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ABSTRACT

Extremely low-frequency electromagnetic fields (ELF-MF) can modify the cell viability and regulatory processes
of some cell types, including breast cancer cells. Breast cancer is a multifactorial disease where a role for ELF-MF
cannot be excluded. ELF-MF may influence the biological properties of breast cells through molecular mecha-
nisms and signaling pathways that are still unclear. This study analyzed the changes in the cell viability, cellular
morphology, oxidative stress response and alteration of proteomic profile in breast cancer cells (MDA-MB-231)
exposed to ELF-MF (50 Hz, 1 mT for 4 h). Non-tumorigenic human breast cells (MCF-10A) were used as control
cells. Exposed MDA-MB-231 breast cancer cells increased their viability and live cell number and showed a
higher density and length of filopodia compared with the unexposed cells. In addition, ELF-MF induced an in-
crease of the mitochondrial ROS levels and an alteration of mitochondrial morphology. Proteomic data analysis
showed that ELF-MF altered the expression of 328 proteins in MDA-MB-231 cells and of 242 proteins in MCF-10A
cells. Gene Ontology term enrichment analysis demonstrated that in both cell lines ELF-MF exposure up-
regulated the genes enriched in “focal adhesion” and “mitochondrion”. The ELF-MF exposure decreased the
adhesive properties of MDA-MB-231 cells and increased the migration and invasion cell abilities. At the same
time, proteomic analysis, confirmed by Real Time PCR, revealed that transcription factors associated with
cellular reprogramming were upregulated in MDA-MB-231 cells and downregulated in MCF-10A cells after ELF-
MF exposure. MDA-MB-231 breast cancer cells exposed to 1 mT 50 Hz ELF-MF showed modifications in pro-
teomic profile together with changes in cell viability, cellular morphology, oxidative stress response, adhesion,
migration and invasion cell abilities. The main signaling pathways involved were relative to focal adhesion,
mitochondrion and cellular reprogramming.

1. Introduction

In recent years, biomedical researchers increasingly contribute to the
knowledge of the interactions between extremely low-frequency mag-
netic fields (ELF-MF) and the biology of human cells (Koziorowska et al.,
2017; Maes and Verschaeve, 2016; Makinistian et al., 2019). The ever
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increasing use of electricity is generating a widespread presence of
50-60 Hz ELF-MF (Tomitsch and Dechant, 2015) which raise concern
for their potential health risks (Bernard et al., 2008). Epidemiological
studies have demonstrated an association of ELF-MF exposure with
cancer, cardiovascular and neurological diseases in adults (Carpenter,
2019; Koeman et al., 2013; Mattsson and Simko, 2012; Zhang et al.,
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2016). In 1979, the earliest epidemiological analysis reported an asso-
ciation between ELF-MF exposure and the increased risk of childhood
leukemia (Wertheimer and Leeper, 1979). In 2002, ELF-MF were clas-
sified by the World Health Organization’s International Agency for
Research on Cancer (IARC) as possible carcinogens for humans (cate-
gory 2B) (IARC, 2002). Successive epidemiological surveys and in vivo
and in vitro studies have evaluated the carcinogenicity of ELF-MF
exposure (Bernard et al., 2008; Nanez-Enriquez et al., 2020). ELF-MF
do not have a direct role in carcinogenesis, but they contribute
altering cellular homeostasis. (Carpenter, 2019; Lee et al., 2012; Maffei,
2022). To date, ELF-MF have been shown to alter some cell functions
such as redox homeostasis, proliferation, differentiation, and adhesion
(Baek et al., 2014; Du et al., 2014; Nezamtaheri et al., 2022; Ross, 2017;
Sulpizio et al., 2011; Wolf et al., 2005), but the molecular mechanism
regulating the pathogenic effects remains elusive.

Breast cancer development and progression are multifactorial pro-
cesses in which cellular and molecular events promote unrestrained cell
proliferation and an alteration of cell functions and cell morphology
(Feng et al., 2018). Cell differentiation, migration, and adhesion have a
crucial role in physiological development and disease-related processes,
including carcinogenesis. The reprogramming of normal breast cells into
cancer cells and the maintenance of the tumor phenotype have been
associated with the epigenetic dysregulation and overexpression of
pluripotency factors (Giorgi and Del Re, 2021; Taurin and Alkhalifa,
2020). Notably, pluripotency in terminally differentiated breast cancer
cells can be reestablished through the expression of transcription factors
to induce the transition to breast cancer stem cells (Corominas-Faja
et al., 2013; Lieblein et al., 2008; Tiwari et al., 2013). Focal adhesion,
which plays a pivotal role in cancer cell mobility and invasiveness (Luo
and Guan, 2010), is controlled by a multiprotein complex that links the
actin cytoskeleton to the extracellular matrix. Breast cancer cells have
altered focal adhesion dynamics (Chan et al., 2009; Wu et al., 2020).
ELF-MF exposure may enhance and/or activate molecular pathways
involved in breast carcinogenesis and cancer progression (Carpenter,
2019; Masoudi-Khoram and Abdolmaleki, 2022).

In this work, we used proteome profiling to identify homology and/
or differences in protein expression patterns in MDA-MB-231 triple-
negative human breast cancer cells and MCF-10A normal human breast
cells exposed to ELF-MF (50 Hz, 1 mT for 4 h). Among the proteins
showing differential expression in the two cell lines, Gene Ontology
(GO) term enrichment analysis demonstrated key factors belonging to
“focal adhesion” and “mitochondrion”. In addition, the breast cancer
cell line showed up-regulation of reprogramming factors.

2. Materials and methods
2.1. Cell lines

MDA-MB-231 triple-negative breast cancer cells and MCF-10A
normal human breast epithelial cells (non-tumorigenic) were obtained
from the Experimental Zooprophylaxis Institute of Lombardia and
Emilia Romagna (Brescia, Italy). MDA-MB-231 breast cancer cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Euroclone,
Pero, Italy), supplemented with 10% fetal bovine serum (FBS, Euro-
clone); and 2 mM L-glutamine (Euroclone) and penicillin/streptomycin
(1:100, Euroclone). MCF-10A cells were maintained in DMEM/F12
medium with L-glutamine (Euroclone) and 5% horse serum (Thermo
Fisher Scientific, Milano, Italy), 20 ng/ml epidermal growth factor, 0.5
ug/ml hydrocortisone, 100 ng/ml cholera toxin, 10 ug/ml insulin (all
reagents were purchased from Merck KGaA Darmstadt, Germany), and
penicillin/streptomycin (1:100) (Thermo Fisher Scientific). Both cell
lines were cultured at a 37.0 °C in a 5% CO», 90% humidified incubator
and the medium was changed every 3 days.
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2.2. Electromagnetic field exposure

A square Helmholtz coil was used to generate 50 Hz ELF-MF, using a
magnetic flux density of 1 mT. The exposure system was self-designed
and built for use inside a cell incubator. Considering the thermal insu-
lation of the incubator, the coil was designed to prevent dissipation of
the electric power exceeding 8 W. The dimensions (inner coil sides, 34
x34 cm) and the distances between the two solenoids (19.5 cm) were
taken from the simulations and tests reported in literature (Abbott,
2015). The 50 Hz 1 mT ELF-MF produced by the generator in the
incubator was verified with a professional ELF-MF analyzer (EFA-300,
Wandel & Goltermann, Germany). After seeding, MDA-MB-231 and
MCF-10A cells were placed between the coils in the incubator (37.0 +
0.1 °C and 5% CO5). The unexposed control cells were placed in another
incubator and were not exposed to ELF-MF (50 Hz ELF-MF generated by
the incubator was 0.792 uT). After 4 h, the exposed cells were placed
into the same incubator as the unexposed cells. All cell groups were
analyzed 4 days from seeding. To exclude any changes in microenvi-
ronmental temperature, the temperature was constantly measured
during the experiment with a Thermochron iButton DS1922L analyzer
(Maxim Integrated Products, San Jose, CA, USA).

2.3. Trypan blue assay

For the trypan blue assay, MDA-MB-231 and MCF-10A cells were
plated in 6-well plates (Costar, Corning Inc., Corning, NY, USA) at a
seeding density of 8 x 10* cells/well, and were exposed to 50 Hz, 1 mT
ELF-MF. The live/dead assay was performed after 96 h of exposure using
0.4% trypan blue (1:1; Thermo Fisher Scientific). The number of live and
dead cells was obtained using a Countess Automated Cell Counter
(Thermo Fisher Scientific). Cells were observed prior to the trypsin
treatment and photographed under an inverted microscope (Leitz
Fluovert; Leica Microsystems Inc., Germany) equipped with a digital
camera (Canon EOS M50; Canon Inc., Japan). The experiment was
performed in triplicate and repeated three times.

2.4. Cell viability assay

Cell viability was tested using cell titer-blue cell viability assay,
following the manufacturer’s recommendations (Promega, Milano,
Italy). Briefly, 1 x 103 MDA-MB-231 and 1 x 10% MCF-10A cells were
seeded in 96-well plates (Costar), exposed to 50 Hz, 1 mT ELF-MF for 4
h, and subsequently placed in an incubator (37 °C, 5% CO5 humidified
incubator) for 96 h, unexposed cells were used as a control. 20 pl cell of
titer-blue was added to each well after 4 h of incubation and fluores-
cence intensity was analyzed using a microplate ELISA reader (Sunrise;
Tecan Group Ltd., Mannedorf, Switzerland) with a 535/25 Ex and 590/
20 Em filter set. The experiment was performed in triplicate and
repeated three times.

2.5. Phalloidin staining

For phalloidin staining, MDA-MB-231 and MCF-10A cells were
seeded on chamber slides and exposed to 50 Hz, 1 mT ELF-MF for 4 h.
Then, exposed and control cells were cultured for 96 h. Subsequently,
cells were fixed using 4% paraformaldehyde solution in PBS (phosphate
buffered saline) for 30 min and permeabilized with 0.1% Triton X-100 in
PBS for 20 min at room temperature. TRITC-labeled phalloidin (Merck
KGaA) was used to stain cells, according to the manufacturer’s protocol.
Vectashield mounting medium was added to slides (Vector Laboratories,
Burlingame, CA, USA) and the cells were analyzed under a fluorescence
microscope (Zeiss AX10 Imager, Carl Zeiss Inc., Germany) equipped
with a FL-20 low noise CMOS camera (Axiom Optics Inc., Somerville,
MA, USA). The length and number of filopodia and filopodia-like
structures from microscopy images of phalloidin stained cells were
detected and measured using the Single image FiloQuant plugin for the
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ImageJ software (ver. 2.1.0/1.53c) (Jacquemet et al., 2019, 2017).
Filopodia density was defined as a ratio of the number of detected
filopodia to the number of cells in each image. Each assay was per-
formed in triplicate and repeated three times.

2.6. Apoptosis assay

Necrosis, early and late apoptotic rate were evaluated using the
Apoptosis detection kit (eBioscience, Thermo Fisher Scientific), ac-
cording to the supplier’s instructions. Briefly, after 96 h from seeding,
unexposed (CTRL) and ELF-MF exposed cells were harvested and then
fixed and dual stained with Annexin V and propidium iodide. About
20,000 cells were analyzed for each sample using a FACSCalibur flow
cytometer (BD Biosciences, Allschwil, Switzerland) equipped with Cell
Quest software set on a logarithmic scale (BD Biosciences, San Jose, CA,
USA). Data analysis was performed using FlowJo 10.7.2. software (BD
Biosciences). Each assay was performed in triplicate and repeated three
times.

2.7. Transmission electron microscopy (TEM)

MDA-MB-231 and MCF-10A breast cells were plated on ACLAR film
(Ted Pella, CA, USA) at seeding density of 1 x 10°/cm?. Unexposed and
ELF-MF exposed cells were fixed in glutaraldehyde 2.5% in phosphate
buffer pH 7.4 for 1 h at room temperature and subsequently overnight at
4 °C. Cells were washed in buffer and post-fixed in osmium tetroxide
0.5% for one hour. All samples were dehydrated with acetone series and
flat embedded in Luft epoxy resin using a polystyrene capsule. Once the
resin hardened, ACLAR was peeled off and ultrathin sections (50 nm)
were cut then stained using lead citrate, then imaged at 80 kV in a
Philips CM10 electron microscope (FEI, Hillsboro, Oregon, USA). The
experiment was performed in triplicate and repeated three times.

2.8. ROS measurement

Cells, at a density of 5 x 10° cells/well, were plated in 96-well black
plate (Corning, Glendale, Arizona, USA) and exposed to ELF-MF for 4 h.
After 96 h, exposed (ELF-MF) and unexposed cells (CTRL) were stained
with 2.5 pM of MitoSOX red (Thermo Fisher Scientific) at 37 °C for 20
min to measure mitochondrial ROS levels. After 3X washing with HBSS
(Thermo Fisher Scientific), fluorescence at excitation/emission wave-
lengths of 535 + 25/590 + 20 nm was measured using a microplate
reader (Sunrise; Tecan Group Ltd). All measurements were normalized
for the number of cells, quantified using Hoechst 33342 DNA-binding
dye (Thermo Fisher Scientific) and measuring fluorescence at excita-
tion/emission wavelengths of 340 + 35/465 + 35 nm. Antimycin A
(Merck KGaA) was used as a positive control at 25 pM (final concen-
tration) for 30 min at 37.0 + 0.1 °C and 5% CO2. The experiment was
performed in triplicate and repeated three times.

2.9. Protein extraction, protein digestion and peptide preparation for
Mass Spectrometry analysis

For protein extraction, MDA-MB-231 and MCF-10A cells were seeded
in 6 wells (2 x10° cells/well) and exposed to 50 Hz, 1 mT ELF-MF for 4
h. After 96 h of incubation, cells were washed with 1x PBS and Urea
buffer 8 M-Tris 100 mM HCL (150 ul/well in a 6-well plate) was used to
scrape them. Lysates were incubated 30 min on ice vortexing every 10
min. Samples were centrifuged (Eppendorf® Microcentrifuge 5415,
Eppendorf, Hamburg, Germany; Merck KGaA) at 16,000 x g for 20 min
at 4 °C. Protein concentrations were measured using a Bradford assay
(Merck KGaA). About 25 g of protein per sample was resuspended in 8
M Urea 10 mM Tris-HCI buffer. The samples were reduced by TCEP and
then alkylated using chloroacetamide (Kulak et al., 2014). Peptides were
digested by Lys-C and trypsin, desalted in a C18 Stage Tip (Thermo
Fisher Scientific) and resuspended in 20 pl Solvent A (2% acetonitrile,
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0.1% formic acid).

2.9.1. Mass spectrometry analysis and proteins quantification

Label-free quantification method achieves high-proteome coverage
and provides high dynamic range of quantification for large-scale pro-
teome analysis despite it does not use a stable isotope for chemical
binding and labeling of proteins. This is a robust and reliable method for
relative quantitation of proteins from a complex biological sample
(Mittal et al., 2020). An LC-ESI-MS-MS quadrupole Orbitrap Q-Exactive
HF mass spectrometer (Thermo Fisher Scientific) was used to analyze 5
ul of each sample as technical replicates. Peptides separation was ach-
ieved on a linear gradient from 95% solvent A to 30% solvent B (80%
acetonitrile, 0.1% formic acid) over 210 min, from 30% to 60% Solvent
B in 20 min and from 60% to 100% Solvent B in 2 min at a flow rate of
0.25 pl/min on a UHPLC Easy-nLC 1000 apparatus (Thermo Fisher
Scientific) connected to a 23-cm fused-silica emitter of 75 um inner
diameter (New Objective, Inc. Woburn, MA, USA), packed in-house with
ReproSil-Pur C18-AQ 1.9 um beads (Dr Maisch Gmbh, Ammerbuch,
Germany) using a high-pressure bomb loader (Proxeon, Odense,
Denmark) (Rappsilber et al., 2003). For MS spectra (300-1650 Th) the
resolution was 60,000 AGC target 3e6, and IT 20 ms. For HCD spectra,
the resolution was 15,000 at m/z 200, AGC target 1e5, IT 80 ms, NCE
28% and isolation width 2.0 m/z. MaxQuant version 1.5.2.8 was used to
process the raw data (Cox and Mann, 2008). The Andromeda search
engine was used to identify peptides from the MS-MS spectra searched
against the uniprot_cp_Homo Sapiens (98036 entries) (Cox et al., 2011).
The mass deviation was set at 5 ppm for MS and at 20 ppm for MS-MS
peaks. Peptide and protein false discovery rates (FDRs) were set at 0.01
and 6 amino acids was the minimal length for a peptide. Reverse hits and
known contaminants were removed from the lists of proteins. Label-free
analysis was carried out using the intensity values normalized across the
entire dataset, a minimum ratio count of 2 and a ‘match between runs’
option.

The protein levels of the ELF-MF exposed and control samples of each
cell line were analyzed using the Perseus software platform in the
MaxQuant environment (http://www.coxdocs.org) with a P-value of
0.05 following the steps described by Tyanova et al. (Tyanova and Cox,
2018; Tyanova et al., 2016). Missing values were replaced by random
numbers drawn from a normal distribution by the function ‘imputation’
(width 0.3, down shift 1.8, separately for each column). Hierarchical
clustering was set with the following parameters: distance, Euclidean;
linkage, average; number of clusters, 300, for both row and column tree
dendrograms.

Additionally, the Linear Discriminant Analysis Effect Size tool
(LEfSe; https://huttenhower.sph.harvard.edu/lefse/) was used to detect
the significantly different relative abundances of proteins after ELF-MF
exposure in each cell line. We used the default settings: « = 0.05 and
LDA score > 2 (Segata et al., 2011).

2.9.2. Bioinformatics analysis. Functional enrichment analyses

Each differentially expressed protein identified by the analysis was
assigned to the respective human official NCBI Gene Symbol identifier.
The gene symbols were then submitted to the WebGestalt (version 2019)
(http://webgestalt.org) and Enrichr (https://maayanlab.cloud/Enrich
/) web tools. The two tools were used for gene list enrichment anal-
ysis to elucidate the underlying molecular mechanisms altered by ELF-
MEF. In particular, statistical enrichment of the GO term (sections “Bio-
logical Process”, “Molecular Function”, and “Cellular Component”,
release Jan. 2019 and Kyoto Encyclopedia of Genes and Genomes
[KEGG, release 88.2, Nov. 2018]) pathway database was assessed by
submitting the gene lists to WebGestalt. Enrichr was requested to
identify enriched transcription factors (module “ENCODE and ChEA
Consensus TFs from ChIP-X”). Up- and downregulated genes were sub-
mitted separately to the web tools: although all differentially expressed
genes/proteins can be analyzed together, several recent studies have
suggested that separate analysis of the lists of up- and downregulated


https://huttenhower.sph.harvard.edu/lefse/
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/

R. Lazzarini et al.

genes yields more accurate results (Hong et al., 2014; Razavi et al.,
2017). Statistically significant terms were selected for further analysis if
they reached an adjusted p-value < 0.05, according to the
Benjamini-Hochberg correction for multiple hypothesis testing.

2.10. Adhesion assay

For the adhesion assay ELF-MF exposed and unexposed cells were
trypsinized and the number of live cells was calculated using a Countess
Automated Cell Counter (Thermo Fisher Scientific). The plates were
rinsed and blocked with 10 mg/ml heat denatured BSA (Bovine Serum
Albumine, Merck KGaA) for 30 min at room temperature. Cells were
plated, at a density of 2 x 10* to each well, and incubated for 1 h at
37.0 °C in a 5% CO5 incubator. Cells were washed with PBS and fixed
with ice cold 70% ethanol at 4 °C for 10 min. The cell staining was
performed using 0.2% crystal violet for 15 min. Cells were eluted with
10% acetic acid in an orbital shaker for 5 min at room temperature.
Absorbance was measured at 570 nm using a microplate reader (Sunrise;
Tecan Group Ltd). The experiment was performed in triplicate and
repeated three times.

2.11. Transwell migration and invasion assays

Transwell chambers (96-well, 8 um pore size, Corning Incorporated,
Corning, NY, USA) were used to perform both cell migration and inva-
sion assays. Normal breast cells and cancer cells exposed and unexposed
to ELF-MF were treated with trypsin and live cells number were obtained
by a Countess Automated Cell Counter (Thermo Fisher Scientific). For
the migration and invasion assays 2 x 10* cells were seeded into the
upper chamber of the Transwell, using serum free medium. Culture
medium supplemented with 10% FBS (used as a chemoattractant), was
added in the lower chamber. After 48 h, cotton swabs were used to
remove non-migrated and non-invaded cells on the upper side of the
membrane. Migrated and invaded cells were fixed with ice cold 70%
ethanol at 4 °C for 10 min and stained with 0.2% crystal violet (Merck
KGaA) for 15 min. Cells were counted in five selected fields using a Zeiss
AX10 Imager microscope (Carl Zeiss Inc.). The results are reported as a
mean cell number per membrane. For the invasion assay, 2 x 10* cells
were seeded into GelTrex (Thermo Fisher Scientific) coated Transwell
inserts. The time for the invasion assay was 48 h and cells were fixed,
stained, and analyzed as described above. The experiments were per-
formed in triplicate and repeated three times.

2.12. Total RNA extraction

To isolate total RNA, approximately 2.5 x 10° cells of each sample
(MDA-MB-231 and MCF-10A cells exposed/not exposed to ELF-MF)
were processed with RNeasy Mini Kit (Qiagen, GmbH, Hilden, Ger-
many) following the manufacturer’s protocol. RNA quantity and quality
were measured using a NanoDrop One spectrophotometer (NanoDrop
Technologies Inc., Wilmington, DE, USA). RNA was stored at — 80 °C
until use, and 500 ng of total RNA obtained from each sample was
reverse-transcribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific), according to the manufacturer’s
instructions.

2.13. Quantitative Real Time-PCR (qRT-PCR)

Quantitative real-time PCR (qRT-PCR) analysis was performed using
a Master Cycle instrument (Eppendorf). Syber Select Master Mix
(Thermo Fisher Scientific) and Fluocyclell master Mix for probes
(Euroclone) were used. Syber green real time PCR analysis was set up to
analyze the expression levels of KLF4 gene. GAPDH gene, commonly
used as a reference gene expression level, was used for data normali-
zation, the primer sequences are listed in Table 1. The amplification of
Human STAT3, BCLAF1, NR2C2, UBTF, USF1, CEBPD, ZMIM1, CHD1
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Table 1
Oligonucleotide sequences designed for target and reference gene.

Genes Primer Forward Primer Reverse

(5'->3") (5'->3")
KLF4 CCCACACAGGTGAGAAACCT ATGTGTAAGGCGAGGTGGTC
GAPDH’ AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

KLF4=Kruppel-like factor 4; GAPDH=Glyceraldehyde-3-Phosphate Dehydroge-
nase.
1 Reference gene.

and GAPDH mRNA was performed using the TagMan primer and probe
set (Thermo Fisher Scientific). The experiments were performed in
triplicate and repeated three times.

In each sample, the mRNA expression level of target genes was
quantified with the 2mAAC (fold change) method: AACt = ACt (CTRL) —
ACt (ELF-MF); a fold-change > 2 is considered as cut-off for the suc-
cessive statistical analysis (Dalman et al., 2012; Livak and Schmittgen,
2001).

2.14. Statistics

Student t-test for independent samples was applied to determine the
significance of the changes detected between ELF-MF exposed and un-
exposed groups. The results are reported as mean + SD. Values were
expressed in % versus CTRL when they are relative to fluorescence or
optical density. Statistical analyses were performed using SPSS 19.0
(SPSS Inc., Chicago, IL, USA). P-values < 0.05 were considered
significant.

3. Results

3.1. Effects of ELF-MF exposure on breast cancer cell viability and
morphology

Following ELF-MF treatment, the number of live cells was signifi-
cantly reduced in exposed cells compared with unexposed MCF-10A
breast cells (respectively 3.2 x10° live/0.3 x10° dead cells and 2.4
x10° live/0.4 x10° dead cells) (Fig. 1A). Conversely, exposed MDA-MB-
231 breast cancer cells showed a significant increase in live cells but no
significant change in the number of dead cells compared with control
samples (9.7 x10° live/1.3 x10° dead cells and 13.1 x10° live/1.6 x10°
dead cells, respectively) (Fig. 1A).

There was not statistically any difference in cell viability between
exposed and control MCF-10A cells (101% and 100%, respectively)
(Fig. 1B), whereas exposed MDA-MB-231 cells exhibited a significant
increase in viable cells compared with their unexposed counterparts
(137% and 100%, respectively) (Fig. 1B). The cells density studied at the
optical microscope was reduced in exposed MCF-10A compared with
unexposed cells (Fig. 1C), as well as the exposed MDA-MB-231 breast
cancer cells were denser compared with their control group (Fig. 1C).

Actin microfilament distribution or morphology were studied using
Phalloidin staining. In MCF-10A exposed cells there were no substantial
differences versus unexposed ones, whereas MDA-MB-231 exposed cells
showed increased F-actin organization, F-actin marginalization from the
center toward the plasma membrane, and a greater number of pseudo-
podia compared with controls (Fig. 1D). Filopodia length and density
were significantly increased in ELF-MF-exposed MDA-MB-231 breast
cancer cells. ELF-MF did not have an effect on the filopodia length and
density in MCF-10A breast cells (Fig. 1E).

3.2. ELF-MF exposure induced necrosis in normal breast cells but not in
breast cancer cells

Flow cytometry analysis revealed that ELF-MF was able to induce
necrosis in MCF-10A breast cells, without any alteration in the early or
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Fig. 1. Changes in live MCF-10A and MDA-MB-231 cell number, viability, and morphology after ELF-MF exposure. All the experiments were independently repeated
three times. A, Number of live/dead cells in unexposed (CTRL) and ELF-MF-exposed MCF-10A (top, *P = 0.018) and MDA-MB-231 (bottom, *P = 0.001) cells as
determined by the trypan blue assay. Data are mean =+ SD. B, Viability of ELF-MF-exposed MCF-10A and MDA-MB-231 (*P = 0.002) cells, calculated as a proportion
of unexposed cells. Data are mean + SD. C, Representative images obtained with an inverted microscope showing cell density in unexposed and ELF-MF-exposed
MCF-10A cells and unexposed and ELF-MF-exposed MDA-MB-231 cells (scale bar 50 pm). D, Representative images of morphological changes in unexposed and
ELF-MF-exposed MCF-10A and unexposed and ELF-MF-exposed MDA-MB-231 cells using TRITC-labeled phalloidin immunostaining (scale bar 50 um). E, Filopodia
length and density in unexposed and ELF-MF-exposed MCF-10A and MDA-MB-231 cells (bottom left, *P = 0.041; bottom right, *P = 0.043). Data are mean + SD and

were reported as % versus control (CTRL, 100%).

late apoptosis rate (Figs. 2A and 2C). In contrast, ELF-MF exposure does
not induce necrosis and/or apoptosis in MDA-MB-231 cells (Figs. 2B and
2D).

3.3. Mitochondrial morphology and mitochondrial ROS production
alteration in normal breast cells and cancer breast cells after ELF-MF
exposure

Analysis of cell ultrastructure using transmission electron micro-
scopy revealed a prominent effect of ELF-MF in mitochondria
morphology (Figs. 3A and 3B). In both cell lines the alteration in
mitochondria was very similar. Mitochondria of ELF-MF treated cells

were consistently larger than controls, the cristae appear to be sparser
and the matrix less electron dense compared to the untreated cells.
Frequently the mitochondria of ELF-MF treated cells show dilation and
loss of matrix. Mitochondrial dysfunctions were often associated with an
increased level of mitochondrial ROS, thus we measured mitochondrial
reactive oxygen species using MitoSOX fluorescent dye. The results
showed that ELF-MF significantly increase the mitochondrial reactive
oxygen species production in both MCF-10A and MDA-MB-231 cells,
compared to the unexposed cells (Fig. 3C).
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Fig. 2. Mechanism of cell death induced by ELF-MF in MCF-10A and MDA-MB-231 breast cells. MCF-10A A, and MDA-MB-231 B, cells exposed to ELF-MF were
analyzed by flow cytometry using Annexin V and propidium iodide (PI). Representative histograms derived from flow cytometry analysis reported the % of early and
late apoptosis and necrosis induced by ELF-MF in MCF10-A C, and MDA-MB-231 D, cells. Unexposed cells were used as a control (CTRL). Data were expressed as a

mean+SD from three independent experiments. *P = 0.022 versus control.

3.4. Identification of differentially expressed proteins in ELF-MF treated
breast cell lines

Proteome profiling enabled more than 2600 proteins in each cell line
to be identified. Shared proteins were 58% (1553/2687) in control and
ELF-MF-exposed MCF-10A cells and 53% (1392/2607) in control and
ELF-MF-exposed MDA-MB-231 breast cancer cells. The Venn diagram in
Fig. 4A shows the intersection of the proteins identified in each group.
Hierarchical cluster analysis of protein expression demonstrated a clear
separation between exposed and control samples in both cell lines
(Fig. 4B). Comparison of control and exposed MCF-10A cells highlighted
242 differentially expressed proteins (FDR p < 0.05), whereas compar-
ison of control and exposed MDA-MB-231 cells found 328 differentially
expressed proteins (FoldChange > 2, FDR p < 0.05). In exposed MCF-
10A cells, 53 of the proteins showing differential expression were
upregulated whereas 189 were downregulated. In exposed MDA-MB-
231 cells, 242 proteins showing differential expression were upregu-
lated and 86 were downregulated (Fig. 4B). The upregulated and
downregulated proteins in MCF-10A and MDA-MB-231 cells were listed
in Table S1 (MCF-10A) and Table S2 (MDA-MB-231) of Supplementary
material.

GO term enrichment analysis using WebGestalt disclosed that in
exposed MCF-10A cells the upregulated genes were significantly
enriched in “splicing”, “intracellular protein transport” and “ribonu-
cleoprotein complex”, whereas the downregulated genes were mainly
enriched in “focal adhesion”, “mitochondrion”, “ribosome,

”ribonucleoprotein complex”, and “intracellular transport” (Fig. 4C). In
MDA-MB-231 breast cancer cells, ELF-MF exposure resulted in upregu-
lation of genes significantly (adjusted p < 0.05) enriched in “focal
adhesion”, “mitochondrion”, “ribosome”, “ribonucleoprotein complex™
and “intracellular transport”, whereas the downregulated genes were
involved in “ribonucleoprotein complex”, “splicing” and “ribosome”
(Fig. 4C).

Notably, the GO term “focal adhesion” was consistently upregulated
in ELF-MF-exposed MDA-MB-231 breast cancer cells and downregulated
in ELF-MF-exposed MCF-10A cells (Fig. 4C). Moreover, results con-
taining the term “splicing” were found in downregulated genes in MDA-
MB-231 breast cancer cells and in upregulated genes in MCF-10A cells
(Fig. 4C). ITGA6 (Integrinalpha-6), GNB2 (guanine nucleotide-binding
protein G(I)/G(S)/G(T) subunit beta-2) and RPS14 (ribosomal protein
S14), belonging to the “focal adhesion” cellular component, were
upregulated in exposed MDA-MB-231 breast cancer cells, and down-
regulated in exposed MCF-10A cells. As regards “mitochondrion”,
ECHS1 (Enoyl-CoA hydratase), MAVS (mitochondrial anti-viral
signaling protein), OGDH (2-oxoglutarate dehydrogenase), PCK2
(phosphoenolpyruvate carboxykinase [GTP]), PPA2 (inorganic pyro-
phosphatase 2), SFXN1 (sideroflexin-1), TIMMS8A (mitochondrial import
inner membrane translocase subunit Tim8 A), TOMM22 (mitochondrial
import receptor subunit TOMM22 homolog), and TUFM (elongation
factor Tu) were upregulated in exposed MDA-MB-231 cells and down-
regulated in exposed MCF10-A cells. Significantly differentially
expressed proteins were also identified by Linear discriminant analysis



R. Lazzarini et al.

Ecotoxicology and Environmental Safety 253 (2023) 114650

C 350 - .
MitoSOX
300 -
> B CTRL MELF-MF 4 Antimycin A
Z o~ 250 -
5%
E 5 200 -
S @
s 4 .
2 ]
% 5 150 .
o
E < 100 -
=
50 -
0 -
MCF-10A MDA-MB-231

Fig. 3. Ultrastructure of cells exposed to ELF-MF and mitochondrial superoxide production using MitoSOX RED fluorescent dye. A, MCF-10A and B, MDA-MB-231
cell monolayers imaged at the transmission electron microscope. Overall cell shape and size are not apparently altered by the treatment as shown in the upper panel
at low magnification. At higher magnification (lower panels) both cell lines show an enlargement of mitochondria (green arrows) upon ELF-MF treatment (red
arrows). Treated cells mitochondria also show vacuoles denoting abnormal function. C, Levels of mitochondrial superoxide were quantified by a plate reader, and
normalized for number of cells, quantified using Hoechst 33342 DNA-binding dye. MCF-10A and MDA-MB-231 cells treated with Antimycin A were used as a positive
control. Results were expressed in % versus the unexposed cells (CTRL), the data are reported as a mean + SD and derived from three independent experiments. MCF-

10A, *P = 0.007; MDA-MB-231, *P = 0.009.

(LDA) effect size (LEfSe) analysis. This analysis was more stringent than
that performed by Perseus, in fact fewer genes were highlighted (Sup-
plementary material, Fig. S1). In particular, the new analysis on MCF-
10A cells highlighted 50 down-regulated proteins instead of 189 in the
previous analysis, and 97 up-regulated proteins instead of 242 in MDA-
MB-231 cells. On the contrary, the number of proteins up-regulated in
MCF-10A cells and those down-regulated in MDA-MB-231 cells
remained unchanged. By performing the enrichment analysis on these
LefSe-derived lists we obtained the same pathways already shown in
Fig. 4C.

3.5. Adhesion, migration and invasion abilities of normal breast cells and
breast cancer cells altered by ELF-MF exposure

After exposure to ELF-MF, MDA-MB-231 breast cancer cells showed a
significantly lower attachment tendency to the 96 well plate surface,
compared with the unexposed MDA-MD-231 cells (CTRL) (Fig. 5A).
MCF-10A human breast epitelial cells, which are adhesion dependent for
their survival, showed no changes in adhesion after ELF-MF exposure
(Fig. 5A). The ability of cell-matrix migration and invasion was detected

using transwell assay without and with GelTrex coated insert, respec-
tively. MCF-10A cells showed a significant reduction in their migration
ability after ELF-MF exposure compared with control cells (Figs. 5B and
5C). After exposure to ELF-MF, MDA-MB-231 cells showed a significant
increase in cell invasion compared with unexposed cells (Figs. 5D and
5E).

3.6. Analysis of regulatory factors and pluripotency factor genes in ELF-
MF-exposed MDA-MB-231 breast cancer cells

To further elucidate the molecular mechanisms that could be
affected by ELF-MF exposure and explain the altered expression of the
proteins identified, we investigated the most significantly enriched
transcription factors (TFs). Use of the Enrichr webtool on differentially
expressed protein list obtained by analysis with Perseus software
allowed the identification of several significantly enriched TFs. Four of
these TFs, belonging to the pluripotency transcription factors KLF4
(Krueppel-like factor 4), STAT3 (Signal Transducer and activator of
transcription 3), BCLAF1 (Bcl2-associated transcription factor 1), and
NR2C2 (Nuclear receptor subfamily 2 group C member 2), and, were
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Fig. 4. Proteomic characterization of MCF-10A and MDA-231 cells not exposed and exposed to ELF-MF. A, The Venn diagram shows the intersection of the proteins
identified in unexposed and ELF-MF-exposed MCF-10A cells (MCF-10A CTRL and MCF-10A ELF-MF) and in unexposed and ELF-MF-exposed MDA-MB-231 cells
(MDA-MB-231 CTRL and MDA-MB-231 ELF-MF). B, Hierarchical clustering of proteins with differential expression between ELF-MF exposed and control (CTRL)
MCF-10A and MDA-MB-231 breast cells. The intensity of color represents the value of upregulation (red) or downregulation (green). ELF-MF exposed MCF-10A cells
exhibited 53 upregulated and 189 downregulated proteins compared with control cells while exposed MDA-MB-231 cells showed 242 upregulated and 86 down-
regulated proteins compared with the control cells. C, Gene Ontology term enrichment analysis using the WebGestalt tool disclosed that the genes up- and
downregulated in each exposed cell sample compared with the control cells belonged to specific GO terms. Red and green arrows indicate Gene Ontology terms

enriched in upregulated and downregulated genes.

found exclusively in the TFs lists of genes downregulated in MCF-10A
cells and upregulated in MDA-MB-231 cells,. ELF-MF exposure
induced significant down-regulation of STAT3, BCLAF1, and NR2C2
mRNA in exposed MCF-10A cells compared to control cells, without
alteration in the KLF4 gene expression (Fig. 6A). On the contrary, in
MDA-MB-231 breast cancer cells, ELF-MF exposure induced up-
regulation of pluripotency factors KLF4, STAT3, BCLAF1 and NR2C2
genes, compared to control cells (Fig. 6A).

Five TFs, UBTF (Nucleolar transcription factor 1), USF1 (Upstream
stimulatory factor 1), CEBPD (CCAAT/enhancer-binding protein delta),
ZMIZ1 (Zinc finger domain-containing protein 1), and CHD1 (Chromo-
domain-helicase-DNA-binding protein 1), were found in the TF lists of
genes upregulated in MCF-10A cells and downregulated in MDA-MB-
231 cells. The mRNA expression levels of UBTF, USF1, CEBPD, ZMIM1
and CHDI1 transcription factors, do not change between MCF-10A and
MDA-MB-231 ELF-MF exposed and unexposed cells (Fig. 6B).

The Enrichr’s predictions on the protein lists obtained from the LEfSe
confirmed NR2C2, STAT3 and USF1 as significantly enriched TFs.

4. Discussion

ELF-MF have been demonstrated to act as stressors of cellular
physiology (Bernard et al., 2008; Koeman et al., 2013; Koziorowska
et al., 2017). They can modify cell morphology and affect intracellular
mechanisms while inducing different responses in relation to cell type
(Giorgi and Del Re, 2021; Mattsson and Simko, 2014). Although it ap-
pears that ELF-MF are unable to induce DNA damage directly (Valberg
et al., 1997; Wang et al., 2019), the molecular mechanisms activated by
this exogenous stressor are still to be elucidated.

Exposure to 1 mT 50 Hz ELF-MF for 4 h reduced the proliferation
rate of MCF-10A normal human mammary epithelial cells but did not

affect the number of dead cells or cell viability compared to control
cultures. Conversely, ELF-MF exposure increased the number of prolif-
erating cells and cell viability in MDA-MB-231 breast cancer cells. Lee
et al. reported a similar effect on MCF-10A cell proliferation (Lee et al.,
2015), while Hong et al. found no differences (Hong et al., 2012).
Regarding MDA-MB-231 breast cancer cells, Masoudi-Khoram &
Abdolmaleki found a reduced cell viability and an increased apoptotic
rate of cells exposed to 50 Hz EMF at 20 mT for 3 h/day for up to four
days (Masoudi-Khoram and Abdolmaleki, 2022). Wang and al. found a
strong inhibition of MDA-MB-231 cell proliferation after a 6 h switching,
7.83 + 0.3 Hz, 1 mT ELF-MF exposure for two consecutive days, while
viability increased with increases in the applied frequency (Wang et al.,
2021). A significant increase in apoptosis and reduction of proliferation
was seen in MDA-MB-231 cells exposed to 1 Hz, 100 mT ELF-MF by
Nezamtaheri and al. (Nezamtaheri et al.,, 2022). The increase in
MDA-MB-231 cell viability obtained with our ELF-MF exposure is not in
contrast with data from other studies. Indeed, an inhibitory effect on
MDA-MB-231 cell growth was observed after ELF-MF exposures with
higher magnetic flux density and/or lower frequency than those used in
our study. It is in line with the increasing evidences that cellular growth
response is closely related to ELF-MF exposure characteristics (i.e. fre-
quency, intensity, duration, continuous or switching) (Focke et al.,
2010; Makinistian et al., 2019; Martinez et al., 2012, 2016; Nezamtaheri
et al., 2022; Wang et al., 2021).

The phalloidin staining revealed an increased organization of F-actin
only in MDA-MB-231 breast cancer cells exposed to ELF-MF. The actin
filaments are associated with cell proliferation (Tavares et al., 2017),
cellular adhesion (Dugina et al., 2019), and cell reprogramming (Guo
et al., 2014). This phenomena is in-line to similar results obtained in
other types of cells exposed to ELF-MF (Santoro et al., 1997; Shen et al.,
2016; Zhang et al., 2018). The increased filopodia length and density in
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MB-231, *P = 0.012. D and E, Transwell invasion assay: MCF-10A and MDA-MB-231 cells after exposure to ELF-MF were seeded on Transwell inserts coated with
GelTrex. Cells were fixed, stained, and counted as described above. *P = 0.001. Data and images are relative of three independent experiments. Data are reported as a

mean =+ SD.

MDA-MB-231 breast cancer cells exposed to ELF-MF suggests features of
migrating/invading cancer cells (Jacquemet et al., 2017).

The analysis of cell ultrastructure using transmission electron mi-
croscopy revealed an effect of EMF-MF in mitochondria morphology on
both breast cell lines analyzed. Mitochondria are cellular components
that respond sooner to cellular stimuli showing ultrastructural alter-
ations. Swelling of mitochondria with a dilatation of the intercristae
space is induced by hypoxia or hyposmosis (Arismendi-Morillo, 2009)
and enlarged mitochondria has been associated with aging or oxidative

stress (Duranova et al., 2020). Increased mitochondrial activity and
oxidative stress were associated to ELF-MF exposure (Luukkonen et al.,
2014; Santini et al., 2018; Zhang et al., 2017). This evidence is sup-
ported by our data, ELF-MF promoted an increase of mitochondrial
reactive oxygen species (ROS) production in both MCF-10A breast cells
and MDA-MB-231 breast cancer cells. In cancer cells, ELF-MF may
induce redox-responsive pathways, associated to proliferative or sur-
vival advantage (Falone et al., 2017).

Some studies of various cell types have found that ELF-MF can
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Fig. 6. Transcription Factors (TFs) involved in the ELF-MF response in MCF-
10A and MDA-MB-231 cells. A, mRNA differential expression of KLF4,
STAT3, BCLAF1 and NR2C2 pluripotency TFs in ELF-MF-exposed MCF-10A cells
(MCF-10A ELF-MF, STAT3 *P = 0.001, BCLAF1 and NR2C2 *P < 0.001)
compared to their controls (MCF-10A CTRL) and in ELF-MF-exposed MDA-MB-
231 cells (MDA-MB-231 ELF-MF, *P < 0.001), compared with their controls
(MDA-MB-231 CTRL). B, mRNA expression levels of UBTF, USF1, CEBPD,
ZMIM1 and CHDI1 TFs, genes expression analysis. Data are expressed as fold
change (2724CY relative to unexposed cells. Data are mean + SD and are from
three independent experiments.

modify membrane protein distribution and phosphorylation by altering
intracellular signaling pathways (Hu et al., 2001; Kapri-Pardes et al.,
2017; Park et al., 2013). These phenomena induce activation of an
altered transcription/translation of the genes that in live cells regulate a
variety of effects such as proliferation, migration, redox-responsive
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intracellular signaling, and differentiation potential (Falone et al.,
2018; Giorgi and Del Re, 2021; Guerriero and Ricevuti, 2016; Manzella
et al., 2015; Xu et al., 2020). Dysregulation of these cell properties is
known to promote carcinogenesis and cancer progression. Our study
shows that ELF-MF alter the expression of some key proteins in both
MCF-10A cells and MDA-MB-231 cancer cells. GO term enrichment
analysis showed that the molecular mechanisms implicated in the
response to ELF-MF are similar but opposite in the two cell lines. ELF-MF
downregulated “focal adhesion” and “mitochondrion” in MCF-10A cells
and upregulated them in MDA-MB-231 cancer cells.

As regards “focal adhesion”, ITGA6, GNB2 and RPS14 were down-
regulated in MCF-10A cells and upregulated in MDA-MB-231 breast
cancer cells exposed to ELF-MF. ITGA6 has been reported to play a
pivotal role in breast cancer invasion and metastasis (Brooks et al.,
2016) and to be an independent prognostic factor in estrogen
receptor-negative disease (Ali et al., 2011). The G family protein GNB2
has been implicated in the proliferation, metastasis, and response to
treatment of cutaneous melanoma (Chen et al., 2020), prostate cancer
(Zhang et al., 2019), and breast cancer (Mittal et al., 2020).

After ELF-MF exposure, ECHS, MAVS, OGDH, PCK2, PPA2, SFXN1,
TIMMS8A, TOMM22 and TUFM proteins, related to “mitochondrion” in
GO term enrichment analysis, were downregulated in MCF-10A cells
and upregulated in MDA-MB-231 breast cancer cells., which has been
implicated in the ability of metastatic breast cells to alter their meta-
bolism in response to environmental stress and to induce epithelial to
mesenchymal transition and metastasis (Simoes et al., 2015).

Transcription factors have a key role in the regulation of the physi-
ological and pathological molecular mechanisms of breast cells. In our
study, exposure to ELF-MF induced respectively up-regulation and
down-regulation of 5 TFs (UBTF, USF1, CEBPD, ZMIZ1 and CHD1) in
MCF-10A and MDA-MB-231 cells. CEBPD is involved in the inflamma-
tory response and has been reported to enhance IL6 gene transcription
(Balamurugan et al., 2019), whereas ZMIZ1 acts as a transcriptional
coactivator and has been reported to activate NOTCH1 target genes,
including C-MYC (Rakowski et al., 2013). In contrast, the expression
levels of KLF4, STAT3, BCLAF1, and NR2C2 were significantly reduced
in exposed MCF-10A cells and significantly increased in exposed
MDA-MB-231 breast cancer cells. Notably, KLF4 is a key regulator of cell
proliferation, differentiation, and transformation and takes part in
oncogenesis and breast cancer development through a complex and not
completely elucidated mechanism (Taracha-Wisniewska et al., 2020).
STAT3 has a key role in triple-negative breast cancer pathogenesis,
progression and metastasis as a signal transducer and transcription
activator capable of inducing cell survival, proliferation, and migration
(Qin et al., 2019). In this scenario, we tested the mRNA expression levels
of genes associated with pluripotency, like KLF4, STAT3, BCLAF1 and
NR2C2. Interestingly, in MDA-MB-231 cells ELF-MF exposure induced
significant up-regulation of all these genes associated with the pluripo-
tency and proliferative potential. In contrast, in MCF-10A breast cells
the expression levels of STAT3, BCLAF1 and NR2C2 were significantly
decreased.

5. Conclusions

Our findings showed several proteins and cellular targets through
which an exposure to 1 mT 50 Hz ELF-MF elicited changes in cell
biology and behavior of MDA-MB-231 breast cancer cells. The main
pathways involved were relative to focal adhesion, mitochondrion and
cellular reprogramming. Exposed MDA-MB-231 breast cancer cells
showed modifications in proteomic profile together with changes in cell
viability, cellular morphology, oxidative stress response, adhesion,
migration and invasion cell abilities. Further studies investigating in
vivo effects of 1 mT 50 Hz ELF-MF exposure on breast cells are needed.
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