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ABSTRACT
The effects of environmental radiofrequency electromagnetic fields (RF-EMF) on embryonic neural 
stem cells have not been determined, particularly at the proteomic level. This study aims to 
elucidate the effects of environmental levels of RF-EMF radiation on embryonic neural stem cells. 
Neuroectodermal stem cells (NE-4C cells) were randomly divided into a sham group and an RF 
group, which were sham-exposed and continuously exposed to a 1950 MHz RF-EMF at 2 W/kg for 
48 h. After exposure, cell proliferation was determined by a Cell Counting Kit‐8 (CCK8) assay, the 
cell cycle distribution and apoptosis were measured by flow cytometry, protein abundance was 
detected by liquid chromatography-tandem mass spectrometry (LC–MS/MS), and mRNA expres
sion was evaluated by quantitative reverse transcription polymerase chain reaction (qRT-PCR). We 
did not detect differences in cell proliferation, cell cycle distribution, and apoptosis between the 
two groups. However, we detected differences in the abundance of 23 proteins between the two 
groups, and some of these differences were consistent with alterations in transcript levels deter
mined by qRT-PCR (P < 0.05). A bioinformatics analysis indicated that the differentially regulated 
proteins were mainly enriched in ‘localization’ in the cellular process category; however, no 
significant pathway alterations in NE-4C cells were detected. We conclude that under the experi
mental conditions, low-level RF-EMF exposure was not neurotoxic but could induce minor changes 
in the abundance of some proteins involved in neurodevelopment or brain function.
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Introduction

The bioeffects of environmental radiofrequency electro
magnetic field (RF-EMF), mainly originating from 
modern communication devices such as cellular phones, 
have become a major public health issue, attracting the 
mounting attention of researchers. The intensity and 
radius of environmental RF-EMF radiation are still 
growing due to the development of communication 
techniques and the increased use of electromagnetic 
products. The implementation of specific policies 
restricting the RF-EMF intensity aimed at reducing 
public exposure has led to a low-level RF-EMF with 
a specific absorption rate (SAR) value of <2 W/kg for 
individual localized exposure (IEEE 2010). However, 
the safety of environmental RF-EMF is still unclear 
(Jaffar et al. 2019; Pacchierotti et al. 2021). RF-EMF 
covers frequencies from 3 kHz to 300 GHz (IEEE  
2010). Within this range, 1950 MHz is widely applied 
in universal mobile telecommunications system and has 

become an important component of environmental RF- 
EMF. Low-level 1950 MHz RF-EMF exposure could 
inhibit the cell proliferation and secretion of Leydig 
cells, increase the micronucleus frequency of fibroblasts, 
and enhance X-ray-induced apoptosis in spermatocyte- 
derived cells. However, its influence on stem cells, which 
are highly sensitive to electromagnetic radiation, has not 
been explored (Lin et al. 2017; Markovà et al. 2010; 
Sannino et al. 2017; Zhang et al. 2017).

Embryonic neural stem cells have the potential to 
differentiate into neurons or glial cells and play a vital 
role in embryonic neurodevelopment. Of note, 
every year, approximately 3.2 million children world
wide are born with a congenital anomaly. Congenital 
anomalies are the leading cause of perinatal mortality in 
Europe and approximately 5% of cases are ascribed to 
environmental exposure according to the World Health 
Organization (Baldacci et al. 2018). While the definite 
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bioeffects of high-level RF-EMF exposure with a SAR 
value of >4 W/kg have been characterized, the bioeffects 
of low-level environmental RF-EMF exposure and its 
non-thermal effects on embryonic neural stem cells are 
still unclear. Some studies have indicated that environ
mental RF-EMF exposure could affect embryonic neural 
stem cells and resulting embryo development. 
Epidemiological investigations have revealed that pre
natal exposure to RF-EMF from mobile phones could 
increase the frequencies of migraines or headaches in 
children over those of children with no prenatal RF- 
EMF exposure (Sudan 2012). In vivo studies have 
demonstrated that RF-EMF exposure from cellular 
phones may impact fetal neurotransmitters and oxida
tive stress, and prenatal RF-EMF exposure could change 
the number or morphology of fetal brain cells (Jing et al.  
2012; Sharma et al. 2017). In vitro studies have found 
that RF-EMF exposure could affect transcript levels of 
apoptosis-related genes in embryonic stem cell-derived 
neural progenitor cells (Nikolova et al. 2005). However, 
some studies have not detected the effects of low-level 
RF-EMF exposure on embryonic neural stem cells and 
embryonic development (Bornhausen and Scheingraber  
2000; Jensh 1997; Lary et al. 1983).

Embryonic stem cells could provide important 
insight into genetic and epigenetic events at the early 
stage of embryonic development (Okae et al. 2018; 
Rossant and Tam 2018). As a kind of embryonic neural 
stem cells, the NE-4C cell line is the appropriate model 
to study neurodevelopment in the embryo and to eval
uate neurotoxicity of environmental factors (Milatovic 
et al. 2011; Tamm et al. 2008). Differentially expressed 
proteins across time and space determine the direction 
of cellular differentiation and the ultimate fate of cells. 
However, the effects of environmental RF-EMF expo
sure on genome-wide protein expression in embryonic 
neural stem cells have not been elucidated to date. 
Therefore, NE-4C cells were selected in this study to 
evaluate the effects of environmental level RF-EMF on 
embryonic neural stem cells from a proteomics 
perspective.

Materials and methods

Cell culture

The NE-4C cell line derived from neuroectodermal tis
sue of a mouse embryo was obtained from the Stem Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China) and cultured in Minimum Essential Medium 
(MEM) supplemented with 10% fetal bovine serum, 2  
mM glutamine and 100× penicillin–streptomycin 
(Invitrogen; Thermo Fisher Scientific Corporation, 

Carlsbad, CA, USA). NE-4C cells were cultured on 
0.01% poly-L-lysine (Sigma – Aldrich, Saint Louis, 
Missouri, USA) precoated culture dishes (diameter 35  
mm; NUNC, Thermo Fisher Scientific) and incubated at 
37°C in a humidified air containing 5% CO2. After 
reaching approximately 85% confluence, cells were sub
cultured at a 1:6 ratio. NE-4C cells were seeded onto 
culture dishes precoated with poly-L-lysine and incu
bated for 24 h at 37°C before RF-EMF exposure.

RF-EMF exposure setup

The RF-EMF setup (sXc-RF, IT’IS foundation, Zurich, 
Switzerland) was composed of two rectangular wave
guide cavities, one incubator, one RF-EMF generator, 
one arbitrary function generator and one narrow band 
amplifier (Figure 1). RF-EMF in waveguides was acti
vated by couplers and removable shortcuts. There was 
one petri dish holder in each waveguide, and each petri 
dish holder could hold six NUNC petri dishes. One 
waveguide was set for RF-EMF exposure, while the 
other one was set for the sham control without RF- 
EMF exposure. The RF-EMF generator can generate 
an RF-EMF signal that could be modulated by the 
arbitrary function generator. The temperature in the 
waveguide was monitored with Pt100 probes fixed on 
the top of each fan. The RF-EMF exposure system was 
connected to a personal computer able to set and moni
tor the exposure parameters using sXcRF Experimental 
Control Software Version 3.2b2. The environment in 
the waveguides of the incubator was maintained at 37°C 
and 5% CO2. The temperature difference between the 
two waveguides did not exceed 0.1°C during RF-EMF 
exposure.

RF-EMF exposure

NE-4C cells at the exponential growth stage were seeded 
onto 35 mm NUNC dishes at 1 × 105 cells per dish. At 
24 h after seeding, the cell culture medium was replaced 
with 2.5 mL fresh medium, and cells in dishes were 
placed in the two waveguides. One waveguide was set 
to the RF-EMF exposure chamber, and cells in three 
dishes were continuously exposed to 1950 MHz RF- 
EMF for 48 h at an average SAR of 2 W/kg. The other 
waveguide was used for a sham treatment, and cells in 
three dishes were kept under the same experimental 
conditions without RF-EMF exposure. The RF-EMF 
exposure parameters were verified by a forward power 
sensor and meter before the experiment and were mon
itored by a backward power sensor and meter during the 
whole exposure experiment. The temperature was 
maintained at 37°C during the RF-EMF exposure in 
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the waveguides. After RF-EMF exposure, cellular mor
phology was observed under an inverted microscope, 
cell proliferation was determined by the CCK8 assay, 
and cell cycle distribution and apoptosis were measured 
by flow cytometry.

CCK8 assay

NE-4C cells were digested by 0.05% trypsin solution 
(Invitrogen) and centrifuged at 150 × g for 5 min. 
Supernatants were discarded, and cell pellets were resus
pended with culture medium. The cell concentration 
was adjusted to 5 × 103 cells/mL, and 200 μL of the cell 
suspension was added to each well of 96‐well micro
plates (Corning, NYC, NY, USA). At intervals of 24 h, 
10 μL of CCK‐8 reagent (Beyotime, Shanghai, China) 
was added to each well and cultured for 2 h. Absorbance 
was detected at 450 nm using a microplate reader 
(Thermo Fisher Scientific). Cell proliferation was quan
tified by the optical density (OD).

Flow cytometry assay

To detect the cell cycle distribution, NE-4C cells were 
harvested and washed twice with cold phosphate- 
buffered saline (PBS). Then, cells were fixed by pre
chilled 70% ethanol for 30 min at 4°C. After centrifuga
tion, cells were stained with 50 μg/ml propidium iodide 

(PI, Sigma-Aldrich, St. Louis, MO, USA) mixed with 
PBS for 30 min at 37°C, followed by the detection of the 
cell cycle distribution using the FACSCalibur Flow 
Cytometer (BD Biosciences, San Jose, CA, USA).

Harvested NE-4C cells along with their culture med
ium were centrifuged at 1000 rpm for 5 min for analysis 
of apoptosis. Pellets were resuspended in a binding buf
fer and stained with 5 μL Annexin V‐FITC plus 5 μL PI 
(Sigma-Aldrich) at 4°C for 30 min in the dark. Stained 
cells were washed by binding buffer three times to 
remove excess dyes and then resuspended in 500 μL 
binding buffer. The percentage of apoptosis was ana
lyzed using the FACSCalibur Flow Cytometer (BD 
Biosciences) within 1 h.

Total protein extraction and peptide preparation

Total protein extraction, peptide preparation, and quan
titative proteomic analysis were performed according to 
the previously reported methodology, with some mod
ifications (Guerrero-Castillo et al. 2021; Sathe et al.  
2021). Upon the end of RF-EMF exposure, cells in 
sham group and RF group were harvested immediately 
with a cell scraper, followed by centrifugation at 1500 ×  
g for 10 min and washing with PBS twice. Cells were 
lysed with a lysis buffer containing 7 M urea (Sigma- 
Aldrich), 0.2% sodium dodecyl sulfate (SDS, Sigma- 
Aldrich) and 1× protease inhibitor cocktail (Sigma- 

a b

dc

Figure 1. 1950 MHz RF-EMF Setup. (a) the cell incubator with waveguide cavities. (b) Waveguide cavities containing the waveguide 
chamber, petri dish holder, field detector, ventilator and temperature sensor. (c) the rack with the RF-EMF signal generator, RF-EMF 
power amplifier, function generator, data acquisition unit and digital control unit. (d) the PC software for setting and monitoring the 
RF-EMF exposure parameters.
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Aldrich). Samples were then treated by ultrasonication 
on ice (2 s-on and 7 s-off) for 1 min and kept on ice for 
2 h. The lysate was centrifuged at 1200 × g for 20 min at 
4°C and the middle layer was transferred to a clean tube, 
followed by mixing it with six volumes of acetone 
(Sigma-Aldrich). The mixture was maintained at 
−20°C overnight. The next day, the mixture was centri
fuged and the collected precipitate was washed twice 
with a precooled mixed solution (ethanol: acetone: 
acetic acid = 50:50:0.1), followed by centrifugation at 
12,000 × g for 15 min at 4°C. Pellets were dissolved 
again by the mixed solution containing 6 M guanidine 
hydrochloride (Sigma-Aldrich) and 300 mM triethy
lammonium bicarbonate (TEAB, Sigma-Aldrich). 
Samples were kept at 4°C and protein concentration 
was determined with a BCA Kit (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to 
the manufacturer’s instructions. Then, 150 μg of each 
sample was diluted with TEAB to 100 μL.

Filter aided proteome preparation enzymolysis was 
carried out as follows: Samples were transferred to the 
10 K ultrafiltration tube (Millipore, MA, USA), cen
trifuged at 12,000 × g and the flowthrough was dis
carded. Ultrafiltration tubes were washed four times 
with TEAB (dissolution buffer). Trypsin solution pre
pared by the dissolution buffer was added to the 
ultrafiltration tubes and maintained at 37°C overnight 
for enzymolysis. The peptides were collected by 
vacuum centrifugation and were redissolved with 
a dissolution buffer to 200 μL. Peptide labeling was 
performed using the tandem mass tag (TMT) 6plex™ 
Isobaric Label Reagent Set (Thermo Fisher Scientific) 
following manufacturer’s instructions.

For desalination, peptides were dissolved with 0.1% 
trifluoroacetic acid (TFA, Sigma-Aldrich). Monospin 
desalination columns (Shimadzu Corporation, Tokyo, 
Japan) were activated with 100% acetonitrile (Sigma- 
Aldrich) and then balanced with 0.1% TFA. The dis
solved samples were transferred to desalination columns 
and centrifuged. Desalination columns were washed 
with 0.1% TFA. Then, 50% acetonitrile was added to 
desalination columns and peptides were collected into 
a new tube after centrifugation. The eluates were cen
trifuged and dried to remove acetonitrile.

Peptides were redissolved in 0.1% TFA solution and 
fractionated by applying a Pierce High pH Reversed- 
Phase Peptide Fractionation Kit (Cat. No. 84868, 
Thermo Fisher Scientific) following the manufacturer’s 
instructions. The absorbance of eluates was measured 
at 214 nm UV. They were collected at one tube 
per minute and finally 10 total fractions were gained. 
All fractions were then vacuum-centrifuged and main
tained in dry condition.

LC – MS/MS analysis

Each dried sample of sham group and RF group was 
reconstituted with 0.1% (v/v) formic acid (FA, Sigma- 
Aldrich) in water and 2 μg of each sample was added to 
the EASY-nLC 1200 Liquid Chromatography System 
(Thermo Fisher Scientific). The peptides were separated 
using an in-house analytical column (C18 reversed- 
phase column, 2 μm, 75 μm × 250 mm; Thermo Fisher 
Scientific) by linear gradient elution from 0% to 50% 
B (A = 0.1% FA; B = 80% acetonitrile, 0.1% FA) at a flow 
velocity of 200 nL/min over 120 min. The Orbitrap 
Fusion Lumos Mass Spectrometer (Thermo Fisher 
Scientific) was operated in the data-dependent mode 
with a cycle time of 3 s and automated precursor peak 
selection. Spectra were gained in the positive-ionization 
mode at an electrospray voltage of 2400 V. The full scan 
resolution was 6 × 104 (FWHM), the mass-to-charge 
ratio (m/z) was set to 350–1600, and the collision energy 
was set to 30% in the higher-energy collision dissocia
tion (HCD) fragmentation model.

Differentially regulated proteins screening

Raw data were searched using Proteome Discoverer 2.4 
(Thermo Fisher Scientific) with the SEQUEST search 
algorithm against the Swissprot database. Trypsin was 
selected as the protease and a maximum of two missed 
cleavages were allowed. Peptide mass was set to 10 ppm, 
and MS/MS tolerance was set to ±0.02 Da. Fixed mod
ifications were selected for Carbamidomethyl (C), TMT 
6plex (N-term), TMT 6plex (K), Acetyl (N-Term) Met- 
loss (M) and Met-loss + Acetyl (M). Met oxidation was 
used as a variable modification. The false discovery rate 
was set to 1% at the peptide and protein levels.

To screen differentially regulated proteins, the 
Student’s t-test was used to evaluate differences between 
the RF group and the sham group. Differentially regu
lated proteins were determined by the following thresh
olds: fold change ≥1.1 or ≤0.909 and P < 0.05. 
Differentially regulated proteins were visualized as 
a heatmap and volcano plot generated using 
RStudio 3.6.0.

Bioinformatic analysis

Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and protein–protein interaction 
(PPI) network analyses of differentially expressed 
genes (DEGs) were performed. GO and KEGG analyses 
were performed using the online platform DAVID 
(https://david.ncifcrf.gov/). GO terms were identified 
in three general categories: biological processes (BP), 
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cellular components (CC), and molecular functions 
(MF). GO and KEGG analysis results were visualized 
using the R packages ‘GOplot’ and ‘ggplot2’, respec
tively. P < 0.05 was defined as statistically significant 
for both analyses. A PPI analysis of the DEGs was 
carried out using the STRING database, and the med
ium confidence was set to 0.400 (version 11.5, 
https://string-db.org/cgi/input.pl). Hub genes were 
defined by rank values of connectivity.

qRT-PCR analysis

Total RNA was extracted from NE-4C cells using 
a GeneJET RNA Purification Kit (Thermo Fisher 
Scientific) following the manufacturer’s instructions. 
cDNA synthesis was conducted using the 
PrimeScriptTM Reverse Transcription Master Mix Kit 
（Takara Bio Inc, Shiga, Japan）according to the man
ufacturer’s instructions. TB Green Premix Ex TaqTM II 
(Takara Bio Inc) was used for real-time PCR with the 
CFX384 Real-Time system (Bio-Rad Laboratories, 
Hercules, CA, USA) under the following conditions: 
95°C for 30 s and 40 cycles of 95°C for 5 s and 60°C 
for 30 s. Real-time RT-PCR for target gene quantifica
tion was performed in quadruplicate. Specific primers 
are displayed in Table 1. The results were based on 
2−ΔΔct values and mouse Gapdh served as an internal 
reference gene.

Data management and statistical analysis

The raw MS spectral data and search data have been 
deposited in the ProteomeXchange Consortium 
(http://proteomecentral.proteomexchange.org) via 
the iProX partner repository with the dataset identi
fier PXD031285. All experiments were conducted at 

least in triplicate, and data analysis was performed 
using SPSS 17.0. Statistical significance was assessed 
using Student’s t-tests. P < 0.05 was defined as statis
tically significant.

Results

NE-4C cell toxicity induced by low-level RF-EMF 
exposure

The morphology of cells in the two groups was the 
same in size and no detrimental signs such as 
vacuoles were found in cells under the microscope. 
The cell alignment was regular and cell status was 
normal in both groups (Figure 2A, B). There was no 
significant difference in cell proliferation between the 
sham-exposed group and the RF-EMF exposed group 
determined by a CCK8 assay (P > 0.05) (Figure 2C). 
A flow cytometry assay showed that 48 h low-level 
RF-EMF exposure did not affect the cell cycle dis
tribution (Figure 2D) or induce apoptosis in NE-4C 
cells (P > 0.05) (Figure 2E).

Identification of differentially regulated proteins 
and bioinformatic analysis of DEGs

We identified and quantified 40,512 peptides and 
5,369 proteins by TMT-based proteomics, of which 
12 proteins were up-regulated and 11 proteins were 
down-regulated by RF-EMF exposure (P < 0.05). 
Differentially regulated proteins are visualized in 
a heatmap (Figure 3A) and volcano plot 
(Figure 3B). The fold change values of the upregu
lated proteins ranged from 1.11 to 1.19, and those 
of the downregulated proteins ranged from 0.78 to 
0.91. All differentially regulated proteins and related 
information are provided in Supplemental Table 1. 
The GO analysis results revealed that the DEGs 
were mainly enriched in ‘localization’ in the BP 
category. In the CC category, DEGs were mainly 
enriched for the term ‘cytoplasm’. In the MF cate
gory, the DEGs were mainly enriched in the term 
‘protein binding’. The enriched GO terms are 
shown in Figure 3C. The KEGG analysis showed 
that the DEGs were involved in multiple pathways, 
including ‘proximal tubule bicarbonate reclamation’ 
and ‘mismatch repair’. However, the differences in 
these pathways between groups were not significant 
(Figure 3D). In PPI network analysis of DEGs, we 
found no hub genes. There was no interaction 
between the DEGs, except for an interaction 
between Slc3a2 and Slc38a3 (Figure 3E).

Table 1. Specific primer sequence.
Gene Symbol (Mus) Primer sequence

Bbs1 CCTCATGGACCAACACGAGC 
GTTCCAAACGTCCTGTTCCAA

Slc38a3 GGAGGGGCTTCTACCAGTG 
AAAGGATGATGCCCGTATTGG

Myo9a AGGAAGACGACGCTTTGAGG 
CTGGCAGGAATTGGACAGTAAA

Hexb GAGTGCGAGTCCTTCCCTAGT 
CTAAACCTCGTAACGCTCCCC

Tmod2 GGCCTGTGAGGAATGTCGTG 
TCCTTCAGGGTTGGAATTGGA

Slc3a2 TGATGAATGCACCCTTGTACTTG 
GCTCCCCAGTGAAAGTGGA

Vps18 ATGGCCGAGGCTTTGTCATT 
CCCTGGGCTTCAGTATCTTCC

Zfp106 GCCACATCGTGTATGGCTCAA 
TCAGGTTCTCAAGTTCCCTGT

Gapdh GGTGAAGGTCGGTGTGAACG 
CTCGCTCCTGGAAGATGGTG
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qRT-PCR results of DEGs directly related to 
neurodevelopment or brain function

qRT-PCR results confirmed that the expression levels of 
Bbs1 and Slc38a3 that directly related to neurodevelop
ment and Vps18, which was directly related to brain 
function, were significantly upregulated at the transcrip
tion level in the RF group compared with the sham group 
(P < 0.05) (Figure 4A, B, G). However, the expression of 
the other five genes (Myo9a, Hexb, Tmod2, Slc3a2, 
Zfp106) directly related to neurodevelopment or brain 
function did not differ between the sham group and the 
RF group (P > 0.05) (Figure 4C, D, E, F, H).

Discussion

Embryo development is a finely regulated and highly 
dynamic process characterized by the persistent 

proliferation and differentiation of embryo stem cells, 
which are highly sensitive to environmental stressors. 
However, the relationship between environmental RF- 
EMF and embryo stem cells is not well elucidated, and 
little is known about the related molecular mechanisms. 
In our study, we found that short-term low-level RF- 
EMF exposure did not affect the morphology, prolifera
tion, cell cycle distribution, and apoptosis of NE-4C 
cells, indicating a lack of neurotoxicity or direct damage 
to embryonic stem cells or embryos. Several studies of 
stem cells have reported consistent results. For example, 
900 MHz RF-EMF exposure at a SAR of 2.287 W/Kg did 
not influence cell viability and apoptosis of neural stem 
cells (Eghlidospour et al. 2017). In another study, low- 
level RF-EMF exposure (900, 1950 or 2535 MHz) did 
not affect the apoptosis or the cell cycle distribution in 
human hematopoietic stem cells (Gläser et al. 2016). 
However, other studies have shown that low-level RF- 

Figure 2. Low-level RF-EMF exposure did not cause neurotoxic effects. (a) the morphology of NE-4C cells in the sham group (200 folds 
magnification). (b) the morphology of NE-4C cells in the RF group (200 folds magnification). (c) Cell proliferation was assessed by CCK8 
assay. (d) the distribution of cell cycle was measured by flow cytometry. (e) the apoptosis rate was measured by flow cytometry. (f) the 
representative flow cytometry plot of cell cycle in the sham group. (g) the representative flow cytometry plot of cell cycle in the RF 
group. (h) the representative flow cytometry plot of apoptosis in the sham group. (i) the representative flow cytometry plot of 
apoptosis in the RF group. Data are presented as mean ± SEM of three independent experiments.
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EMF exposure (i.e., 900 MHz) could significantly inhibit 
the proliferation of Michigan Cancer Foundation 
(MCF-7) cells and human adipose-derived stem cells, 
and similar results have been found in other cell lines, 

such as V79 cells (Čermak et al. 2020; Shahbazi- 
Gahrouei et al. 2018). The inconsistency among studies 
can possibly be due to the difference in cell lines and RF- 
EMF exposure parameters.

a b

c

d e

Figure 3. Low-level RF-EMF exposure could potentially change protein levels and corresponding DEGs were analyzed using 
bioinformatic methods. (a) Rows represent proteins and columns represent samples in the heatmap. (b) Red spots represent 
significantly upregulated proteins and the blue spots represent significantly downregulated proteins in the volcano plot. (c) 
Functional enrichment analysis of DEGs. (d) Pathway enrichment analysis of DEGs. (e) PPI network of DEGs.
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To further explore the effects of low-level RF-EMF 
exposure on embryonic neural stem cells at the molecular 
level, we analyzed the proteomic changes in NE-4C cells 
by applying the mass spectrometric technique that 
tended to be applied in high-level RF-EMF exposure 
experiments other than low-level RF-EMF exposure 
experiments, and identified 23 differentially regulated 
proteins, with small changes in protein abundance 
(Vanderstraeten and Verschaeve 2008). Proteomic ana
lyses of embryo stem cells after low-level RF-EMF expo
sure are largely lacking, except for one study revealing 
that <1% of the quantitated proteome in mouse embryo
nic stem cells (IB10) was altered in response to 2.1 GHz 
RF-EMF exposure with fold change values of <1.5. 
Combined with other related high throughput analyses, 
we could conclude that cellular proteomics varies 
depending on RF-EMF parameters (Chauhan et al.  
2007; Gurisik et al. 2006; Luo et al. 2013).

The proteomic analysis in this study indicated that 
low-level RF-EMF exposure was not absolutely safe; 
thus, the bioinformatic analysis was conducted to 
explore the potential effects. Although GO enrichment 
analysis showed that the differentially regulated proteins 
mainly contributed to localization, pathway differences 
between groups were not significant, indicating that the 
effects of low-level RF-EMF exposure are limited and 
are not likely to induce phenotypic changes. Therefore, 
it is reasonable to speculate that short-term low-level 

RF-EMF exposure does not affect the differentiation or 
function of embryonic neural stem cells. In addition, we 
did not detect any hub genes in the PPI network analy
sis, indicating that the interactions between differen
tially regulated proteins were weak or negligible, 
possibly due to the small number of differentially regu
lated proteins and their dispersive subcellular location.

Among 23 differentially regulated proteins, 8 pro
teins are directly related with neurodevelopment or 
brain function, namely Bardet–Biedl syndrome 1 pro
tein homolog, mNAT, Unconventional myosin-Ixa, 
Hexosaminidase subunit B, N-Tmod, 4F2hc, vacuolar 
protein sorting-associated protein 18 homolog and Zfp- 
106. The differential expression of hexosaminidase sub
unit B, mNAT and vacuolar protein sorting-associated 
protein 18 homolog was verified at transcriptional level 
by real-time PCR. Bardet–Biedl syndrome 1 protein 
homolog, encoded by the gene of Bbs1 could influence 
brain morphogenesis, cerebral cortex development, 
dendrite development, neuron migration, and neural 
precursor cell proliferation (Carter et al. 2012; Davis 
et al. 2007; Ishizuka et al. 2011; Kulaga et al. 2004). 
mNAT, encoded by Slc38a3, may contribute to synaptic 
transmission, thereby affecting brain development. 
Vacuolar protein sorting-associated protein 18 homo
log, encoded by the gene of Vps18, plays a role in 
vesicle-mediated protein trafficking to lysosomal com
partments and the regulation of synaptic vesicle 

Figure 4. Qrt-PCR results confirmed that low-level RF-EMF exposure could change the expression of several genes directly related to 
neurodevelopment or brain function. (A-H) the relative expression of Bbs1, Slc38a3, Myo9a, Hexb, Tmod2, Slc3a2, Vps18 and Zfp106 in 
sequence. Data are presented as mean ± SEM of four independent experiments. * vs. sham group, P < 0.05.
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exocytosis. However, minor changes in the levels of 
these three proteins are not expected to affect the differ
entiation or function of NE-4C cells, according to the 
bioinformatic analysis. We cannot exclude the potential 
influence of low-level RF-EMF exposure on NE-4C cells 
by unknown mechanisms involving additional proteins 
or pathways. Moreover, further studies are needed to 
determine whether long-term or more intense RF-EMF 
exposure could increase the changes in protein abun
dance and thereby affect phenotypes of NE-4C cells.

Conclusions

Short-term, low-level RF-EMF exposure was not neuro
toxic. Although no pathways were perturbed, minor 
changes in the abundance of some intracellular proteins 
involved in neurodevelopment or brain function in NE- 
4C cells induced by low-level RF-EMF should be a focus 
of further studies. This study provides novel insights 
into the effects of low-level RF-EMF exposure on 
embryonic neural stem cells and has implications for 
public health.
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