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Abstract 

The effects of extremely low frequency magnetic fields (ELF-MFs) on physiological processes at the cellular level 
remain unclear despite a number of studies. To investigate the effects of ELF-MFs on gene expression, we exposed 
human mammary epithelial MCF10A cells to fields of 1 mT magnetic flux density at 60 Hz for 4 and 16 h and 
measured the transcriptional responses of 24,000 genes using Illumina microarrays. In three independent experiments, 
we found no statistically significant alteration of expression levels for any of the genes assayed using a cutoff value 
of 1.2-fold. To confirm this result, we selected six genes with trends suggesting possible expression level changes, al-
though these trends were not statistically significant, and investigated their expression levels further using a semi- 
quantitative reverse-transcription polymerase chain reaction. In three independent experiments, we did not find any alte-
rations in the expression levels of these genes. From these results, we conclude that ELF-MFs do not affect gene 
expression profiles under our exposure conditions.

Key words: Biological Effect, ELF-MF, Gene Expression, MCF10A Cells, Microarray. 

Manuscript received September 28, 2012 ; Revised October 30, 2012 ; Accepted December 4, 2012. (ID No. 20120928-020J)
†These authors contributed equally to this work.
1
Division of Radiation Cancer Research, Korea Institute of Radiological & Medical Sciences, Seoul, Korea. 

2College of Pharmacy & Division of Life Science and Pharmaceuticals, Ewha Womans University, Seoul, Korea. 
3School of Electronics and Electrical Engineering, Dankook University, Yongin, Korea. 
4
Smart Grid Research Division, Korea Electrotechnology Research Institute, Changwon, Korea.

5School of Life Sciences and Biotechnology, Korea University, Seoul, Korea.

Corresponding Author : Jae-Seon Lee (e-mail : jaeslee@kirams.re.kr)    
 

 This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Ⅰ. Introduction

Extremely low frequency magnetic fields (ELF-MFs) 

ranging from 3 to 300 Hz are generated by high-voltage 

electrical power transmission lines and secondary distri-

bution lines. Concerns are frequently raised among the 

general public regarding possible adverse health effects 

associated with ELF-MF exposure. Over the last three de-

cades, many research groups have conducted studies to 

determine the effects of ELF-MFs on biological systems. 

Epidemiological studies reported a link between the ri-

sks of various cancers, particularly childhood leukemia, 

and ELF-MF exposure [1]. Other studies suggested that 

exposure to magnetic fields (MFs) due to regular pro-

ximity to electrical power lines or occupational demands 

increased the risks of cardiovascular disease and Al-

zheimer’s disease [2], [3]. In vitro studies have shown 

that ELF-MF could influence cell proliferation and cy-

toskeletal organization, and could induce DNA damage 

through the action of free radical species [4]～[6]. Mar-

tínez et al. reported that ELF-MF could stimulate pro-

liferative activity in neuronal cells by triggering MAPK- 

ERK1/2 signaling [7]. It has been also reported that 

electromagnetic fields (EMF) transiently influence the tr-

anscript level of genes related to apoptosis and the cell 

cycle [8], [9]. However, in vitro studies failed to de-

monstrate any biological effects of ELF-MFs [10]～[13]. 

Magnetic fields have no significant effects on levels of 

stress proteins, cytoskeleton proteins, and the prolifera-

tion of astroglial cells [14]. ELF-MF has no effect on 

intracellular ROS level, SOD activity, and the ratio of 

GSH/GSSG in MCF10A cells [15]. Because of these 

apparently conflicting results, the biological effects of 

ELF-MF exposure remain an open question. 

Although the radical pair mechanism has been su-

ggested as a candidate, a fundamental mechanism of in-

teraction between ELF-MFs and biological systems has 

not been demonstrated [10]. If ELF-MF exposure could 
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modulate cellular processes such as proliferation, apop-

tosis, and differentiation, it might be mediated through 

alterations of gene expression. Altered gene expression 

could also serve as a useful biomarker for MF exposure. 

Most studies examining the response of expression 

levels to MF exposure have only looked at small num-

bers of genes [11]～[13]. High-throughput transcripto-

mics and proteomics could identify putative molecular 

targets and the possible molecular mechanisms of EMF 

exposure where previous studies of small numbers of 

genes have failed to do so [16], [17]. A microarray con-

taining the entire human transcriptome permits a much 

more thorough investigation of potential changes in tr-

anscription levels compared with classical methodologies 

[18].    

The aim of this study was to examine alterations in 

the expression profile of the human genome following 

ELF-MF exposure. We investigated the transcriptional res-

ponse of MCF10A human breast epithelial cells exposed 

to 1 mT ELF-MFs at 60 Hz using microarrays containing 

24,000 human genes.

Ⅱ. Materials and Method

2-1 Cell Culture

A MCF10A human breast epithelial cell line was 

purchased from the American Type Culture Collection 

(ATCC) (Manassas, USA). The cells were routinely ma-

intained in a 1:1 mix of DMEM and Ham’s F12 media 

(Invitrogen, Carlsbad, USA) supplemented with 5 % 

horse serum (Invitrogen), 100 μg/ml of streptomycin 

and 100 U/ml of penicillin (WelGENE, Daegu, Korea), 

11.2 μg/ml insulin (Sigma, St. Louis, USA), 21 ng/ml 

epidermal growth factor (Peprotech, Rocky Hill, USA), 

50 ng/ml cholera toxin (Sigma), and 525 ng/ml Hydro-

cortisone (Sigma) in a humidified atmosphere containing 

5 % CO2. 

2-2 Exposure System and Exposure to ELF MF

The MF generation equipment was designed and con-

structed by Korea Electrotechnology Research Institute 

as described in Hong et al. [15]. The field generator 

consists of four square-shaped coils and one cage with 

three testing floors (a top, middle, and bottom floor) as 

shown in Fig. 1(a). The voltage fluctuation rate and 

harmonic rate of power quality using power amplifier 

was under 1 %. Fixing the magnetic field at the center 

of the middle floor was 1 mT. The spatial variation of 

magnetic field was under 3 %. This strongly demon-

strates that the field generator is good for a small-sized 

in vitro study. The total ELF-MF exposure system, in- 

(a) Diagram and photo of coil system

(b) Total in vitro ELF-MF exposure system, including cell cul-
ture incubator

Fig. 1. Configuration of coil part in exposure system. 

  

 

cluding the cell culture incubator, is demonstrated in 

Fig. 1(b). The temperature of the incubator was main-
tained at 37±0.3 ℃ during the exposure period using a 

water-jet cooling system. The magnetic field shielding 
system using ferrite material was adopted to shield the 

strong magnetic field in the outer ELF-MF exposure 
system. We used two exposure systems (a sham expo-

sure system and ELF-MF exposure system) for this 
study. The ELF-MF exposure system was warmed up 

for 15 min to equilibrate it prior to exposure. Cells in 
the 100 mm Petri dish were exposed to 60 Hz at 1 mT 

intensity for 4 h or 16 h. For the sham exposure, cells 
were kept in the ELF-MF exposure system without MF 

generation. The temperature was maintained at 37±0.3 
℃ throughout the exposure period in both the sham- 

exposed and ELF-MF-exposed groups.

2-3 RNA Preparation

Total RNA was extracted using Trizol (Invitrogen Li-

fe Technologies, Carlsbad, USA) and was purified using 
RNeasy columns (Qiagen, Valencia, USA) according to 

the manufacturers’ protocol. After DNase digestion and 
clean-up procedures, RNA samples were quantified, ali-

quoted, and stored at —80 ℃ until being utilized. For 
quality control, RNA purity and integrity were evaluated 

by denaturing gel electrophoresis, and analyzed OD 
260/280 ratio using Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, USA).

2-4 Microarray Analysis

Total RNA was amplified using the Ambion Illumina 



HONG et al. : EFFECT OF EXTREMELY LOW FREQUENCY MAGNETIC FIELDS ON GENE EXPRESSION IN HUMAN MAMMARY…

273

RNA amplification kit (Ambion, Austin, USA) to yield 

biotinylated cRNA according to the manufacturer’s inst-

ructions. Briefly, 550 ng of total RNA was reverse- 

transcribed to cDNA using a T7 oligo (dT) primer. Se-

cond-strand cDNA was synthesized, in vitro transcribed, 

and labeled with biotin-NTP. After purification, cDNA 

was quantified using the ND-1000 Spectrophotometer 

(NanoDrop, Wilmington, USA) and 750 ng of labeled 

cDNA samples were hybridized to each HumanRef-8 

Expression Beadchip (Illumina Inc., San Diego, USA) 

containing more than 24,000 oligonucleotide probes for 

16～18 h at 58 ℃, according to the manufacturer's in-

structions. Detection of the array signal was accompli-

shed by using Amersham fluorolink streptavidin-Cy3 (GE 

Healthcare Bio-Sciences, Little Chalfont, UK) following 

the bead array manual. Arrays were scanned with an 

Illumina bead array reader confocal scanner (Illumina 

Inc., San Diego, USA). Array data export processing 

and analysis is performed using Illumina Genome Studio 

v2009.2 (Gene Expression Module v1.5.4).

2-5 Raw Data Preparation and Statistic Analysis

The quality of hybridization and overall chip perfor-

mance were monitored through visual inspection of both 

internal quality control checks and the raw scanned data. 

Raw data were extracted using the software provided by 

the manufacturer (Illumina GenomeStudio v2009.2; Ge-

ne Expression Module v1.5.4). Array data were filtered 

by detection p-value<0.05 (similar to signal to noise) in 

at least 50 % of the samples (we applied a filtering 

criterion for data analysis; a higher signal value was 

required to obtain a detection p-value<0.05). The se-

lected gene signal value was transformed with a lo-

garithm and normalized by applying the quantile me-

thod. The statistical significance of the expression data 

was determined using the Paired t-test in which the null 

hypothesis was that no difference exists between the 

mean of the groups used in the data pool. False dis-

covery rate (FDR) was controlled for by adjusting the 

p-value using the Benjamini-Hochberg algorithm. Go- 

ontology analysis for probe list was performed using 

PANTHER (http://www.pantherdb.org/panther/ontologies.  

jsp), using text files containing a Gene ID list, and the 

accession number of Illumina probe ID. Gene Set En-

richment Analysis (GSEA) was performed whether a 

priori defined set of genes showed a differential pattern 

between both biological process and molecular function 

states. One-tail Fisher Exact was adopted to measure the 

gene enrichment in annotation terms. Hierarchical clu-

stering was performed using complete linkage with a 

Euclidian metric. GenomeStudio v2009.2 software was 

used for quantification and image analysis of mRNA da-

ta. R scripts were used for all other analytical process.

2-6 Semi-Quantitative Reverse-Transcriptase PCR

Total RNA was used as a template for cDNA syn-

thesis with M-MLV RT utilizing the Superscript TM III 

reverse transcriptase kits (Invitrogen Life Technologies, 

Carlsbad, USA). Subsequently, PCR was performed by 

22～28 cycles. The forward and reverse primer sequ-

ence are as follows: CCNH forward 5’-CTG ACG CCA 

ACC GCA AAT TC-3’, reverse 5’-CTG GCT TAA 

ACA CCG AAC AGA A-3’; F3 forward 5’-GTG ATT 

CCC TCC CGA ACA GTT-3’, reverse 5’-CTG GCC 

CAT ACA CTC TAC CG-3’; ACTR3 forward 5’-GGA 

GTC AGC AAA AGT GGG TGA-3’, reverse 5’-GTC 

TTC AGG TTC TGC CCT TAA AT-3’; IFIT3 forward 

5’-TCA GAA GTC TAG TCA CTT GGG G-3’, reverse 

5’-ACA CCT TCG CCC TTT CAT TTC-3’; PRKAR1A 

forward 5’-GAT GGG CAG AAG ATT GTG GTG-3’, 

reverse 5’-GGA CGA TTC ATC AGT AGT GCA A-3’; 

NAE1 forward 5’-TTC ACT ACG CTT AGC AGA 

TGT CC-3’, reverse 5’-ATG GAG TAT GAC TGT G-

GT CCT T-3’; and GAPDH forward 5’-TCA GAA 

GTC TAG TCA CTT GGG G-3’, reverse 5’-ACA CCT 

TCG CCC TTT CAT TTC-3’. The primers were ob-

tained from the Bioneer Corporation (Daejeon, Korea). 

The final RT-PCR products were electrophoresed on 2.0 

% agarose gel, stained with 0.5 g/ml ethidium bromide 

solution, and visualized on a UV transilluminator (Bio- 

Rad Laboratories, Hercules, CA). In this system, PCR 

products were quantified using Gel-Doc (Bio-Rad La-

boratories, Hercules, CA).

2-7 Statistical Analysis

All values are expressed as mean±SD. The student’s 

t-test was performed with Origin 6.0 (Origin Lab, Nor-

thampton, USA). A p-value less than 0.05 was con-

sidered significant. 

Ⅲ. Results

3-1 High-Throughput Gene Expression Profile of ELF- 

MF-Exposed MCF10A Cells

As outlined in Fig. 2, MCF10A cells were exposed to 

1 mT ELF-MFs at 60 Hz for 4 and 16 h. The cells 

showed no microscopically detectable changes in ce-

llular morphology compared with sham-exposed cells 

(Fig. 3). To identify genes that were affected by ELF- 

MF exposure, we performed three independent replicate 

microarray analyses for sham- and ELF-MF-exposed MCF
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Fig. 2. Experimental protocol.

  

 

Fig. 3. Morphology of MCF10A cells after 1mT ELF-MF 
exposure at 60 Hz for 4 and 16 h. Cellular morpho-
logy was examined using phase-contrast microsco-
py (100×magnification).

  

 

10A cells after 4 h and 16 h exposures, including ELF- 

MF exposure, sample preparation, and hybridization, in 

order to obtain a reproducible list of altered genes. The-

refore, we ran a total of 12 microarray experiments and 

determined the statistical significance of the expression 

data using paired t-tests. Initially, we chose a change in 

the expression level of 1.5-fold, a commonly used cutoff 

value in microarray analysis, as our cutoff value. How-

ever, we did not find any genes with statistically sig-

nificant 1.5-fold alterations in the expression level. So 

we performed the analysis using a cutoff value of 1.2- 

fold and still found no statistically significant changes in 

the expression level of any gene (Fig. 2). 

3-2 Validation of High-Throughput Results Using RT- 

PCR

In order to reduce the likelihood that our failure to 

find any impact on gene expression from ELF-MF ex-

posure was due to statistical limitations, we conducted 

further analysis of a small number of genes using se-

mi-quantitative RT-PCR (sqRT-PCR). Using relaxed cri-

teria to identify differentially expressed genes, we se-

lected 14 genes that exhibited statistically non-signifi-

cant trends for altered expression levels (|average fold 

change|>1.2) both at the 4 and at 16 h of ELF-MF 

exposure (Table 1). We randomly selected six of the 

fourteen genes in Table 1: coagulation factor III (F3), 

interferon-induced protein with tetratricopeptide repeats 

3 (IFIT3), ARP3 actin-related protein 3 homology (AC-

TR3), cyclin H (CCNH), protein kinase, cAMP-depen-

dent, regulatory, type I, alpha (PRKAR1A), and NEDD8 

activating enzyme E1 subunit 1 (NAE1). 

We preformed three replicate sqRT-PCR experiments 

with independent ELF-MF exposures and RNA extrac-

tions (Fig. 4). We used the expression level of GAPDH 

as a baseline to quantify and normalize the PCR signal 

intensities of the selected genes. Fig. 4 shows the mean 

±standard deviation (M±SD) of each mRNA level in the 

ELF-MF-exposed cells relative to that of the sham-ex-

posed cells. The sqRT-PCR results confirmed that the 

expression levels of the six selected genes were not al-

tered by EMF-MF exposure.

Ⅳ. Discussion

We conducted microarray analysis to elucidate the 

effects of ELF-MF exposure on gene expression. Using 

high-throughput analysis, we found that genome-wide 

expression levels in MCF10A human breast epithelial 

cells were not changed by exposure to ELF-MFs. To 

confirm these results, we performed sqRT-PCR on six 

genes selected from the microarray analysis that exhi-

bited statistically non-significant trends for expression 

changes; the follow-up results confirmed those of the  
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Table 1. List of genes which showed common alterations in their expressions at both 4 h and 16 h with-
out statistical significance after ELF-MF exposure (|average fold change|>1.2). 

     * Indicates genes selected for sqRT-PCR analysis.

microarray experiments. Therefore, we conclude that 1 

mT EMF-MF exposures for 4 and 16 h do not alter 

gene expression profiles in MCF10A human mammary 

epithelial cells.

Previous studies reported that ELF-MF exposure cou-

ld affect transcription levels in vitro of several imme-

diate-response genes [8], [19]～[21]. These studies, 

however, only looked at a few genes and their results 

require further confirmation before firm conclusions can 

be drawn. Recent technical advances now make it po-

ssible to simultaneously monitor the expression of thou-

sands of genes across entire genomes. Such high-throu-

ghput technology has the potential to resolve the un-

certainties about whether ELF-MF exposure is harmful 

to biological systems. Additionally, it could help to elu-

cidate the biological mechanisms and pathways affected 

by MFs [1]. Several groups have conducted analyses 

using high-throughput technologies to determine the bio-

logical effects of ELF-MF exposure. Loberg et al. [22] 

found, using arrays containing cDNAs, that MF ex-

posure did not affect the expression of 588 cancer-rela-

ted genes. They performed three independent exposures 

of normal (HME) and transformed (HBL-100) human 

mammary epithelial cells and human promyelocytic leu-

kemia (HL60) cells to 0.01 or 1 mT MFs at 60 Hz for 

24 h. In the same year, Balcer-Kubiczek et al. [23] 

exposed 960 cDNA clones to 2 mT MFs at 60 Hz for 

24 h and found no effect on the expression levels of the 

selected genes. Luceri et al. [18] exposed human and 

yeast cells to ELF-MFs and measured expression levels 

with microarrays containing 13,971 and 6,212 oligo-

nucleotide probes. Their results suggested that ELF-MFs 

did not affect gene expression in either eukaryotic sys-

tem. Henderson et al. [1] used oligonucleotide micro-

arrays containing up to 30,000 genes to investigate tr-

anscriptional responses to various intensities of MF ex-

posure in human primary vascular endothelial cells. Th-

ey found no reproducible effects of MF exposure on the 

expression of any of the genes. 

In contrast to the negative results mentioned above, 

Zhao et al. [24] used rat oligo osteogenesis microarrays 

to show that Bmp1 (bone morphogenic protein) and 
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             (a)                              (b)

Fig. 4. SqRT-PCR analysis and densitometric quantitation 
of ELF-MF-exposed MCF10A cells. Specific pri-
mers for the CCNH, ACTR3, PRKAR1A, F3, IF-
IT3, and NAE1 genes were used for PCR. The m-
RNA level of each gene was normalized relative 
to that of GAPDH. Representative PCR data are sh-
own from three independent experiments. The num-
bers below the PCR data are the relative values 
of the sham-exposed samples expressed as the mean 
±SD from three independent experiments.

  

 

Bmp7 mRNAs were up-regulated, whereas Egf (epider-

mal growth factor) and Egfr (epidermal growth factor 

receptor) mRNAs were down-regulated, in Sprague Daw-

ley rat bone-marrow mesenchymal stem cells exposed to 

EMFs (15 Hz, 1 mT, 5 h/d) for 2 days. They reported 

that these altered genes could be involved in diverse 

biological processes such as skeletal development, bone- 

mineral metabolism, cell growth and differentiation, cell 

adhesion, and so forth Two other groups conducted 

microarray analyses of cells exposed to ELF electrical 

fields (EFs), instead of ELF-MFs, and demonstrated a 

modified expression of Bmp, Dickkopf-related protein 1 

(DKK1), thioredoxin reductase 1 (TXNRD1), cyclic AMP- 

dependent transcription factor 3 (ATF3), membrane me-

tallo-endopeptidase (MME), and microtubule-actin cross- 

linking factor 1 (MACF1) in human epidermal cells [19], 

[25].           

In our study, we tried to identify up- or down- 

regulated genes using a cutoff value of 1.2-fold. None 

of these genes, however, was significantly (p<0.05) up- 

or down-regulated when the results of all three inde-

pendent experiments were considered together. There-

fore, we did not obtain conclusive evidence of altered 

gene expression following ELF-MF exposure. These re-

sults suggest that observations of ELF-MF-induced ch-

anges in expression levels based on single experiments 

might be spurious and should be confirmed with re-

plicate experiments; this is consistent with the conclu-

sions of previous reports published by Loberg et al. [22] 

and Henderson et al. [1]. 

Microarray technology has advanced tremendously in 

recent years; however, the potential for misleading re-

sults remains. Microarrays have the power to evaluate 

the expression of many genes simultaneously and with-

out proper experimental design, it is sometimes impo-

ssible to distinguish important results from random fluc-

tuations. Because it is designed to detect small changes 

in gene expression profiles, microarray technology is 

sensitive enough to reflect subtle alterations in sample 

preparation procedures, environmental conditions, or ex-

perimental procedures [18]. Therefore, we suggest that 

microarray experiments should be conducted with at 

least three-fold replication to establish the reproduci-

bility of their results. Additionally, the results of micro-

array experiments should be validated using reverse trans-

cription polymerase chain reaction (RT-PCR) whenever 

possible. So far, only a few research groups have re-

ported results from high-throughput analyses of the eff-

ects of ELF-MF exposure on transcription; more studies 

will be required to conclusively determine the biological 

effects of ELF-MF exposure. 

This work was supported by the Power Generation 

& Electricity Delivery of the Korea Institute of 

Energy Technology Evaluation and Planning (KE-
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nistry of Knowledge Economy (No. 20091010300-
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