative damage [7, 10–12]. It has been demonstrated that
ELF-MFs stabilize reactive oxygen and nitrogen species
(ROS/RNS), and deplete neurons of their antioxidant defenses
[13, 14]. In this context, we previously demonstrated that 50-
HzMF (1mT) (i) directly induces redox imbalance and leads to
severe protein carbonylation in proliferating and dopaminergic
(DAergic) SH-SY5Y cells [15] and (ii) further sensitizes
neurons to MPP+(1-methyl-4-phenylpyridinium) [15], a
neurotoxin used to mimic PD symptoms, thus providing a
clear-cut evidence for a detrimental role of ELF-MFs in an
in vitro PD experimental model.

Notwithstanding redox imbalance through mitochondrial
dysfunction exerts a key role in neurodegenerative diseases,
the specific molecular mechanisms underlying PD have not
yet been exhaustively elucidated. Both genetic and epigenetic
components have been identified as co-players in the
development of Parkinsonism through a complex net-
work of expression control in response to environmental
stimuli [16]. Both components synergistically concur to
the accumulation of peculiar intra-cytoplasmic neuronal
inclusions of α-synuclein (park1/SNCA) and progressive
loss of DAergic neurons in the substantia nigra pars
compacta). Along with the well-characterized mutations
of the Park genes, the dysfunction of the epigenetic ma-
chinery—namely DNA methylation, histone modification
and control of gene expression by small non-coding
RNAs (sncRNAs)—has been also associated with PD
aetiopathogenesis [17–22].

MicroRNAs (miRNAs/miRs) are sncRNAs molecules that
post-transcriptionally regulate gene expression by binding to
the 3’UTR (Un-Translated Region) of specific target mRNAs
and trigger transcript degradation and/or translation inhibition
[23]. A number of miRs have been so far associated with the
DA phenotype of PD, mainly the miR-133b and the miR-7,
targeting the Pitx3 transcriptional activator and the Snca,
respectively [24–26]. Evidences for a direct epigenetic regu-
lation of the typical familial PD-linked genes are indeed
emerging, the Snca being the most studied target even in spo-
radic PD cases [27–29]. Moreover, a global miRNA profiling
study disclosed a specific downregulation of both miR-34b
andmiR-34c in PD brain samples compared to healthy tissues,
which was associated with a severe mitochondria dysfunction,
oxidative stress and reduction of total cellular ATP content,
early detectable in the disease course of untreated patients
[30]. Interestingly, miRs-34 have been also linked with aging
in Drosophila experimental models, with their loss leading to
brain degeneration and decline in flies survival [31].
Furthermore, miR-34 family has recently been characterized
for targeting the Snca 3’UTR in an in vitro neuroblastoma
experimental model [32].

In both human and mouse genome, miR-34b and miR-34c
locus is a gene cluster that undergoes transcription into a pri-
mary transcript (pri-miR) further processed to release
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mature 34b and 34c species. They mediate cell cycle arrest,
apoptosis, and metabolic regulation and act as potential
tumor suppressors [33–36]. MicroRNA-34b/c promoter
displays different p53 response elements, as well as a conserved
CpG island region often associated with aberrant hyper-
methylation in cancer tumors. In addition, it has been reported
to co-regulate the B cell translocation gene 4 (Btg4) through a
bidirectional promoter activity [37–43].

We here aim at evaluating whether the ELF-MF (50 Hz, 1
mT) exposure affects the epigenetic machinery of neuronal
cells in vitro, specifically in terms of miR-34b and 34c
expression. We demonstrate that both proliferating and
DAergic SH-SY5Y, as well as mouse primary cortical neu-
rons (PCNs), are strongly depleted of both miRs upon ELF
exposure, due to the inhibition of the pri-miR-34 expression at
transcriptional level. miR-34b/c impairment is independent of
p53 regulation and oxidative stress, whereas it is driven by
promoter CpG island hyper-methylation, and directly con-
tributes to the MF-induced oxidative damage. Exposure to
the 50-Hz MF further prompts neuronal cells toward a
degenerative phenotype via miR-34b/c direct stimulation
of the Snca level. As overall, these findings strengthen
the pro-oxidant and pro-degenerative properties of the
50-Hz MF in neuronal cells through the direct epigenetic
regulation of the microRNA-34b/c; although so far achieved
in in vitro experimental models, our data might help support
the hypothesis of a possible pathogenic role of the ELF-MF in
brain, specifically related to the PD phenotype.

Materials and Methods

Chemicals

Culture media, serum and supplements, trypsin-EDTA,
phosphate buffer saline (PBS), and Hank’s balanced salt solu-
tion (HBSS) were obtained from Euroclone (Milan, Italy).
B27 supplement, L-buthionine sulfoximine (BSO), 5-aza-2-
deoxycytidine (DAC), 4′,6′-diamidino-2-phenylindole
dihydrochloride (DAPI), diethylpyrocarbonate (DEPC), di-
methyl sulfoxide (DMSO), doxorubicin, ethidium bromide,
ethylene-diamine-tetra-acetic acid (EDTA), glutathione ethyl
ester (GSHest), H2O2, N-acetyl-L-cysteine (NAC), Nutlin-3a,
poly-D-lysine, phorbol 12-myristate 13-acetate (PMA), all-
trans retinoic acid (RA), and trypan blue solution (0.4%) were
purchased from SIGMA Aldrich (Milan, Italy). The fluores-
cent probes dihydroethidium (hydroethidine, DHE), 2′,7′-
dichlorofluorescin diacetate (H2-DCFDA), and MitoTracker
Green were obtained from Molecular Probes (Thermo Fisher
Scientific,Waltham,MA, USA). Synthetic miRNA sequences
(Mimic) and LNA knock-down miR (anti-miR) molecules
were purchased from Dharmacon (Lafayette, CO, USA) and

Exiqon (Denmark), respectively; the Interferin was obtained
from Polyplus (Illkirch, France).

Exposure System

The ELF-MF exposure system consists of two couples of
square coils (two coils for each sub-system, arranged coaxially
in Helmholtz configuration), as previously detailed [15].
Briefly, the coils are connected to a Variac (40NC) for voltage
feeding and current circulation within the cable turns. The two
systems are used for inducing magnetic field (B-field) and
sham exposure of the biological samples at the same time,
thus allowing blind experimental conditions. The coil double
wire configuration is used for sham exposure implementation,
which allows to obtain a null B-field by using currents flowing
in opposite directions. The B-field produced by these systems,
at the operating frequency of 50 Hz, was set at a root mean
square (RMS) amplitude of 1 mT for a supplied current of 3.4
A. The sham exposures were performed at a residual B-field
amplitude of about 0.3 μT (RMS), this representing the
background field emitted by the incubator electronics. B-
field measurements were performed at the center of the expo-
sure volume of each couple of coils (20 × 20 × 10 cm3) with an
isotropic probe (ELT400; Narda, Pfullingen, Germany), in
both sham and real exposure configurations. To assess the
B-field homogeneity within the exposure setup and the
induced electric field (E field) values within the culture
samples contained in Petri dishes, numerical simulations
were carried out using a finite element method [15].
Globally, our experimental and numerical data guaranteed
a high homogeneity (95%) for B-field in the exposure volume,
and the proper positioning of the biological samples for
rigorously controlled and repeatable exposure conditions
[15]. In order to guarantee the temperature stability
(37 °C) inside the incubators, a refrigerating system,
consisting of water from two separate thermostatic baths and
circulating in plastic tubes surrounding the coils, was set-up to
prevent heating due to ohmic losses, thus maintaining the
temperature of both H-field and sham-exposed samples at
37.0 ± 0.2 °C. Temperature was monitored in the exposure
volume of each incubator by two T-thermocouple probes
(SENSORTEK Inc., Clifton, NJ, USA), placed in a dummy
Petri dish and in air.

Human Cell Cultures and Mouse Primary Cortical
Neurons

Human SH-SY5Y neuroblastoma cells were purchased from
the European Collection of Cell Culture, cultured in complete
Dulbecco’s modified Eagle’s medium/Ham’s F12
(DMEM/F12 (50:50 mix, Euroclone), supplemented with
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 μg/ml penicillin-streptomycin, and kept in culture up to
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15 passages. The cells were maintained at 37 °C in a 5%
CO2 atmosphere in air and routinely trypsinized and plated
at 4 × 104/cm2 on flasks. Cell viability was assessed by
Trypan blue dye exclusion. At 60–70% confluence, cells
were sub-cultured and differentiated into a dopaminergic
phenotype with 5 μM RA for the first 3 days, followed by
100 nM PMA for further 3 days in reduced serum condition
(5%) [15].

Mouse primary cortical neurons (PCNs) were obtained
from cerebral cortices of E15 C57BL/6 mice embryos, as
previously reported [44]. Animals were used in accordance
with both international guidelines and Italian law and always
applying the 3Rs principle; expert and trained staff routinely
monitored the health status of all animals enrolled in the study.
Minced cortices were digested with trypsin-EDTA 0.25% at
37 °C for 7 min. Cells were stained with 0.08% Trypan blue
solution and only viable cells were counted and plated at the
density of 1 × 105/cm2 onto poly-D-lysine coated multi-well
plates in 25 mM glucose-containing MEM medium supple-
mented with 10% fetal bovine serum, 2 mM glutamine, and
0.1 mg/mL gentamicin. After 1 h, the medium was replaced
with Neurobasal medium containing antioxidant-free B27
supplement, 2 mM glutamine, and 0.1 mg/mL gentamicin.
Cell cultures were kept at 37 °C in a humidified atmosphere
containing 5% CO2. Every 3 days, one third of the medium
was replaced.

ELF Exposure, Cell Treatments, and Transfections

For ELF-MF exposure (50Hz, 1mT), human cells were seeded
in 60-mm Petri dishes and placed in either ELF-MF or sham
incubator (under blind condition) 24 h after plating. Mouse
PCNs were seeded in 24-multiwell and exposed to the MF or
Sham incubator (under blind condition) 5 days after plating. All
cells underwent a continuous exposure to either ELF-MF (50-
Hz, 1 mT) or sham over a time window of 4–72 h [15].

Nutlin-3a and DAC were dissolved in DMSO, freshly
diluted in PBS before each experiment, and added at final
concentration of 50 μM (Nutlin-3a) and 10 μM (DAC) to
culture medium 6 h before MF exposure. BSO, NAC and
GSHest were dissolved in PBS to 100 mM stock and filtered,
then diluted with serum-free DMEM/F12 medium to final
concentrations and maintained throughout the experiment.
Since GSH solution is highly acidic, pH was adjusted with
7.5% NaHCO3. Cells were given GSHest (1 mM) and NAC
(1 mM) 6 h before ELF-MF switch-on. In Sham-exposed
cells, BSO (5 mM) was administered for 24 h; H2O2 was
added at 5 and 25 μM for 2 h [15].

Transient transfection experiments with Mimic and anti-
miR molecules were carried as previously reported [45];
lyophilized molecules were dissolved in DEPC-treated water,
stocked and freshly diluted before experiments, according to
manufacturer’s instructions. Twenty-four hours after plating,

cells were transfected by Interferin with either anti-miR agents
(5–20 nM) or Mimic molecules (25 nM), then exposed to the
Sham/ELF-MF system.

RNA Extraction, Reverse Transcription, and Gene
Expression Analysis

Total RNA was extracted from samples by Trizol®
(Invitrogen, Thermo Fisher Scientific) protocol. The
amount and purity of the extracted RNA was evaluated
by fiber optic spectrophotometer (Nanodrop ND-1000,
NanoDrop Technologies, Wilmington, DE, USA) calculating
the 230/260 and 260/280 absorbance ratios. Two hundred nano-
grams of total RNAwere retro-transcribed with random primers
into total cDNA by TaqMan® Reverse Transcription Reagent
(Applied Biosystems, Thermo Fisher Scientific), according to
manufactures’ indications [45]. Analysis of the pri-miR-34b/c,
p53, Btg4, and Snca expression was carried out with 1 μL of
cDNA using SYBR Green master mix (Applied Biosystems)
and analyzed on an Eco™ Real-Time PCR System (Illumina,
San Diego, CA, USA). All reactions were run in quadruplicate
and the relative abundance of the specific mRNA levels was
calculated by normalizing to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), β-actin and tubulin expression
using the 2-ΔΔCt method [46]. The GAPDH has been included
as reference gene in our analysis, as our experiments have
been all performed within 72 h of continuous ELF-MF
exposure; the time window used in our experimental set-up
is much shorter that the 10-day threshold suggested by
Falone and colleagues in terms of GAPDH activity stimulation
by ELF-MF [47]. The complete list of primer sequence is
reported as Online Resource 1.

microRNA Expression Analysis and Target Prediction

Analysis of mature miRNA expression was carried out on
total RNA extracted with the miRcury RNA isolation kit
(Exiqon). Ten nanograms of total RNA were retro-transcribed
by the miRcury LNA universal RT microRNA kit (Exiqon);
cDNA was diluted 1:80 and amplified by the miRcury LNA
Sybr green master mix and miR-specific LNA PCR primer sets
(Exiqon), according to manufacturer’s instructions. All reac-
tions were run in quadruplicate and the relative abundance of
each specific miR (133b, 34b, and 34c) was normalized to
small nucleolar RNAs (RNUU6, RNU1A1) by applying the
2−ΔΔCt method [46].

The in silico prediction of putative miRNA targets was
carried out by integrating the results obtained from the
following genome browsers: Sanger miRbase (microrna.
sanger.ac.uk), Target Scan (www.targetscan.org), and
miRanda (www.microrna.org/microrna/home.do) [45].
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Western Blotting

Cells were lysated in a buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1% NP-40, and 12 mM Na-
deoxycholate (SIGMA Aldrich) supplemented with protease
and phosphatase inhibitors cocktail (SIGMA Aldrich).
Lysates were centrifuged at 13,000 rpm for 10 min at 4 °C
to discard cellular debris. Protein concentration was deter-
mined by the Lowry protein assay (Bio-Rad Laboratories,
Hercules, CA, USA). Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membranes (GE
Healthcare Life Science, Europe) that were probed with the
following antibodies: anti-P53 and anti-GAPDH (Santa Cruz
Biotechnology, CA, USA), anti-SNCA (Cell Signaling
Technologies, Danvers, MA, USA). After immuno-staining
with appropriate secondary horseradish peroxidase-
conjugated goat anti-rabbit or anti-mouse antibodies
(SIGMA Aldrich), bands were revealed by a Fluorchem
Imaging system (Alpha Innotech, San Leandro, CA, USA),
using the Amersham ECL detection system (GE Healthcare
Life Science) and quantified by densitometry.

Flow Cytometric Analysis

A FACScan Flow cytometer (Becton Dickinson, Bedford,
MA, USA) equipped with a 488-nm argon laser was used
for the flow-cytometric analysis. Forward (FSC-H) and side
scatters (SSC-H) were used to establish size and granularity
parameters, respectively, and to exclude cellular debris from
the analysis, in order to delimitate the integer/healthy cells
gate (defined R1). Only cells contained in the R1 region were
included in the fluorescence analysis. The excitation wave-
length was set at 488 nm. The observation wavelength of
530 nm was chosen for green fluorescence and 585 nm for
red fluorescence and the intensities of emitted fluorescence
were collected on FL1 and FL2/3 channels, respectively. In
each measurement, a minimum of 10,000 cells were analyzed.
Data were acquired and analyzed using the Cell Quest soft-
ware (Becton Dickinson). For fluorescence data analysis, the
mean fluorescence intensity (MFI) was calculated for each
sample as the ratio between the mean fluorescence value in
the channel of the probe-labeled cells versus the unstained
ones (negative).

To quantify oxidative stress and mitochondria integrity,
cells were stained with DHE (superoxide), H2DCF-DA
(H2O2) and MitoTracker Red. Cells were quickly scraped on
ice, washed twice in cold PBS, and re-suspended in 5 μM
DHE (20′, 37 °C in the dark, in PBS), 5 μM H2DCF-DA
(30′, 37 °C in the dark, in HBSS) or 100 nM MitoTracker
Red (20′, 37 °C in the dark, in PBS). After a final wash in
PBS, cells were immediately transferred into a tube on ice for
flow cytofluorometric analysis [15].

DNA Methylation Analysis

DNAmethylation analysis was performed by bisulfite conver-
sion and pyrosequencing, as detailed in Consales et al. [48].
Briefly, DNA was extracted by a commercial kit (Zymo
Research, Irvine, CA, USA); 500 ng of DNA were bisulfite-
converted using the EZ DNAMethylation-Gold™ Kit (Zymo
research) according to the manufacturer’s protocol. Bisulfite-
treated DNA (50 ng) was amplified in a 50 μL reaction mix-
ture containing 25 μL of PyroMark PCR master mix (New
England Biolabs, Ipswich, MA, USA) and 0.2 μM of the
primers specific for the human miR-34b/c promoter region
(Online Resource 1).

The level of methylation at human miR-34b/c amplified
promoter was evaluated by pyrosequencing (PyroMark ID
Q24, Qiagen, Hilden, Germany), according to manufacturer’s
instructions. Methylation level quantification was performed
using the provided software. The percentage of methylation
(% of 5-methyl Cytosine, 5-mC) was expressed as the number
of 5-mC divided by the sum of methylated and un-methylated
cytosines. One investigator, blind to all the information
regarding the samples except their code, performed the
pyrosequencing analyses. Different internal controls were
included in every pyrosequencing run to ensure the completion
of bisulfite modification, the specificity of PCR amplification,
and the success of pyrosequencing reactions. A universal
methylated DNA standard (Zymo Research,) was used as a
positive control for bisulfite conversion [48].

Fluorescence Microscopy for Quantification
of α-Synuclein Aggregates

SH-SY5Y cells were cultured on cover-slips, fixed in 4%
paraformaldehyde in PBS for 30 min, then permeabilized by
addition of 0.25% Triton X-100 in PBS for 10 min. After
blocking (5% normal goat serum), cells were incubated with
the anti-α-synuclein antibody (Cell Signaling Technologies,
1:50 in 5% normal goat serum, over-night at +4 °C), washed
with PBS and incubated with Alexa Fluor 488-conjugated
anti-rabbit IgG (Invitrogen) at room temperature for 1 h. For
nuclear staining, cells were incubated with 1 μg/mL DAPI.
Cells were then washed with PBS and analyzed under a
fluorescence microscope (Nikon Eclipse 80-I). For quanti-
fication of aggregates, 4 microscopic fields containing at
least 100 cells per group were randomly selected, and the
average number of aggregates per 100 cells was calculated.

Statistical Analysis

The variations of samples values are reported as Mean ± S.D.
calculated in N ≥ 3 replicates; the precise number of experi-
mental replicates has been detailed in each figure legend. The
statistical differences were analyzed trough the KailedaGraph
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program (Synergy Software, Reading PA, USA) by applying
the two-sided Student’s t test; the experimental groups that
have been compared and statistically analyzed are detailed in
each figure legend. P values < 0.05 were considered statisti-
cally significant and indicated as follows: *P < 0.05;
**P < 0.01; ***P < 0.001, n.d.: variation not statistically
different.

Results

Fifty-Hertz Magnetic Field Drives miR-34b and miR-34c
Impairment in Neuronal Cells The expression level of miR-
133b and miR-34b/c cluster was first assessed in proliferating
SH-SY5Y human neuroblastoma cells following either Sham
or continuous exposure to 50 Hz (1 mT) magnetic fields for
48 h. As reported in Fig. 1a, no change in miR-133b level was
detected, whereas both miR-34b and miR-34c expression
underwent a significant decrement in ELF-MFs-exposed cells
compared to Sham counterparts. In order to determine the
kinetics of the ELF-MFs-driven deregulation in miR-34
pattern, miR-34b and 34c expression was screened from 6 to
72 h of continuous exposure (Fig. 1b). The level of both
micro-RNAs was gradually impaired as early as 24 h, and
was maintained decreased up to 72 h of continuous exposure,
with a higher effect reported for the 34b mature molecule
compared to the 34c counterpart.

To test the ability of ELF-MFs to affect miR-34b/c
expression also in post-mitotic neurons, SH-SY5Y cells
were incubated with RA in combination with PMA to
acquire a DAergic phenotype prior ELF-MFs exposure
[15, 49]. Differentiation of SH-SY5Y cells stimulated
the expression of both dat (a DAergic-specific gene) and
miR-34b/c level (Fig. 1c). Once ELF-MFs were applied,
miR-34b and 34c expression was not induced if compared
to Sham-exposed cells, with this effect being maintained all
over the exposure (72 h; see Fig. 1d). Neuronal response to
ELF-MFs was further assessed in mouse PCNs. Also in this
case, miR-34b and miR-34c expression was inhibited by
continuous exposure to radiations, thus indicating a general
ability of the 50 Hz-MF to specifically impair miR-34b/c
cluster expression in both highly proliferating cancer cells
and post-mitotic neurons.

Fifty-Hertz Magnetic Field Regulates miR-34b/c
Expression at Transcriptional Level Via Promoter DNA
Methylation According to gene structure, mature miR-34b
and 34c arise from a common pri-miR transcript, set under
the control of both p53 transcription factor and CpG island
methylation (Online Resource 2a) [37, 39]. As shown in
Fig. 2a, continuous ELF-MFs exposure affected pri-miR-34b/
c regulation at transcriptional level. In all the neuronal models
analyzed, the pri-miR-34b/c expression was significantly

reduced, with the early effective decrement preceding those
observed in the mature miR form (Fig. 1). At longer exposure
times, pri-miR-34 expression was progressively recovered, the
difference between ELF and Sham being no more observed
(Fig. 2a). We then analyzed the expression of Btg4 in response
to ELF-MFs, as it has already been demonstrated to undergo
epigenetic regulation and to share the same regulatory sequence
on human genome with the miR-34b/c (Online Resource 2a)
[43]. Although expressed at very low level in SH-SY5Y cells,
Btg4 transcript displayed a decrement trend upon 50 Hz (1 mT)
radiation exposure that overlapped the pri-miR-34b expression
(Online Resource 2b). No statistically significant difference
was instead observed in the ELF-MFs-exposed mouse PCNs
compared to Sham in terms of Btg4 expression (Online
Resource 2b).

To verify the involvement of p53 in pri-miR-34 deregulation
induced by ELF-MFs, we evaluated p53 mRNA and protein
level (Online Resource 2c, Fig. 2b). No statistical difference in
p53 transcript was detected both in SH-SY5Y cells and in
mouse PCNs (Online Resource 2c). At protein level, a slight
p53 decrement was observed later on in the exposure kinetics
(Fig. 2b). However, this phenomenonwas significantly delayed
if compared to the early pri-miR inhibition triggered by ELF-
MFs, indicating that a p53-independent mechanism of miR-
34b/c regulation was likely induced under our experimental
conditions. Consistently, p53 stabilization, achieved via
the administration of the MDM2-inhibitor Nutlin-3a [50],
resulted in no significant change of pri-miR-34b/c level
(Fig. 2c), strengthening the hypothesis that miR-34b/c
transcriptional regulation depends on regulatory mechanisms
unrelated to p53.

We next tested the hypothesis that ELF-MF might affect
the miR-34b/c level by other mechanisms, such as by DNA
methylation. We thus evaluated the miR-34b/c promoter
methylation content via DNA bisulphite conversion and
pyrosequencing of the 7 elements located in a fragment
of the human CpG island (CpG 79 region, Fig. 3a). The
average methylation level, measured in DAergic neuronal
cells, showed a significant increase upon ELF-MFs exposure,
whose extent was significant already after 4 h and, mostly,
consistent with the timing of pri-miR-34 silencing (Fig. 3b).
Coherently, incubations with the demethylating agent 5-aza-2-
deoxycytidine (DAC) efficiently reverted ELF-MFs-induced
pri-miR-34 silencing and Btg4 expression release (Fig. 3c).

miR-34b/c Deregulation Does Not Depend on the ELF-
Driven Oxidative Stress, but Triggers Mitochondria and
Oxidative Imbalance We recently reported that ELF-MFs
trigger oxidative stress and protein carbonylation in both pro-
liferating and DAergic SH-SY5Y cells [15]. The correlation
potentially occurring between the ELF-driven redox imbal-
ance and the miR-34b/c impairment was thus investigated.
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Incubations with the thiol antioxidant compounds GSHest
or NAC [15] did not restore miR-34b and miR-34c expres-
sion, suggesting that the ELF-MFs trigger miR deregulation

independently of ROS generation and thiol impairment
(Online Resource 3a). Coherently, the inhibition of the GSH
de novo synthesis by BSO, as well as the induction of a direct
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a Evaluation of the pri-miR-34b/c expression level carried out by qRT-
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Western blot analysis of p53 protein expression evaluated in response to
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oxidative damage by H2O2, did not affect the miR-34b/c
expression level in Sham-exposed cells (Online Resource 3b).
A significant stimulation of the miR-34b/c levels could be
exclusively detected at higher H2O2 concentration (25 μM)
(Online Resource 3b), in response to a massive increase in
ROS generation that significantly exceeds those measured up-
on ELF exposure (Online Resource 3c) [15].

In order to assess whether miR-34 deregulation might
contribute to the ELF-MFs-induced redox imbalance, either
miR-34b or miR-34c expression was selectively increased by
exogenous administration of mimic miR molecules (Online
Resource 3d) [45]. Under these conditions, oxidative stress

was partially restored, with the extent of ROS (both superoxide
and H2O2 species) being attenuated at 48 h following ELF-MFs
exposure (Fig. 4a, b). Coherently, anti-miR-mediated silencing
of miR-34b andmiR-34c (Online Resource 3e) [45] produced a
time-dependent increase of ROS in Sham cells (Online
Resource 3f), clearly suggesting an inverse functional correla-
tion between miRs-34 and oxidative stress. Further assessment
of mitochondrial function by MitoTracker staining indicated
the occurrence of an early impairment of the mitochondria
integrity upon ELF-MFs exposure, that could be partially
reverted by the administration of miR-34b mimic molecule
(Fig. 4c), suggesting that, at least in part, ROS were
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generated at the mitochondrial level. By comparing in
silico datasets of human miR-34b or miR-34c, obtained
from the screening of different algorithms of microRNAs
target prediction [45], we identified a set of putative genes
involved in the control of mitochondrial function and redox
balance, including a cluster of 14 target genes shared by both
miRs-34, e.g., the mitochondrial Superoxidase Dismutase 2
and many mitochondrial ribosomal proteins (Fig. 4d) that
might account for the miR-34-mediated effects on oxidative
stress elicited by the ELF-MFs. Each single microRNA also
displays specific target sites (Online Resources 4 and 5), such
as the Nox family members, which can suggest the way these
miRs-34 can individually control mitochondrial function and
redox imbalance.

Fifty-Hertz MFs Exposure Stimulates SNCA Expression
Via miR-34 Besides controlling mitochondrial function and
redox balance, miR-34b/c target prediction highlighted a
consistent set of transcripts specifically involved in neuronal
functions (Fig. 5a andOnline Resource 6), including the human
Snca /Park1. The 3’UTR of the SncamRNA displays different
regions for 34b/c putative binding sites (Online Resource 7a),
some recently identified as miR-34b/c targets in neuroblastoma
cells [32], strongly suggesting it may be regulated by this
cluster in response to specific stimuli. Continuous exposure of
human neuronal cells to 50-Hz MFs up-regulated SNCA at
both mRNA (Online Resource 7b) and protein level (Fig. 5b).
Moreover, a slight but significant (P = 0.049) increase in the
intracellular α-synuclein aggregation was observed in
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response to 72 h of continuous ELF-MF if compared to
Sham-exposed cells (Fig. 5c).

In line with the in silico prediction, SNCA transcript and
protein levels were reduced in ELF-MF-exposed cells by the
addition of miR-34b mimic and increased in Sham cells upon
treatment with anti-miR-34b (Fig. 5d), whereas it coherently
but not significantly changed upon miR-34c modulation
(Fig. 5d). These results identified miR-34b, more than
miR-34c, as major epigenetic determinant in the SNCA
stimulation upon ELF-MFs. Surprisingly, ELF-MFs exposure
induced SNCA expression also in mouse PCNs (Fig. 5e), even
though the 3’UTR of mouse SncamRNA does not contain any
miR-34b/c putative binding site. This unexpected result
prompted us to hypothesize that some additional mechanism(s)
can affect SNCA expression in response to ELF-MFs stimula-
tion, such as oxidative stress, which is known to stimulate
SNCA [51]. The administration of NAC actually inhibited
the ELF-MFs-driven SNCA increase, with the combination
NAC/miR-34b mimic molecule accomplishing the highest
inhibition of SNCA expression (Fig. 5f), thus disclosing a
much more complex network of regulation elicited by
ELF-MFs in neuronal cells, which could predispose to oxida-
tive damage and degenerative phenotype (sketched in Fig. 6).

Discussion

Over the last years, epidemiological studies have been
suggesting a potential neurodegenerative property of ELF-
MFs exposure, mainly based on a significant association with
AD and ASL [4–8]. Despite these lines of evidence, still a
limited set of experimental data have attempted to identify
the cellular and molecular pathways underlying the possible
pathogenic role of ELF-MFs in brain; besides, most data are
based on in vitro findings. In accordance with previous data
reporting a pro-oxidant ability of the ELF-MFs in different
experimental models [7, 10–14], we recently demonstrated
that 50-Hz MFs directly trigger redox imbalance in both
proliferating and DAergic SH-SY5Y neuroblastoma cells,
which is characterized by ROS generation, thiol content
depletion and protein carbonylation, and sensitizes neurons to
the PD-neurotoxin MPP+ [15]. Oxidative and nitrosative stress,
as well as mitochondria dysfunction, are major responsible for
brain aging and neurodegeneration [52, 53]. The sustained
oxidative stress triggered by ELF-MFs exposure, along
with the resulting damage to cellular bio-molecules and
mitochondria [47], might thus help shifting neurons toward
a degenerative phenotype, and disturb the intracellular envi-
ronment in a way that sensitizes them to a second damaging
stressor (such as the MPP+) [15, 54].

Besides oxidative stress, the aetiopathogenesis of the neu-
rodegenerative diseases, including PD, recently encountered
the involvement of the epigenetic machinery, in terms of altered

DNA methylation pattern and histone modifications, as well as
dysregulated microRNA expression, mainly including miR-
133, miR-7 and miR-34b/c [16–26, 30, 31]. The epigenetic
level of gene expression control specifically tunes the neuronal
response to different environmental stressors, including
ionizing radiations and ELF-MFs [55–61]. Based on this
evidence, we here assessed the expression level of some
PD-related microRNAs and demonstrated that 50-Hz MFs
strongly decrease the expression of both miR-34b and
miR-34c mature molecules in proliferating SH-SY5H
and post-mitotic neuronal cells. Although based on
in vitro experimental evidences, these data are particularly
relevant, as the miR-34b/c locus is a well characterized
tumor suppressor gene [33, 34] and the ability of the
ELF-MFs to switch-off their expression in a neuronal context
might open a new scenario in the comprehension of those
mechanisms potentially underlying cancer transformation by
ELFs. Different groups have indeed documented the ability of
the 50-Hz MF to alter the proliferative status of neuroblastoma
cells, especially in response to long (up to 15 days) exposure to
the radiation, supporting the hypothesis that ELF-MF might
trigger a shift toward a more invasive phenotype [47, 62–65].
Our findings add a small piece to the puzzle by involving the
epigenetic control via miR-34; many different targets devoted
to proliferation control and cancer progression have been iden-
tified as both direct and indirect miR-34 targets, such as c-Myc
and N-Myc, the YY1 transcription factor, the Notch signaling,
Sox-2, and PDGFRA [45, 66–71]; they might account for the
pro-proliferative effect elicited by the long-term exposure to
ELF-MF. Concordantly, the differentiation processes is known
to stimulate the expression of all miR-34 family members in
neurons [30, 72], in line with what we observe in SH-SY5Y
cells upon RA/PMA administration. This is consistent with the

�Fig. 5 ELF-MFs exposure induces SNCA via miR-34b and oxidative
stress. a Venn diagrams showing set of specific neuronal targets
recognized bymiR-34b and 34c; the genes shared by both miRs are listed
in the table below. b Western blot analysis of SNCA expression level
carried out in the DAergic SH-SY5Y cells after 4, 24 and 48 h of ELF-
MFs or Sham exposure. The histogram represents blot densitometry.
Values are the means ± S.D. (N = 3). **P < 0.01, n.d. = no statistical
difference, calculated in the ELF-MF vs Sham-exposed cells. c
Percentage of alpha-synuclein intracellular aggregates quantified by fluo-
rescence microscopy at 72 h of continuous exposure to either ELF-MF or
Sham. Values are the means ± S.D. (N = 3). **P < 0.05, calculated in the
ELF-MF vs Sham-exposed cells. d Evaluation of Snca mRNA (qRT-
PCR, upper histograms) and SNCA protein levels (Western blot, bottom
panels) performed in response to ELF-MFs or Sham exposure in
combination with the indicated miR mimic or anti-miR agents. Values
are the means ± S.D. (N = 3). *P < 0.05, **P < 0.01, n.d. = no statistical
difference, calculated in the miR-34 vs Scramble molecules. e Western
blot analysis of the SNCA protein levels carried out in mouse PCNs in
response to 48 h of ELF-MFs or Sham exposure. f Evaluation of Snca
mRNA expression performed by qRT-PCR in response to the indicated
combined treatments. Values are the means ± S.D. (N = 5). *P < 0.05,
**P < 0.01, ***P < 0.001, calculated in Sham vs ELF exposure, and in
ELF + NAC/34b Mimic/34b Mimic + NAC vs ELF exposure
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idea that the sustained expression of miR-34 family helps in
maintaining the mature neurons in a non-proliferative stage;

those stimuli, such as the ELF-MFs, that reduce miR-34 ex-
pression might lead to a growth advantage and more aggres-
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sive behavior that typically characterizes cancer lesions.
The relevant role for miR-34b/c in neuronal physiology is con-
firmed by data reporting their dysregulation in major neurode-
generative diseases, such as AD, PD and Huntington’s Disease.
In particular, miR-34b/c reduced expression has been associated
with both memory impairment and neuronal survival, providing
a potential common molecular mechanism contributing to
dementia [73, 74]. Moreover, miRs-34 have been linked
with aging in Drosophila, where loss of these miRNAs
leads to brain degeneration and decline in flies survival [31].

In our in vitro experimental models, ELF-driven reduc-
tion of miR-34b and miR-34c mature species relies on the
dysregulation of their common pri-miR transcript. At the
transcriptional level, all miR-34 family members are the
most prevalent p53-induced miRNAs. However, surprisingly,
we did not observe any p53 involvement in miR-34b/c
decrement induced by ELF-MFs exposure, at least in the
early (effective) phases of this phenomenon, which is actu-
ally attributable to the hypermethylation of the CpG island con-
trolling the miR-34 gene cluster. Specifically, we found out that
ELF-MFs increase the percentage of themethylated cytosines in
the human CpG 79 island, where we analyzed seven CG sites.
These cytosines are the best characterized across the miR-34
CpG island and their methylation status has been associated
with miR-34b/c knock-down in many different cancer
histotypes and metabolic diseases, this suggesting an interesting
interplay between two components of the epigenetic machinery,
i.e., the DNA methylation and the miRoma [39–43, 75].
According to the genome sequence, the CpG 79 island contains
other putative methylation sites that we have not pyrosequenced
yet and that might further account for radiation-induced effects.
In support to this hypothesis, we provided evidence that the
inhibition of DNA methyltransferase by DAC results in the
recovery of miR-34, as well as Btg4 expression level, which is

set under the same regulatory control. Future investigation
might add a further step in the comprehension of such
transcriptionl regulation; it might occur that specific repressors
take part and help coordinate the repression of the downstream
miR sequence upon ELF exposure. P73 and ΔNp73 for
instance share the same regulatory sequences with p53 on
many different gene promoters likely including miR-34
[76] and are specifically involved in gene transcription
in brain where they control physiological and pathological
pathways [77, 78]. ΔNp73α in particular works as an
antagonist of p53/p73 functions in growth suppression
and/or apoptosis and might be involved in miR-34 inhibition
in response to ELF.

miR-34 is a miRNA family emerging from recent radio-
biology studies, mainly as responsive to conventional tumor
radiotherapy [79], thus suggesting that it could represent a key
checkpoint controlling different downstream pathways in
response to both ionizing and non-ionizing radiations
through epigenetic control. Moreover, the ability of ELF-
MFs to affect the cellular epigenetic layout is coming out in
different experimental models, mainly in terms of microRNAs
expression change [58, 60, 61, 80–82]. Together with previous
findings, our in vitro data can help shading light on a new set of
pathways underlying the biological effects of non-ionizing
radiations and their potential impact on human health. The
epigenetic machinery may act as an interface between the
environment and the genome, thus influencing both aging
and different degenerative phenotypes, such as PD, which
imply an epigenetic deregulation, as well as oxidative
stress and damage among the main molecular determinants
underlying their insurgence.

Oxidative stress and microRNA deregulation can actively
cooperate to accelerate neurodegeneration [83, 84]. Minones-
Moyano et al. highlighted this synergy by demonstrating that
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Fig. 6 Graphical Abstract representing the proposed mechanisms
underlying the interaction between the ELF-MF (50 Hz, 1 mT) and the
neuronal cell system. Pathway (1): ELF-MF triggers redox imbalance by
increasing ROS generation, depleting the thiols pool and stimulating
protein carbonylation [ref. 15]. Pathway (2): ELF-MF stimulates
cytosine hyper-methylation in the miR-34b/c cluster gene promoter thus
inhibiting miR expression; miR-34 impairment drives SNCA stimulation

and affects the redox balance likely through the regulation the genes
controlling mitochondria function. The stimulation of the SNCA
expression also depends on the ELF-driven oxidative stress. Solid lines
represent what demonstrated in the paper by experimental data; dashed
lines show potential molecular pathways to be further experimentally
validated.
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miR-34b/c depletion in DAergic SH-SY5Y cells triggered an
altered mitochondria function and dynamics, which resulted
in oxidative stress [30]. However, this study, similarly tomany
others published in this field, failed so far to provide a
reasonable mechanism linking radiations and oxidative stress,
taking for granted that ROS are produced downstream of any
still undefined effects produced by electromagnetic fields. In
this study, we provide evidence supporting the hypothesis in
which oxidative stress is a consequence of the ELF-induced
miR-34b/c decrease. Our data show that miR-34b/c decrement
contributes to redox imbalance, as the administration of
exogenous miR mimic molecules helped recovering oxida-
tive imbalance and mitochondria dysfunction caused by
ELF-MFs exposure. To give strength to this new idea, in
silico prediction of putative miR-34b/c shared targets iden-
tified a mitochondrial/redox signature that might explain such
an involvement in ROS levels maintenance. Interestingly, we
found out that miR-34b might bind to and positively regulate
the Nox-1 mRNA, encoding the NADPH oxidase (NOX) 1, an
enzyme belonging to the NOXs family that specifically
generates superoxide anion. According to this hypothesis,
the ROS-generating ability elicited by ELF-MFs in neurons
may be attributable to the stimulation of NOX-1 via miR-34b
silencing. There is a growing evidence that NOX members can
be upregulated by a variety of neurodegenerative factors and
that pharmacological inhibition of NADPH oxidase enzymes
are neuroprotective [85]. Along this line of reasoning, ELF-
MFs could represent a detrimental agent through their ability
to stimulate the NOX family. It has been reported that admin-
istration of diphenyleneiodonium (DPI), a specific inhibitor for
the NADPH oxidases, prevents MF-driven pro-oxidant effect
in monocytes and human amniotic epithelial cells, this strongly
suggesting that ELF-MFs exposure might induce ROS produc-
tion via the activation of the NADH oxidase [86, 87].

In silico screening of human miR-34b/c putative targets
also highlighted the enrichment in many different genes
underlying neuronal functions, including Bdnf (Brain-derived
neutrophic factor), Nos1 (neuronal nitric oxide synthase 1),
Park2, and Park1/Snca, the last being already demonstrated
as a miR-34b/c target in SH-SY5Y neuroblastoma cells [32].
Results shown in this paper provide useful and novel
information in terms of biological functions of miR-34/snca
association in response to non-ionizing radiations. SNCA is a
protein implicated in the aetiopathogenesis of PD and inhibits
neurotransmitter release when overexpressed [29, 88].
Surprisingly, although mouse 5’UTR of the Snca mRNA does
not contain any miR-34b/c putative binding site, we found that
its expression was stimulated by the ELF-MF exposure in
PCNs. Therefore, the stimulation of SNCA expression by 50-
Hz MF implies both a redox and an epigenetic component in
our in vitro experimental models. The exposure to the ELF-MF
also drives a slight but significant change in the percentage of
intracytoplasmic SNCA aggregates—a typical biomarker in

PD phenotype—thus indicating that ELF exposure can
stimulate SNCA protein increase and promote its aggregation
in vitro. Future studies might help identify whether other Park
genes are deregulated by ELF exposure, to investigate the
ability of the 50-Hz MFs to drive neurons toward a PD-like
phenotype by other mechanisms. Most park genes display a
direct or indirect impact on the oxidative stress, mitochondria
integrity and function [89, 90] and might be thus additional
mediators of the ELF-driven biological effect in neuronal cells.

Overall, our data support the hypothesis that the prolonged
exposure to the ELF-MFs in SH-SY5Yand in primary mouse
neuronal cultures, although not able to commit per se neuronal
cells to death, can promote a set of molecular events (e.g., tune
the intracellular biochemical and epigenetic balance) that
might progressively boost neurons toward a degenerative
phenotype. The molecular alterations induced by 50-Hz-MFs
resemble some typical PD molecular damages, such as oxida-
tive imbalance, thiols depletion and protein carbonylation
[15], as much as the miR-34 epigenetic deregulation and
SNCA stimulation (Fig. 6), all these suggesting a pathogenic
role of ELF-MFs in PD predisposition and onset. Albeit our
findings identified a redox-epigenetic axis in response to ELF
toward neuro-degeneration, they are all performed on in vitro
experimental models; they can therefore help shade light on
the pathways tuned by radiations and open the way to future
validation in animal models where the neuro-degenerative
potential of the 50-Hz MF can be assessed in the central
nervous system.
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