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Research has shown that the hypomagnetic field (HMF) can affect embryo development, cell proliferation, learning and 
memory, and in vitro tubulin assembly. In the present study, we aimed to elucidate the molecular mechanism by which the 
HMF exerts its effect, by comparing the transcriptome profiles of human neuroblastoma cells exposed to either the HMF or the 
geomagnetic field. A total of 2464 differentially expressed genes (DEGs) were identified, 216 of which were up-regulated and 
2248 of which were down-regulated after exposure to the HMF. These DEGs were found to be significantly clustered into sev-
eral key processes, namely macromolecule localization, protein transport, RNA processing, and brain function. Seventeen 
DEGs were verified by real-time quantitative PCR, and the expression levels of nine of these DEGs were measured every 6 h. 
Most notably, MAPK1 and CRY2, showed significant up- and down-regulation, respectively, during the first 6 h of HMF ex-
posure, which suggests involvement of the MAPK pathway and cryptochrome in the early bio-HMF response. Our results pro-
vide insights into the molecular mechanisms underlying the observed biological effects of the HMF. 
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Many vertebrates, such as migratory birds and sea turtles, 
can sense the Earth’s magnetic field (geomagnetic field, 
GMF) for positional and directional information during 
long-distance migration [1,2]. Previous studies have shown 
that without the local GMF, the hypomagnetic field (HMF) 
interferes with many biological functions. Exposure to the 
HMF has been shown to have adverse effects on embryonic 
development and brain function [35]. HMF exposure has 
also been shown to lead to increased occurrences of devel-
opmental abnormalities in the newt and Xenopus laevis 
[6,7], alteration of the vocal behavior [8] and circadian 
rhythm of birds [9] and rats [10], dysfunction in the learning 
and memory of Drosophila and chicks [1113], and a re-

duction in stress-induced analgesia in mice [1416]. There 
are reports indicating that even short-term HMF exposure 
can increase the number of errors and the task processing 
time of human subjects during learning [17]. Given that the 
HMF is a key environmental factor of outer space, increas-
ing research attention is being directed toward understand-
ing the biological effects of the HMF, as this knowledge 
may lead to improvements in healthcare for astronauts 
[5,18]. At the cellular and molecular level, in vitro and in 
vivo studies have shown that cell cycle progression, tubulin 
assembly, DNA super condensation and H2O2 production 
are potential targets of the HMF [1823]. Based on the rad-
ical-pair reaction theory, cryptochrome genes (CRYs) have 
been proposed to be the putative magnetoreceptor genes, 
which enable an organism to detect magnetic fields [2426]. 
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Nevertheless, the importance of CRYs in determining the 
effects of HMF has not been examined in animal cells. Thus, 
although the biological effects of the HMF are becoming 
more well-documented, the cellular and molecular mecha-
nisms underlying the effect of the HMF remain unclear. 

Quantitative transcriptomic methods are widely used for 
understanding and assessing changes in cellular and molec-
ular activity in response to changes in the environment 
[27,28]. Massively parallel sequencing technology, namely 
deep sequencing, is a powerful method for investigating 
DNA expression patterns. This technology has most recent-
ly been used to evaluate transcriptomic changes in mosqui-
toes under different environmental conditions, screen for the 
pathways involved in neurodevelopment and neurodegener-
ation, predict drug resistance genes for hepatitis, and under-
stand the cellular mechanisms involved in irradiation-  
induced tumorigenesis [2932]. Deciphering the trans- 
criptomic responses to HMF exposure would allow for the 
identification of key genes involved in the processes of 
HMF-response/GMF-adaptation, and may ultimately lead to 
the development of effective counter-measures to prevent 
the adverse effects of the HMF. 

We previously found that 2 d of exposure to the HMF 
accelerates the proliferation of human neuroblastoma cells 
(SH-SY5Y cell line), and predicted that the G1/S transition 
plays an important role in the bio-HMF response [18]. In 
the present study, to identify the HMF responding genes in 
neuronal cells, we collected RNA samples from SH-SY5Y 
cells after 2 d of culturing in a permalloy magnetic shielding 
system, where they were exposed to either the HMF  
(<200 nT) or GMF (~15 μT), after which the RNA was sent 
for massively parallel sequencing based on Illumina/Solexa 
sequencing [33]. Compared to controls, 2464 differentially 
expressed genes (DEGs) were identified, of which 216 were 
up-regulated and 2248 were down-regulated. Real-time 
quantitative PCR (RT-qPCR) was used to identify and veri-
fy the DEGs. Also, the dynamic expression changes of se-
lected DEGs during the incubation period were measured. 
Our results provide some insight into the mechanisms un-
derlying the effects of the HMF. 

1  Materials and methods 

1.1  The HMF condition 

The HMF cell culture conditions were established using a 
GMF shielding system, as described previously [18,34]. The 
decay efficiency of the GMF shielding box for the DC 
magnetic field was ~40 dB. The HMF-exposed cells were 
cultured in an environment with a residue magnetic field 
lower than 200 nT (111.1±14.9 nT). The control cells were 
incubated in an environment where the average intensity of 
magnetic field was 15.1±2.2 μT. The decay efficiency of the 

GMF shielding box for the AC magnetic field was ~34 dB. 
The AC field in the control environment was 575.7±29.1 nT. 
The AC field inside the GMF shielding box was 12.0±0.0 
nT. The predominant frequency was 50 Hz. The incubation 
conditions (37°C, 5% CO2 and >95% relative humidity) 
were unified by air circulation between the GMF shielding 
chamber and the control space. The DC magnetic fields 
were measured using an APS Model 520 3-Axis Fluxgate 
Magnetometer (Applied Physics Systems, USA). The am-
bient AC fields were measured using a CCG-1000 induction 
alternative magnetometer (National Institute of Metrology, 
China). The predominant AC field frequency was checked 
using a Textronics TDS 2014 digital real-time oscilloscope 
(Tequipment.NET, USA). The cell incubation conditions 
were identical to those described previously [18]. 

1.2  Cell culture 

Human neuroblastoma cells (SH-SY5Y cell line; China Cell 
Resource Confederation) were maintained in DMEM (High 
D-glucose) (Gibco/Invitrogen, USA) supplemented with 
10% fetal bovine serum (FBS; PAA Laboratories, Austria), 
100 unit mL1 penicillin and 100 µg mL1 streptomycin 
(Gibco/Invitrogen) as a monolayer in petri dishes (NEST 
Biotechnology, China), and the medium was replaced every 
2 d. Cells were detached at sub-confluence with trypsin- 
EDTA solution (0.25% Trypsin, 0.25% EDTA; Sig-
ma-Aldrich, USA) and re-seeded for subsequent steps.  

1.3  RNA extraction 

Cells were seeded at 1.5×104 cm2 in 60 mm petri dishes 
and transferred to the HMF/GMF immediately. Total RNA 
was extracted using TRIzol reagent (Invitrogen), following 
the manufacturer’s instructions. RNA samples were dis-
solved in diethylpyrocarbonate-treated water (DEPC; Sig-
ma-Aldrich), and the concentrations were determined spec-
troscopically with a Biophotometer (Eppendorf, Germany). 
Total RNA from four parallel experiments was used for 
Solexa sequencing. RNA samples from three parallel ex-
periments at each time point were collected for dynamic 
gene expression analysis. 

1.4  Solexa sequencing 

Total RNA (20 μg) samples were sent to the Beijing Ge-
nomics Institute (BGI) for Solexa sequencing (commercial 
service). Initially, poly(A) mRNA molecules were purified 
from total RNA samples by poly(T) oligo-attached magnet-
ic beads, and double-stranded cDNA was synthesized with 
an oligo(dT) primed reverse-transcript reaction. The cDNA 
molecules were fragmented with restriction endonucleases 
Nla III and Mme I. The fragments were precipitated with 
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magnetic beads and adaptors were added to the 3′ and 5′ 
ends of each fragment, generating the sequencing tags. Pu-
rified single-strand tag molecules were loaded and fixed on 
a Solexa sequencing chip (flowcell) for Solexa sequencing 
on a genome analyzer (Illumina, USA). Mono-molecule 
clusters were generated by in situ amplification and se-
quenced with the sequencing by synthesis method. 

1.5  Gene annotation 

Before gene annotation, empty reads (adaptor sequence on-
ly), low-quality reads (unknown nucleotide), substand-
ard-length reads, and single copy reads were filtered out. 
The clean tags were mapped to the human genome sequence 
NCBI build 36.3 by SOAP [35], allowing no more than two 
mismatches (Shanghai Qiming). The copy numbers of genes 
mapped by unambiguous tags (one tag onto one gene) were 
also determined using the software package SOAP. The 
expression levels of the annotated genes in the HMF and 
GMF samples were examined using the false discovery rate 
(FDR) modified Poisson distribution assay. The DEGs were 
screened using the cutoffs of |log2Ratio|1 and FDR0.001 
[36,37]. The relationship graph of the selected DEGs was 
plotted using Medusa software [38]. 

1.6  Gene ontology (GO) analysis 

GO analysis was applied to analyze the main functions of 
the DEGs according to the Gene Ontology database 
(http://www.geneontology.org/) [39,40]. Generally, Fisher’s 
exact test and 2 test were used to classify the GO category. 
The FDR was calculated to correct the P-value [41]. 
P-values for the GOs of all the DEGs were calculated. En-
richment provided a measure of the significance of the 
function: as the enrichment increased, the corresponding 
function is more specific, allowing for the identification of 
GOs with more concrete function descriptions. Within the 
significant category, the enrichment Re was given by Re=(nf 
/n)/(Nf /N), where nf is the number of DEGs within the par-
ticular category, n is the total number of genes within the 
same category, Nf is the number of DEGs in the entire ex-
pression profile, and N is the total number of genes in the 
expression profile [42]. 

1.7  Pathway analysis 

Pathway analysis was used to identify the significant path-
ways of the DEGs according to the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (http://www.genome.jp/ 
kegg/), Biocarta (http://www.biocarta.com/) and Reactome 
(http://www.reactome.org) databases. Fisher’s exact test and 
2 test were used to select the significant pathway, and   
the threshold of significance was determined at P<0.05.   

The enrichment, Re, was calculated as per the equation 
above [4345]. 

1.8  qPCR analysis 

In brief, a first-strand cDNA fragment was synthesized from 
total RNA using an EasyScript First-Strand cDNA Synthe-
sis SuperMix (TransGen Biotech, China). The gene specific 
primers were designed by PrimerBank (http://pga.mgh. 
harvard.edu/primerbank) [46] and synthesized commercial-
ly (Shanghai Sangon Biological Engineering Technology & 
Services). The primers are listed in Table 1. The 20 μL 
qPCR samples were run in triplicate on an MJ Research 
Chromo4 detector (Bio-Rad Laboratories, USA) and Opti-
con Monitor2 software using 1 μL first-strand cDNAs and 
TransStart Green qPCR SuperMix UDG kit (TransGen Bi-
otech). Thermal cycling was performed at an initial UDG 
incubation step at 50°C and a UDG inactivation step at 
94°C, and then subjected to 45 cycles of 15 s denaturing at 
95°C, 30 s at annealing temperature, and 30 s extension at 
72°C. Since α-tubulin was not differentially expressed, the 
relative quantitation of gene expression was normalized to 
α-tubulin (Figure S1 in Supporting Information). 

For the verification of the expression of the DEGs, the 
cDNA templates were prepared with the individual total 
RNA samples, which were the same for the mixture sent for 
Solexa sequencing. DEGs that showed consistent changes in 
at least three samples of the parallel experiments were con-
sidered as verified. For the evaluation of the dynamic ex-
pression patterns of selected DEGs, total RNA samples 
were collected in the HMF and GMF at 6, 12, 18, 24, 30, 
and 36 h. The expression of HMF sample genes was nor-
malized to the corresponding GMF control. The fold change 
in the dynamic gene expression assay was plotted against 
the sampling time. 

1.9  Statistical analysis 

Each experiment was repeated at least twice with triplicate 
samples for the qPCR assay. Means are expressed as mean± 
standard error of the mean (SEM). One-way ANOVA was 
applied for mean comparison. Differences were considered 
to be significant when P<0.05. 

2  Results 

2.1  Solexa sequencing 

After 2 d of exposure to either the HMF or GMF, RNA 
samples were collected for Solexa sequencing. 5.39 million 
35 bp raw reads were generated from the mixture sample of 
the HMF group, and 7.97 million raw reads were generated 
from the mixture sample of the GMF group, until the per-
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Table 1  The primers used for qPCR assay 

Gene Primer Sequence (5′ to 3′) T
m
 (°C) Length (bp) 

-tubulin forward ACCTTAACCGCCTTATTAGCC 
52 288 

 
reverse CACCACGGTACAACAGGCA 

CCNI forward TTTTCCATGCCATTGCAGTGT 
52 113 

 
reverse GGCCATACAGTGAAGTAGTTGC 

CCAR1 forward AGGCCCTGTATAGTGTGCAAC 
52 190 

 
reverse CCTGTGAAAACACGCTGCTT 

TCF7L2 forward TCGCTCCGAAAGTTTCCGAG 
58 195 

 
reverse GTGCTGCCGGACTGAAAATG 

HTR1D forward AACTACCTGATTGGCTCCCTG 
52 123 

 
reverse CCAGATGTCACACAAGATTTGGC 

SAP30 forward GAGCTGGATAAGAGCGCAAGG 
52 210 

 
reverse TCTGGTTGGTAGCTTGAAGTGT 

WASL forward GAACGAGTCCCTCTTCACTTTC 
50 110 

 
reverse CACTGCACTTCTTTGACCACATA 

SAP18 forward GATGGATGCAACCTTGAAAGAAC 
52 131 

 
reverse CCTTAACTCGATAGCCAGGTCT 

ATF1 forward GAAGATTCCCACAAGAGTACCAC 
52 144 

 
reverse GCCTATGCTGTCGGATGAGTC 

MSN forward AAGACTGCCATGAGTACACCT 
52 145 

 
reverse CCTCAGTGGTACGTTCCTCC 

CYP51A1 forward TCCAGGACATCAGGTGTGTGT 
52 136 

 
reverse TGGCACATAGGCAAACTTTTCC 

GMFB forward AACGACAACCTCGCTTCATTG 
52 212 

 
reverse CCATTCTTCAGTTAGGTCTTCGG 

E2F3 forward CGGTCATCAGTACCTCTCAGA 
52 114 

 
reverse AGACGTATCATACCGCGTTTTT 

SRSF2IP forward CAAGGAGGTCTACACGTAACAC 
50 159 

 
reverse TTGGAGCCTGTCTTGTTTGCT 

TOP2A forward ATTAGTGACCCAGCAAATGTGG 
50 134 

 
reverse GGTCCCTTTGTTTGTTGTCCG 

RAPGEF2 forward GTTATGGTGAAAGAACACCGAGA 
50 216 

 
reverse CGGGTCATTAAACCACTCCAATA 

CRY2 forward CGTGTTCCCAAGGCTGTTCA 
52 136 

 
reverse CTCCGTCACTACTTCCACACC 

MAPK1 forward TACACCAACCTCTCGTACATCG 
52 169 

 
reverse CATGTCTGAAGCGCAGTAAGATT 

 
centage of genes identified had become stagnant (Figure S2 
in Supporting Information). 4.93 million HMF clean tags 
(182922 distinct tags) and 7.39 million GMF clean tags 
(240872 distinct tags) were obtained. Of these tags, 16759 
of the distinct HMF clean tags and 28061 of the distinct 
GMF clean tags were mapped to 11094 and 15531 genes, 
respectively, in the human mRNA library (Table 2). It 
should be noted that after 2 d of incubation, there were sig-
nificantly more cells in the HMF group compared to the 
GMF control group (P=0.03) (Figure S3 in Supporting In-
formation). 

2.2  Identification of DEGs 

After exposure to the HMF, based on the DEG screening 
criteria, 216 genes were found to be up-regulated and 2248 

down-regulated (Figure 1). The general gene ontogeny (GO) 
analysis of the DEGs is presented in Figure 2. The main 
functions of the up-regulated genes were related to transport 
of ions and neurotransmitters (26%), metabolic processes 
(20%), cell proliferation and development (16%), immuno-  

 
Table 2  The total number of sequencing reads obtained from each sample 

Category HMF GMF 

Clean tag (reads) 4934900 7389471 

Clean tag (distinct tags) 182922 240872 

      Mapping to gene (distinct tags) 16756 28061 

            Perfect match (distinct tags) 6203 7611 

            1 bp mismatch (distinct tags) 1337 3115 

            2 bp mismatch (distinct tags) 9216 17335 

      Unknown tag (distinct tags) 132173 173155 
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Figure 1  Identification of DEGs. A, Tag expression level. Geomagnetic field (GMF) sample vs. hypomagnetic field (HMF) sample. Up-regulated DEGs 
are represented by red dots, down-regulated DEGs by green dots, and non-DEGs by blue dots. FDR<0.001 and |log2Ratio|1. TPM, tag per million. B, 
Numbers of DEGs. Red, up-regulated; green, down-regulated. 

 

Figure 2  General GO analysis. A, The up-regulated categories. B, The down-regulated categories. The main clustered categories are indicated using dif-
ferent colors. The percentage represented by each category is shown in brackets. The radial lengths are the relative enrichment values of the terms. 

logical responses (12%), and transcriptional regulation 
(12%) (Figure 2A). The main functions of the down- regu-
lated genes were related to transcriptional and translational 
regula t ion (21%),  ce l l  adhesion and migrat ion  
(14.9%), metabolic processes (11.3%), transport of biomol-
ecules (10.3%), cell proliferation and apoptosis (10.3%), 
signal transduction (11.3%), and brain function (8.2%) 
(Figure 2B). By limiting the mapping category to the terms 

“cell proliferation” and “apoptosis”, six up-regulated terms 
and 35 down-regulated terms were mapped (Figure 3). Of 
the terms that were positive for cell proliferation (19.5%), 
all of the associated genes were down-regulated. Of the 
terms that were negative for cell proliferation (31.7%), the 
associated genes were either up- or down-regulated.  

Using pathway analysis, nine up-regulated pathways and 
57 down-regulated pathways were identified (Figure 4). The  
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Figure 3  GO analysis on cell proliferation. The GO analysis was restricted to the category of “cell proliferation” and “apoptosis”. The pro-proliferation and 
anti-apoptosis terms are labeled “positive for cell proliferation”. The anti-proliferation and pro-apoptosis terms are labeled “negative for cell proliferation”. The 
yellow columns are categories positive for cell proliferation. The blue columns are categories negative for cell proliferation. The grey columns are other processes. 
The radial lengths are the relative enrichment values of the terms. A red and a green arc indicate the up-regulated and down-regulated terms, respectively.  

 
Figure 4  Significantly clustered pathways. The pink columns represent the metabolic pathways. The blue columns represent pathways related to brain 
function. The yellow columns are pathways related to cell adhesion and the cytoskeleton. The green columns represent cancer pathways. The purple columns 
represent signaling pathways. The grey columns represent other pathways. The radial lengths are the relative enrichment values of the pathways. The 
up-regulated terms are indicated by a red arc and are listed in the red rectangle. The down-regulated terms are indicated by a green arc and listed in the green 
rectangle.  
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up-regulated pathways related to metabolic pathways (8/9) 
and the notch signaling pathway (1/9). The main down- 
regulated pathways were related to metabolic pathways 
(14/57), signaling pathways (12/57), brain function (9/57), 
cancer pathways (8/57), and adhesion and the regulation of 
the assembly of the cytoskeleton (6/57). 

2.3  Verification of DEGs 

We verified the expression of 30 DEGs with functions 
closely related to the main clustered GO annotations and 
pathways (Table 3), with the individual HMF and GMF 
RNA samples for the sequencing analysis. The expression 
of 17 genes were in agreement with the sequencing results 
(Figure 5). Of these 17 verified DEGs, MAPK1 was found 
to be involved in 30 significantly clustered down-regulated 
pathways. The remaining DEGs were involved in no more 
than two pathways (Table S1 in Supporting Information).  

2.4  Dynamic mRNA expression  

The dynamic mRNA expression patterns of nine validated 
DEGs (CRY2, CCAR1, CCNI, E2F3, TCF7L2, TOP2A, 

SAP18, SAP30, and MAPK1), which are more closely re-
lated to the terms “cell proliferation” and “magnetopercep-
tion” than the other DEGs, were measured during the 2 d of 
exposure to the HMF. During the first 24 h of incubation, 
the expression of MAPK1, CCAR1, and CCNI initially in-
creased before gradually decreasing (Figure 6A). Over this  
 

 

Figure 5  Verification of DEGs. The mRNA expression level of 17 veri-
fied DEGs. The fold changes are based on the ratio between the corre-
sponding HMF and GMF samples. α-Tubulin is the reference gene and the 
red dashed line indicates the point at which the ratio between the HMF and 
GMF samples is one. Data are mean±SEM. n=3, n is the number of sam-
ples. *, P<0.05; **, P<0.01. 

 

 

Figure 6  Dynamic expressions of DEGs. RNA samples were collected at 6, 12, 18, 24, 30 and 36 h. α-Tubulin is the reference gene. The fold changes are 
based on the ratio between the corresponding HMF and GMF samples. The red dashed line indicates the point at which the ratio between the HMF and GMF 
samples is one. Genes showing similar patterns of expression changes are clustered into panel A, B, C, respectively. Data are mean±SEM. n=3, n is the 
number of samples from parallel treatments experiments. *, P<0.05; **, P<0.01. 
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Table 3  Selected DEGs for the validation of gene expressiona) 

Gene Function Expression FDR 

TCF7L2* Wnt pathway; cell proliferation 2.49 <0.0001 

E2F3* Cell cycle 1.23 0.0004 

CCAR1* Cell proliferation; mRNA splicing 1.26 <0.0001 

CCNI* Cell cycle 1.00 0.0001 

MSN* Cell adhesion; cytoskeleton 5.88 <0.0001 

WASL* Actin assembly 2.32 0.0001 

PPM1B Stress response; cell cycle 4.73 <0.0001 

CLN6 Neurodegenerative disorder 3.31 0.0003 

DOCK7 Axon formation; neuronal polarization 2.11 <0.0001 

GMFB* Inflammatory response; AD pathology 2.79 <0.0001 

HTR1D* Emotion; synaptic transmission 2.79 <0.0001 

CRY2* Circadian rhythm; magnetoperception 3.80 <0.0001 

P2RX3 Ion transport; pain response 1.91 0.0005 

TPT1 Ion transport 1.82 <0.0001 

VCP Vehicle transport; cell cycle; metabolic processes 1.31 <0.0001 

CYP51A1* Metabolic processes 3.96 <0.0001 

ATP6AP2 Energy metabolism 1.32 <0.0001 

SAP18* Histone deacetylisation 1.61 <0.0001 

SRSF2IP* mRNA processing 1.61 <0.0001 

ATF1* Transcriptional regulation 1.24 <0.0001 

TOP2A* Chromatin condensation; cell cycle 1.51 <0.0001 

SAP30* Histone deacetylisation 1.65 <0.0001 

SRSF11 Pre-mRNA processing 1.70 <0.0001 

PRMT7 Arginine methylation 9.18 <0.0001 

MAPK1* Signal transduction 8.22 0.0007 

RAPGEF2* Signal transduction 1.52 <0.0001 

TGFB1 Signal transduction; multiple cell processes 1.11 <0.0001 

GSK3B Signal transduction; multiple cell processes 2.51 0.0009 

CALM3 Signal transduction; cell cycle 2.23 <0.0001 

PPP1R12A Signal transduction; cytoskeleton 1.82 0.0005 

a) *, the DEGs verified by qPCR. 

 
same 24-h timeframe, the expression of CRY2, E2F3, 
TCF7L2, and TOP2A was initially repressed, but then 
gradually increased and in some cases surpassed control 
levels of expression (Figure 6B). The changes in the ex-
pression of MAPK1 and CRY2 were the most striking. The 
expression of CCAR1, CCNI, and TOP2A was generally 

unaffected from 24 to 36 h in the HMF (Figure 6A and B). 
After 30 h of HMF exposure, the expression of SAP18 and 
SAP30 varied dramatically (Figure 6C). The expression of 
MAPK1, CRY2, E2F3 and TCF7L2 was repressed after 24 h 
in the HMF, but after 36 h, the expression of TCF7L2 had 
recovered to control levels (Figure 6B), and MAPK1 ex-



456 Mo WC, et al.   Sci China Life Sci   April (2014) Vol.57 No.4 

pression levels had significantly exceeded control levels 
(Figure 6A). 

We plotted the relationships between the nine validated 
DEGs (Figure 7). As the function of CCNI and CRY2 in the 
cell proliferation network is not fully documented in the 
protein interaction network databases (BIND, BioGrid, 
HPRD, etc.) [36], the two genes are not shown in the rela-
tionship graph. Figure 7 shows that MAPK1 plays a central 
role in the expression regulation network of the verified 
DEGs, and suggests that the regulation of chromatin con- 
formation and deacetylation might greatly contribute to the 
down-stream regulation of transcription and cell prolifera-
tion.  

3  Discussion 

3.1  HMF exposure regulates multiple aspects of cell 
activities 

There is limited research published on the molecular mech-
anisms underlying the effects of the HMF. In this study, 
gene ontology (GO) and pathway analysis provided useful 
information about the response of human neuroblastoma 
(SH-SY5Y) cells to the HMF. We identified that the genes 
most significantly affected by the HMF were related to 
metabolic processes, cytoskeleton-related functions, signal 
transduction and brain function, and that the expression of 
most of these genes was repressed. Genes related to neuro-
transmitter transport were positively enriched, whereas 
genes related to neuron and neural crest cell migration, 
learning and memory, locomotion, and synaptic transmis- 
sion were negatively enriched (Figure 2). These results are  

 
 

 

Figure 7  The relationship graph of DEGs. Verified up-regulated genes 
are colored red. Verified down-regulated genes are colored green. 
Non-DEGs are not colored. The dashed rectangle indicates the deacetyla-
tion-related genes. Genes of strong interactions were linked or overlapped 
in the graph. 

consistent with the reported adverse effects of the HMF on 
the central nervous system (CNS) [5].  

By focusing on the terms “cell proliferation” and “apop-
tosis”, we were able to gain a better understanding of the 
regulation of cell growth in the HMF. Most of the genes 
associated with cell proliferation, cell death, apoptosis, cell 
morphology, cell division, DNA regulation, and cell fate 
determination were down-regulated. After being exposed to 
the HMF for 2 d, many processes that negatively regulate 
cell proliferation were suppressed; however, none of the 
processes that were positive for cell proliferation were 
up-regulated (Figure 3). We therefore hypothesize that the 
effect of the HMF is triggered by negative feedback regula-
tion.  

The results of the pathway analysis indicated that many 
metabolic pathways were significantly affected after expo-
sure to the HMF (Figure 4). Pathways related to cytoskele-
ton assembly, cell adhesion, signal transduction, and brain 
function and disease were down-regulated (Figure 4). In 
particular, the notch pathway, which is known to play a 
critical role in embryonic development, cytoskeleton regu-
lation and the regulation of cell death under metabolic 
stresses [47], was found to be up-regulated. The extent to 
which cellular processes are affected by HMF exposure 
suggests that the HMF targets many functions and signaling 
pathways. 

3.2  Novel clues to the molecular mechanism underly-
ing the bio-response to HMF 

The functions of the 17 validated DEGs provides a detailed 
view of the effect that 2 d of HMF exposure has on gene 
expression, as most of the expression changes were associ-
ated with cell proliferation and related functions, such as 
cell cycle, transcription and epigenetic regulation (Table 3, 
Figure 5). The expression of ATF1 [48,49], TCF7L2 [50,51] 
and CCNI [52] (which positively influence cell proliferation) 
were the most strongly affected, and included 75% of the 
up-regulated genes. The promotion of G1-phase progression 
plays an important role in the HMF effect on cell prolifera-
tion [18], as an up-regulation of E2F3 (an important G1/S 
transition regulating gene [53]) was observed during the 2 d 
of HMF exposure. The decreased expression of the tran-
scription regulators, E2F3 and CCAR1, provide a clue to the 
mechanism behind the extensive transcription repression 
that accompanied the increase in cell proliferation (Figure 
5). The dynamic expression changes of CCAR1 during the 
early incubation period (12–18 h) (Figure 6) suggest that the 
HMF might affect hormone-induced transcriptional regula-
tion processes [54,55], as this is the primary function of 
CCAR1. Expression changes were also verified in genes that 
are involved in genetic material modification and epigenetic 



 Mo WC, et al.   Sci China Life Sci   April (2014) Vol.57 No.4 457 

control of gene expression, such as chromatin condensation 
(TOP2A) [56,57], histone acetylation [58] (SAP30 and 
SAP18 [59,60]), and alternative splicing (SRSF2IP [61,62]). 
Illustrating the relationship among these genes, namely the 
molecular network leading to changes in cell proliferation 
(Figure 7), as well as tracing the changes in gene expression 
during exposure to the HMF, will be helpful for our under-
standing of their roles. 

Various cytoskeletal and photoreceptor proteins have 
previously been shown to respond to changes in the mag-
netic field, and as such, are referred to as magnetoreceptors 
[19,24]. We have found that the expression of two cytoskel-
eton-related genes, WASL and MSN, were down-regulated 
after 2 d of exposure to the HMF. WASL is an activator of 
the Arp2/3 complex leading to actin nucleation and is high-
ly expressed in neural tissues [63]. MSN plays a crucial role 
in organizing membrane domains and provides structural 
links to strengthen the cell cortex [64]. Our results provide 
further evidence to support the hypothesis that the cytoskel-
eton can respond to magnetic fields [65]. The down-   
regulation of CYP51A1 (one of the cytochrome P450 super 
family enzymes [66,67]) and CRY2 (a blue-light photore-
ceptor protein and a putative magnetoreceptor gene [2426]) 
suggests that redox reactions and light-perception processes 
are involved in the bio-HMF response. As such, our results 
provide a link between the transcriptional changes that oc-
cur during exposure to the HMF and the putative magneto-
receptors that have previously been reported [19,24]. 

Of the 15 DEGs related to brain function (PPM1B,  
CLN6, DOCK7, GMFB, HTR1D and CRY2), intracellular 
transport (P2REX3, TPT1 and VCP) and signal transduction 
(MAPK1, RAPGEF2, TGFB1, GSK3B, CALM and 
PPP1R2A), only five (GMFB, HTR1D, CRY2, MAPK1 and 
RAPGEF2) were verified in the individual samples (Table 3, 
Figure 5), indicating an inconsistent response of these un-
verified genes to the HMF treatments. The variation in gene 
expression may be the result of small variations in the 
magnetic field of the HMF condition, which is difficult to 
abolish even within the small area that is used for cell cul-
ture (Figure S4 in Supporting Information). This ‘noisy’ 
background of treatments may also mask the importance of 
the verified changes. 

Finally, as the GMFB gene (involved in reactive glia in-
flammation [68]) and HTR1D gene (a serotonin receptor, 
and associated with depression [69,70]) were found to be 
down-regulated, inflammatory responses and the serotonin 
pathway may play a role in the bio-HMF response. The 
down-regulation of RAPGEF2 (the key link between cell 
surface receptors and RAS activation [71]) and MAPK1 (an 
integration point for multiple biochemical signals [72]) 
suggests that the Ras and MAPK pathway may also be af-
fected by the HMF. 

3.3  Sequential changes in gene expression 

The dynamic response of selected DEGs indicates that cells 
respond very quickly to the changes in the magnetic envi-
ronment. Previous research has shown that following seed-
ing, cells experience an “early stationary phase” (involving 
a short period of adhesion followed by a stabilization peri-
od), after which they begin a logarithmic growth phase of 
proliferation [73]. As the cells were transferred to the HMF 
immediately after seeding, our results suggest that cells are 
sensitive to magnetic field changes within the early station-
ary stage. As such, it is not surprising that cell adhesion, 
cytoskeleton assembly, and biomolecule synthesis were 
affected by HMF exposure, as these processes are involved 
in the early stationary stage. Further support for this inter-
pretation can be gleaned from the GO analysis, pathway 
analysis, and the dynamic expressions of the selected DEGs.  

Within 6 h of the HMF exposure, 66% of the DEGs had 
undergone an alteration of their expression patterns com-
pared with the control environment, including a rapid in-
crease in the expression of MAPK1, suggesting that expo-
sure to the HMF had a substantial influence on human neu-
roblastoma cells. While cells start to enter the logarithmic 
growth phase 18–30 h after seeding, previous research has 
shown that the progress of the cell cycle is more apparent in 
the 12–30 h period, compared with the 30–48 h period [18]. 
Therefore, the events that occur during this period are 
closely correlated with the pro-proliferative effect of the 
HMF. During the logarithmic growth phase between 18–30 h, 
we also observed a decrease in the expression of 77% of the 
DEGs, including a repression of MAPK1 expression, which 
may be a compensatory response to the earlier rapid in-
crease. In concert, these gene expression changes caused an 
acceleration of cell proliferation in the HMF. 

From 30–48 h, the effect of the HMF on cell cycle pro-
gression weakened (G1-phase and S-phase) and in some 
cases even reversed (G2/M-phase). A short-term fluctuation 
from 32–36 h at S-phase was recorded in the HMF [18]. 
This event was very similar to the sudden expression 
change of MAPK1. Since MAPK1 was involved in 30 sig-
nificantly enriched pathways (Table S1 in Supporting In-
formation), it is possible that it acts as a central effector of 
the HMF signal during the early period of exposure, as in-
dicated by the gene relationship graph (Figure 7). 

The expression of CRY2 was initially reduced (6 h), 
which was followed by a rapid increase (12–18 h) and then 
a gradual decrease (24–48 h), indicating that CRY2 is in-
volved in cell growth, as these time periods correspond to 
the early stationary stage and logarithmic growth phase. 
Investigations into clock genes have shown that the envi-
ronmental light signals can be sent to the transcriptional 
machinery through the MAPK signaling pathway via the 
CRY genes [74,75]. Accelerated cell cycle progression of 
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Cry-deficient fibroblasts has been observed in earlier stud-
ies [76]. It is reasonable to hypothesize that CRY can 
transduce the magnetic field signal using similar molecular 
pathways. Detailed structural and biochemical analysis of 
CRY proteins would elucidate how they may respond to 
changes in the magnetic environment. 

Although the expression levels of the validated DEGs 
were in agreement with the sequencing results, we noticed 
that the fold change of some DEGs in the verification ex-
periments was much lower than what was predicted by the 
sequencing data (Figure 5, Table 3). On the other hand, the 
fold change was also higher for some genes, namely 
TCF7L2 (18 and 48 h), CCAR1 (30 h), SAP18 (30 h) and 
SAP30 (30 h). The variation of the GMF control might be 
the reason for this phenomenon. By comparing the magnetic 
field distributions of the GMF control shelf and the HMF 
chamber (Figure S4 in Supporting Information), we found 
the variation in the control group to be higher than that we 
observed in the HMF. Although the size of the petri dish  
(60 mm diameter) is small, the static magnetic field was not 
evenly distributed throughout this area. Furthermore, though 
the dishes containing cells in the control (GMF) environ-
ment were stacked in one place, the magnetic field at the 
bottom of each dish was found to vary. This variation could 
be a factor causing a relative large error bar in the gene sen-
sitive to changes in the local magnetic field (Figure S4 in 
Supporting Information). In the future, the culture location 
of the GMF sample should be fixed, as should the time at 
which the work is conducted. In addition, the magnitudes of 
the AC fields were also different between the GMF and 
HMF conditions. Considering the fact that the AC magnetic 
field could affect the signal transduction in the MAPK 
pathway [77,78], conducting experiments to discriminate 
between the effects of the AC and DC magnetic fields will 
add to our understanding of the mechanisms underlying the 
effects of the HMF. 

4  Conclusion 

By using massively parallel sequencing, 17 HMF-respond- 
ing DEGs were identified from RNA samples after being 
exposed to the HMF for 2 d. We found that HMF exposure 
significantly affect the transcription of genes related to 
macromolecule transport, metabolic process and mRNA 
processing, and to the subsequent pathways involved in the 
organization of the cytoskeleton, regulation of chromatin 
condensation, transcription, and brain function. Dynamic 
changes in the expression of DEGs, especially in MAPK1 
and CRY2, were found during the first 24 h of HMF expo-
sure, suggesting the involvement of the MAPK pathway and 
cryptochromes in mediating the HMF effect. 
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Supporting Information 

Figure S1  Correlation analysis of the expression levels of α-tubulin and 18S rRNA with the quantity of total RNA. The quantity of RNA input for cDNA 
synthesisis shown by electrophoresis. The gray values and the expression values of α-tubulin and 18S rRNA from qPCR test for the 6 and 12 h RNA samples 
are listed below the corresponding lanes of each sample. 1, 2 and 3 refer to the parallel samples of each group. The values were normalized to the “GMF 1” 
samples of each group. 18S rRNA: forward, CAGCCACCCGAGATTGAGCA; backward, TAGTAGCGACGGGCGGTGTG; temperature, 52°C; length, 
252 bp. 

Figure S2  The sequencing saturation report. The percentage of identified genes became stagnant when 5.39 million reads from the HMF samples (A) and 
7.97 million reads from the GMF samples (B) were obtained. 

Figure S3  Accelerated proliferation of SH-SY5Y cells in the HMF. SH-SY5Y cells were seeded in 60 mm petri dishesat 1.5 × 104 cm2 and incubated in 
the HMF/GMF for 2 d. A and B, Phase-contrast pictures of cells in the GMF (A) and HMF (B) at day 2. Scale bar, 100 μm. C, Cell densities determined by 
hemocytometry at day 2. *, P<0.05 by one-way ANOVA; data are represented as mean±SD; n=3, n is the number of experiments.  
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Figure S4  The magnetic field conditions for cell culture. The distributions of the magnetic fields in the magnetic shielding box (A) and the bottom layer of 
the control shelf (B) were plotted according to the vector sum of the magnetic field measurements. The HMF exposed cells were incubated at places with 
residue magnetic field lower than 200 nT (the white dashed rectangles). The control cells were incubated at places with magnetic fieldshigher than 13 μT 
(the blue dashed rectangles). 

The supporting information is available online at life.scichina.com and link.springer.com. The supporting materials are 
published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely 
with the authors. 
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