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Overexpression of miR-26b-5p regulates the cell cycle by targeting CCND2 in GC-2
cells under exposure to extremely low frequency electromagnetic fields
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ABSTRACT

The increasing prevalence of extremely low frequency electromagnetic fields (ELF-EMFs) exposure has
raised considerable public concern regarding the potential hazardous effects of ELF-EMFs on male
reproductive function. Increasing evidence indicates that miRNAs are necessary for spermatogenesis and
male fertility. However, the regulation of miRNA expression and the roles of miRNAs in response to ELF-
EMFs remain unclear. In our study, mouse spermatocyte-derived GC-2 cells were intermittently exposed to
a 50 Hz ELF-EMF for 72 h (5 min on/10 min off) at magnetic field intensities of 1 mT, 2 mT and 3 mT. MiR-
26b-5p was differentially expressed in response to different magnetic field intensities of ELF-EMFs. The
host gene CTDSP1 showed an unmethylation status in GC-2 cells at different magnetic field intensities of
ELF-EMF exposure. MiR-26b-5p had no significant, obvious influence on the cell viability, apoptosis or cell
cycle of GC-2 cells. However, the overexpression of miR-26b-5p significantly decreased the percentage of
GO0/G1 phase cells and slightly increased the percentage of S phase cells compared to the sham group that
was exposed to a 50 Hz ELF-EMF. Computational algorithms identified Cyclin D2 (CCND2) as a direct target
of miR-26b-5p. MiR-26b-5p and a 50 Hz ELF-EMF altered the expression of CCND2 at both the mRNA and
protein levels. Overexpressed miR-26b-5p in GC-2 cells can change the mRNA expression of CCND2
following 50 Hz ELF-EMF at 3 mT. These findings demonstrate that miR-26b-5p could serve as a potential
biomarker following 50 Hz ELF-EMF exposure, and miR-26b-5p-CCND2-mediated cell cycle regulation

ARTICLE HISTORY
Received 3 August 2015
Revised 1 October 2015
Accepted 12 November 2015

KEYWORDS

CCND2; cell cycle; extremely
low frequency
electromagnetic fields; miR-
26b-5p; reproductive toxicity

might play a pivotal role in the biological effects of ELF-EMFs.

Introduction

The prevalence of electric appliances from power supply lines
and many household and commercial devices has increased the
health risk of human beings who are progressively exposed to
extremely low frequency electromagnetic fields (ELF-EMFs).
This prevalence has also raised considerable public concern
regarding the potential hazardous effects of ELF-EMFs."* The
male reproductive system is considered sensitive to electromag-
netic radiation. Many studies have confirmed that ELF-EMFs
can alter the reproductive endocrine hormones and decrease
the semen quality of humans and animals, as well as gonadal
fetal function.’” Despite numerous attempts, the biological
mechanism facilitating the effects of ELF-EMFs remains
unknown. Therefore, it is necessary to investigate and under-
stand the potential effects of ELF-EMFs on the male reproduc-
tive system.

MiRNAs are a class of small endogenous non-coding RNAs
that are 21-26 nucleotides in length.*” MiRNAs predominantly
negatively regulate gene expression by binding to the 3'-
untranslated region (3'-UTR) of the target genes.® MiRNAs
participate in the regulation of various cellular processes,

including cell proliferation, cell cycle and apoptosis.”'" Emerg-
ing evidence has demonstrated the critical role of miRNAs in
the control of reproductive functions, especially in the pro-
cesses of oocyte maturation, folliculogenesis, corpus luteum
function, implantation and early embryonic development.'? In
addition, increasing evidence indicates that miRNAs are neces-
sary for spermatogenesis and male fertility."> Therefore, we
speculated that miRNA-mediated regulation might be linked to
the adverse effects of ELF-EMFs on the male reproductive
system.

MiR-26a and miR-26b, which are intrinsic miRNAs that are
located in the intron of CTDSPI, are important for various
types of cancer development.'*'*> For example, the down-regu-
lation of miR-26b in osteosarcoma increased the levels of
CTGF and Smadl, facilitating osteosarcoma metastasis.'® The
downregulation of miR-26b in carcinoma-associated fibroblasts
from estrogen receptor-positive breast cancers can lead to
enhanced cell migration and invasion."” MiR-26b could modu-
late non-small cell lung cancer chemoresistance and migration
through its association with PTEN.'® Recently, we found that a
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50 Hz ELF-EMF could significantly change the expression of
miR-26b-5p compared to a sham group in GC-2 cells. How-
ever, thus far, the role of miR-26b-5p in ELF-EMFs has never
been investigated. In this study, we investigated the molecular
regulation of miR-26b-5p in response to ELF-EMFs and exam-
ined whether miR-26b-5p could act as a biomarker of exposure
to ELF-EMFs.

Materials and methods
Cell culture

Mouse spermatocyte-derived GC-2 cells (GC-2 cells) were pur-
chased from the American Tissue Culture Collection (ATCC,
Rockville, MD, USA). GC-2 cells were cultured in DMEM
high-glucose medium (Hyclone, Logan, UT, USA) that was
supplemented with 10% fetal bovine serum (Gibco BRL, Rock-
ville, MD, USA) at 37 °C in a humidified atmosphere with 5%
CO,. Germ cells of mouse were isolated as described
previously."

Exposure procedure and experimental design

The exposure system was designed and provided by the
Foundation for Information Technologies in Society (IT'IS
foundation, Zurich, Switzerland), as described previously.*”
*! Briefly, the exposure system consists of a power fre-
quency generator, an arbitrary function generator, a nar-
row-band amplifier and 2 rectangular waveguides. The
setup generated a vertical EMF that was composed of 2 4-
coil systems (2 coils with 56 windings and 2 coils with 50
windings) and was placed inside a metal chamber. The sys-
tem was composed of 2 identical exposure chambers. One
of the chambers was sham-exposed, and the other chamber
was exposed to radiation. Exposed and sham-exposed cell
dishes were simultaneously placed in an incubator in which
the environmental conditions were constant (37°C, 5%
CO,). The exposure setup was controlled and monitored by
a computer through specific sensors that can automatically
control the exposure parameters, including exposure inten-
sity and exposure time. The temperature difference between
sham and ELF-EMF exposure never exceeded 0.3°C.

After overnight starvation, GC-2 cells were exposed to a
50 Hz ELF-EMF at magnetic intensities of 1 mT, 2 mT, and 3
mT for 72 h (5 min on /10 min off). The cultured cells were
divided into 6 groups as follows: (i) sham group; (ii) ELF-EMF
exposure group; (iii) GC-2 cells that were transfected with
miR-26b-5p mimic or mimic negative control (100 nM); (iv)
GC-2 cells that were transfected with miR-26b-5p inhibitor or
inhibitor negative control (100 nM); (v) GC-2 cells that were
transfected with miR-26b-5p mimic (100 nM) for 6 h and then
exposed to a 50 Hz ELF-EMF; and (vi) GC-2 cells that were
transfected with mimic negative control (100 nM) for 6 h and
then exposed to a 50 Hz ELF-EMF.

Quantitative reverse-transcription PCR (QRT-PCR)

Total RNA was extracted from the GC-2 cells using Trizol
Reagent Kit (Invitrogen, Carlsbad, USA). cDNAs were

obtained by the GoScript™ Reverse Transcription System
Kit (Promega, WI, USA). For miR-26b-5p, total RNA
(2 ng) was transcribed into cDNA using a microRNA First-
Strand ¢DNA Synthesis Kit (Sangong Biotech, Shanghai,
China) according to the manufacturer’s protocol. The spe-
cific forward primer for miR-26b-5p is 5-GGCTTCAAG-
TAATTCAGGATAGG-3. To quantify the miR-26b-5p
expression levels, the expression of small nuclear U6 was
used as the internal control. MiRNA and mRNA expression
was examined using a Bio-Rad IQ5 Detection System with
SYBR Green PCR Master mix (Promega) as described previ-
ously.”> The primer sequences are listed in Table S1.

Methylation-specific PCR (MSP)

A DNA isolation kit (Omega Bio-Tek, USA) was used to extract
DNA from the GC-2 cells following the manufacturer’s instruc-
tions. DNA was bisulfite converted using the EZ DNA Methyl-
ation-Gold Kit (Zymo Research, Orange, CA, USA) according
to the manufacturer’s instructions. The primer sets were spe-
cific for amplifying either methylated or unmethylated sequen-
ces spanning the CpG island of the host gene of miR-26b-5p.
The primer pairs that were used for MSP are listed in Table SI.
The PCR conditions for MSP were standardized in our
laboratory.**

Cell viability assay

Cell counting kit-8 (CCK-8, Dojindo, Japan) was used to
detect cell viability. According to the manufacturer’s
instructions, 3000 cells per well were seeded into 96-well
plates in 100 ul of cell culture medium and transfected
with miR-26b-5p mimic, mimic negative control (mimic-
nc), inhibitor, or inhibitor negative control (inhibitor-nc);
some cells were transfected with miR-26b-5p mimic and
mimic-nc. All cells were treated with 50 Hz ELF-EMF at a
magnetic field intensity of 3 mT for 72 h. Then, the
medium was mixed with 10 ul of CCK-8 reaction solution
for 1 h at 37°C. The optical density was measured at
450 nm by a microplate reader (SpectraMax M2; Molecular
Devices, Sunnyvale, CA, USA). Each measurement was
repeated 3 times.

Detection of apoptosis and the cell cycle by flow cytometry

After transfection or ELF-EMF exposure, cellular apoptosis
was analyzed by flow cytometry with Annexin V-FITC and
propidium iodide (PI) double staining. For cell cycle analy-
sis, GC-2 cells were harvested and fixed in 75% ice-cold
ethanol overnight at 4°C. The fixed cells were washed twice
with ice-cold PBS, stained with 50 mg/ml PI containing
50 mg/ml RNase A (DNase free) for 30 min at 37°C and
then analyzed in a flow cytometer. The experiments were
conducted 3 times.

Cell transfection

MiR-26b-5p mimic, inhibitor, and their negative controls were
purchased from RiboBio (RiboBio, Guangzhou, China). GC-2
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Figure 1. 50 Hz ELF-EMF exposure alters the expression of miR-26b-5p. (A) MicroRNA-gene network in GC-2 cells between the sham and exposure groups at magnetic
field intensity of 3 mT. The vertical axis corresponds to changed miRNAs, and the horizontal axis to the degree of miRNA, which represents the number of target genes.
(B) The expression levels of miR-26b-5p were significantly higher in response to a magnetic field intensity of 2 mT but were significantly lower in response to a magnetic
field intensity of 3 mT. However, 50 Hz ELF-EMF had no obvious influence on the expression of miR-26b-5p at 1 mT in GC-2 cells.

cells were cultured in a 96-well or 6-well plate 24 h before
transfection. Prior to miRNA transfection, the cell culture
medium of the GC-2 cells was replaced with serum-reduced
medium (Opti-MEM I; Invitrogen, Carlsbad, CA, USA). The
transfection was performed with Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s instructions. The GC-2 cells
were incubated with the mimic or inhibitor/Lipofectamine mix-
ture for 6 h. Then, the Opti-MEM I medium was switched to a
growth medium. The miRNA mimic or inhibitor (100 nM)
that was prepared with lipid carrier (1:2, v/v) was used for the
transfection in Opti-MEM I medium. To determine the optimal
transfection conditions, the transfection efficiency was con-
firmed by real-time PCR.

MiR-26b-5p target gene prediction

The target genes of miR-26b-5p were predicted by starBase v2.0
(http://starbase.sysu.edu.cn/targetSite.php), which included
TargetScan, PicTar, RNA22, PITA, miRanda/mirSVR and
other computational prediction methods. The predicted targets
that were involved in proliferation, cell cycle and apoptosis
were screened first.

Western blot analysis

The cells were lysed and centrifuged at 12,000 rpm for 30 min
at 4 °C, and the supernatants were collected. The protein con-
centrations were determined using the BCA protein assay kit
(Pierce, Rockford, IL, USA). Western blotting was performed
as previously described. Protein samples (60 (g) were sepa-
rated by 10% SDS-PAGE and then transferred to an
equilibrated PVDF membrane (Amersham Biosciences, Buck-
inghamshire, UK). After incubation at 4 °C overnight with a
primary antibody against CCND2 (Beyotime, Jiangsu, China)
and then reacting with a secondary antibody, the proteins were
detected by enhanced chemiluminescence (Amersham Corpo-
ration, Arlington Heights, IL, USA). The density of the bands
was quantified using Image] software and normalized against
B-actin.

Statistical analysis

All of the data were expressed as the mean & SD from at least 3
independent experiments that were performed in duplicate.
The differences between the sham group and the ELF-EMF
group were measured by Student’s t-test. Significant differences
were established at P < 0.05.

Results

MiR-26b-5p is differentially expressed in GC-2 cells
exposed to different magnetic field intensities of a 50 Hz
ELF-EMF

Our previous microarray analysis showed that the degree of
miR-26b-5p was higher than that of other miRNAs (Fig. 1A).
The degree represents the number of target genes that are regu-
lated by the miRNA in the miRNA-gene network. The results
indicated that miR-26b-5p might play an important role in
GC-2 cells following 50 Hz ELF-EMF. We further found that
miR-26b-5p was differentially expressed at different magnetic
field intensities of ELF-EMF exposure by real-time PCR
(Fig. 1B). The expression level of miR-26b-5p was significantly
up-regulated at a magnetic field intensity of 2 mT and was sig-
nificantly down-regulated at 3 mT compared to the sham
group. However, a 50 Hz ELF-EMF had no obvious influence
on the expression of miR-26b-5p at 1 mT in GC-2 cells.

50 Hz ELF-EMF exposure does not alter the methylation
status of the miR-26b-5p host gene CTDSP1

As DNA methylation is an important mechanism for miRNA
deregulation and to investigate the potential mechanism of the
down-regulation of miR-26b-5p, we further identified 3 typical
CpG islands in the transcription start region of the CTDSP1
gene by MSP (Fig. 2A). Our MSP results showed that CTDSP1,
the host gene of miR-26b-5p, had an unmethylated status in
GC-2 cells at different magnetic intensities of ELF-EMF expo-
sure (Fig. 2B). These findings indicated that the deregulation of
miR-26b-5p is not related to the DNA methylation of the host
gene.
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Figure 2. 50 Hz ELF-EMF exposure does not alter the unmethylated status of the miR-26b-5p host gene CTDSP1. (A) Schematic of the CpG islands in the transcriptional
region of CTDSP1. CpG sites are indicated by vertical orange lines. The regions of MSP are indicated. (B) CTDSP1 was unmethylated in GC-2 cells at different magnetic field
intensities of ELF-EMF exposure. Each lane contains products that were amplified from separate PCRs using primers that were specific for methylated (M) or unmethylated

(U) DNA templates. PC: positive control. NC: negative control.

MiR-26b-5p has no obvious influence on GC-2 cell growth

GC-2 cells were transfected for 6 h with a miR-26b-5p mimic, a
mimic negative control (mimic-nc), a miR-26b-5p inhibitor or
an inhibitor negative control (inhibitor-nc). The level of miR-
26b-5p expression was used to evaluate the efficiency of cell
transfection by qRT-PCR. The relative miR-26b-5p expression
level in GC-2 cells was normalized to the mRNA level of the
endogenous control gene U6. There was a significant increase
in miR-26b-5p expression in GC-2 cells that were transfected
with miR-26b-5p mimic (overexpressed group) compared to
the mimic-nc group. The expression of miR-26b-5p in GC-2
cells that were transfected with miR-26b-5p inhibitor (knock-
down group) was reduced significantly compared to that of the
inhibitor-nc group. These results suggest that our protocol for
the lipid-mediated miR-26b-5p transfection of GC-2 cells has
high efficiency with undetectable cytotoxicity. Therefore, this
protocol was suitable for use in the experiments described
herein (Fig. 3A).

GC-2 cells were transfected with miR-26b-5p mimics or
mimic-nc, inhibitor or inhibitor-nc and then subjected to a cell
viability analysis at 24 h and 48 h. MiR-26b-5p had no obvious
influence on the morphology of GC-2 cells (Fig. 3B). The
results of the cell proliferation assay showed that the overex-
pression or knockdown of miR-26b-5p had no obvious influ-
ence on the cell viability of GC-2 cells between the mimic,
inhibitor and nc groups (Fig. 3C).

MiR-26b-5p does not induce apoptosis or cell cycle arrest
in GC-2 cells

Apoptosis and the cell cycle are important characteristics that
are associated with the process of proliferation. To further

explore the effects of miR-26b-5p on GC-2 cells, apoptosis and
the cell cycle of GC-2 cells after transfection were analyzed by
flow cytometry. MiR-26b-5p did not induce apoptosis in GC-2
cells compared to the nc group (Fig. 3D-E). No significant dif-
ference was found in the percentages of G1, S, and G2 phase
cells between GC-2 cells after transfection (Fig. 3F-G). These
findings suggest that miR-26b-5p exerts no obvious effect on
the proliferation of GC-2 cells.

Effect of miR-26b-5p on cell viability in GC-2 cells following
50 Hz ELF-EMF exposure

Given that miR-26b-5p was downregulated in GC-2 cells at a
magnetic field intensity of 3 mT, we transiently transfected
miR-26b-5p mimic into GC-2 cells to investigate the effects of
miR-26b-5p following 50 Hz ELF-EMF. GC-2 cells were trans-
fected for 6 h with a miR-26b-5p mimic and mimic-nc and
then exposed to a 50 Hz ELF-EMF at 3 mT. After ELF-EMF
radiation, no significant differences in cell viability were
detected between the sham and exposure groups.(Fig. 4A).

MiR-26b-5p can regulate the G1/S phase transition in GC-2
cells following 50 Hz ELF-EMF

To further confirm the effect of miR-26b-5p on apoptosis and
the cell cycle in GC-2 cells following 50 Hz ELF-EMF, apopto-
sis and the cell cycle were analyzed by flow cytometry. GC-2
cells overexpressing miR-26b-5p prior to 50 Hz ELF-EMF
exposure showed no obvious change in apoptosis (Fig. 4B-C).
However, the overexpression of endogenous miR-26b-5p sig-
nificantly decreased the percentage of G0/G1 phase cells and
slightly increased the percentage of S phase cells compared to
the control group after 50 Hz ELF-EMF exposure (Fig. 4D-E).
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Figure 3. MiR-26b-5p has no obvious influence on the cell growth, apoptosis or cell cycle of GC-2 cells. GC-2 cells were transfected for 6 h with miR-26b-5p mimic, mimic-
nc, miR-26b-5p inhibitor or inhibitor-nc. (A) Evaluation of miR-26b-5p efficiency by real-time RT-PCR. (B) Representative images of the morphology of GC-2 cells trans-
fected with miR-26b-5p. (C) MiR-26b-5p had no obvious influence on the cell viability of GC-2 cells at 24 and 48 h. Cell viability was examined by the CCK-8 assay. (D) Rep-
resentative dot plot results of the apoptosis analysis by flow cytometry assays with Annexin V-FITC and PI double staining in GC-2 cells. (E) Quantitative analysis of GC-2
cell apoptosis. (F) Representative results of the cell cycle analysis by flow cytometry with Ptdins staining in GC-2 cells. (G) The percentages of cell cycle are represented by
bar graphs. The data are expressed as the mean =+ SD of 3 independent experiments.

We also confirmed the expression of miR-26b-5p in GC-2 cell
line and germ cells in the testes of mouse by real-time PCR
(Supplementary Fig. 1A). The expression level of miR-26b-5p
in germ cells of mouse was lower than that of in GC-2 cell line.
According to the role of miR-26b-5p in GC-2 cells exposed to
ELF-EMFs, lower expression of miR-26b-5p in germ cells sug-
gested it was more sensitive to the EMFs. These results clearly
indicate that miR-26b-5p plays an important role in modulat-
ing the cell cycle in GC-2 cells following 50 Hz ELF-EMF
exposure.

CCND?2 is a direct target of miR-26b-5p

To further elucidate the mechanism of miR-26b-5p participa-
tion in the regulation of ELF-EMFs, we identified the potential
target genes of miR-26b-5p. A total of 85 genes were putative
target genes of miR-26b-5p (Fig. 5A) as determined by compu-
tational prediction using 3 algorithms (TargetScan, PicTar and
PITA). Among the target genes that were predicted from Tar-
getScan, PicTar and PITA, we chose some target genes, such as
USP25, PRKCD, ENIP1, EZH2 and CCND2, that are involved



362 (&) Y.LIUETAL

A. B. sham exposure C' Early apoptosis
3mT oF S 10 mm e
2.5- ] me ol 5 S mimie
E mimic % 3 <
Al i < 6
= 2.01 T d 2
% - T mimic ' g 10 ‘E 4
S s
T 1.54 ’ = T
: 10 . 0 i T 2 T
= 10° 260% 0 - 370%
= 1.0 W W 0
omp-F sham exposure
- -
A 051 2ms v . .
' Late apoptosis
o pop
"
d 107 mm ne
0.0- nc z'
sham exposure S nE
Xpos i %,
T S
-]
o S b E,,
10° \né 1:: 7 =
mp-FLIA: FLIA A FLY § 2 T T
0 j——i—
_ sham exposure
D. sham exposure E. GO/G1
80- EER nc
. mimic .
0 - = 60 T I |
s ==
=
. 51 £ 401
. 8 =
mimic 2] = 201
200 A =
- T, ) o
oo P o0 w sham exposure
™
S
™
00 407 mE nc
nc y : w00 ’ = mimic -
00 == 304
3 LR = T L
=2
= o] £ 20
: t \ﬁj./\ : E
= aacitoa 1 =g Ea
o

sham

R nc

exposure

G2/M

-
°

cell number(%)
N

©

mimic

sham exposure

Figure 4. MiR-26b-5p regulates the G1/S phase transition in GC-2 cells following 50 Hz ELF-EMF exposure. GC-2 cells were transfected for 6 h with a miR-26b-5p mimic
and a mimic negative control and then exposed to a 50 Hz ELF-EMF at a magnetic field intensity of 3 mT. (A) The cell viability showed no significant differences between
the sham and exposure groups. (B) Representative dot plots of the flow cytometry assays in GC-2 cells. (C) Quantitative analysis of apoptosis in GC-2 cells. (D) Representa-
tive results of the cell cycle analysis in GC-2 cells. (E) The percentages of the cell cycle are represented with bar graphs. The data were expressed as the mean =+ SD of 3

independent experiments.

in the cell cycle and apoptosis. We found a negative correlation
between miR-26b-5p and its potential target genes. Given that
miR-26b-5p can regulate the G1/S phase transition in GC-2
cells following 50 Hz ELF-EMF, we focused on CCND2, which
is a crucial cell cycle regulatory gene, as a direct target of miR-
26b-5p. The effect of miR-26b-5p transfection on CCND2
mRNA and protein expression was subsequently measured in
GC-2 cells by qRT-PCR and Western blotting. As shown in
Figure 5B and 5C, the expression of CCND2 mRNA and pro-
tein decreased in GC-2 cells that were transfected with 100 nM
miR-26b-5p mimics and increased in GC-2 cells that were
transfected with 100 nM miR-26b-5p inhibitor compared to
their negative controls, respectively. To investigate whether
miR-26b-5p is involved in the regulation of CCND2 expres-
sion, we analyzed miR-26b-5p binding sites in the 3’-UTR of
CCND2 and its cognate miRNAs using a bioinformatics
approach. Using the TargetScan Release 6.2 database, we found
a binding site for miR-26b in the 3’-UTR of CCND2 mRNA

(Fig. 5D). These results suggest that miR-26b-5p can regulate
the expression of CCND2 by directly targeting its 3’-UTR.

50 Hz ELF-EMF can alter the mRNA expression and protein
expression of CCND2

To further confirm the effect of 50 Hz ELF-EMF, the mRNA
expression and protein expression of CCND2 was measured by
real-time PCR and Western blotting, respectively. As shown in
Figure 6A, the expression of CCND2 was significantly lower in
the group at a magnetic intensity of 2 mT than that in the
sham group and was significantly higher than that of the sham
group at 3 mT compared to that of the sham exposure group;
however, there was no obvious changes in CCND2 expression
between the exposure and sham groups at 1 mT. The protein
expression of CCND2 was consistent with the mRNA expres-
sion (Fig. 6B). Most importantly, the expression of CCND2
was negatively correlated with the expression miR-26b-5p.
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These results suggest that 50 Hz ELF-EMF can alter the expres-
sion of CCND2 and that miR-26b-5p might play an important
role in this process.

Overexpressed miR-26b-5p in GC-2 cells can change the
expression of CCND2 following 50 Hz ELF-EMF at 3 mT

Following transfection with miR-26b-5p mimic and mimic-nc
for 6 h, GC-2 cells were exposed to 50 Hz ELF-EMF at 3 mT.
We then determined the levels of miR-26b-5p and CCND2 by
qRT-PCR. As shown in Figure 6C, the expression of miR-26b-
5p was significantly higher than the negative control following
transfection. After 50 Hz ELF-EMF, the expression of miR-
26b-5p was lower than the negative control. These results fur-
ther confirmed the effect of 50 Hz ELF-EMF on the expression
of miR-26b-5p. Overexpressed miR-26b-5p in GC-2 cells can
inhibit the expression of CCND2. However, the expression of
CCND2 increased when exposed to 50 Hz ELF-EMF compared
to the sham group (Fig. 6D). Taken together, 50 Hz ELF-EMF
and miR-26b-5p overexpression were strongly attributed to the
mRNA expression of CCND2. These data further confirm that
miR-26b-5p deregulation may play an important role in the
regulation of the cell cycle in GC-2 cells that were exposed to
50 Hz ELF-EMF.

Discussion

The major findings of this study show that intermittent expo-
sure to a 50 Hz ELF-EMF altered the expression of miR-26b-5p
in GC-2 cells and that the overexpression of miR-26b-5p could

block the G1/S phase transition following 50 Hz ELF-EMF
exposure by directly targeting the 3’-UTR of CCND2 and
simultaneously degrading the mRNA expression of CCND2.
Thus, we showed for the first time that the regulation of miR-
26b-5p might play an important role in the biological effects of
a 50 Hz ELF-EMF.

Given the wide use of power supply lines, as well as
many household and commercial devices in everyday life,
whether ELF-EMF exposure can affect the male reproduc-
tive system is a topic of concern. A large body of evidence
has confirmed that exposure to ELF-EMFs can induce sper-
matogenic cell apoptosis, decrease the numbers of sper-
matogenic cells and significantly increase abnormalities in
cells.” However, the underlying molecular mechanism of
this influence remains unknown.

Recently, miRNAs have been shown to play an important
role in the control of reproductive functions, especially in the
processes of oocyte maturation, implantation and early embry-
onic development.”»** The aberrant expression of specific miR-
NAs is also linked to certain male reproductive disorders.>>>*
The miR-26 family comprises miR-26a and miR-26b. MiR-26a
and miR-26b are important for lung development and human
breast cancer.'*'” Furthermore, miR-26a also suppresses cell
proliferation and activates tumor-specific apoptosis in naso-
pharyngeal carcinoma and liver cancer.””*® In our study, we
found that miR-26b-5p was significantly upregulated at a mag-
netic field intensity of 2 mT and significantly down-regulated
at 3 mT compared to the sham group. Thus, miR-26b-5p may
serve as a candidate biomarker of early-stage ELF-EMF expo-
sure and may participate in the biological effects of ELF-EMFs.
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Figure 6. Overexpressed miR-26b-5p inhibits the expression of CCND2 following 50 Hz ELF-EMF exposure at 3 mT in GC-2 cells. (A) The expression of CCND2 was signifi-
cantly lower than that of the sham group at a magnetic intensity of 2 mT and was significantly higher than that of the sham group at 3 mT compared to that of the
sham-exposure group, while there were no obvious changes in CCND2 expression between the exposure and sham groups at 1 mT. (B) The protein expression of CCND2
was consistent with the results of mRNA expression detection. (C) The expression of miR-26b-5p was significantly higher than the negative control following transfection,
and 50 Hz ELF-EMF exposure decreased the expression of miR-26b-5p. (D) The overexpression of miR-26b-5p in GC-2 cells can lower the expression of CCND2. A 50 Hz
ELF-EMF can increase the expression of CCND2 by down-regulating the expression of miR-26b-5p compared to that of the sham group.

Many studies have shown that the expression of miRNAs is
linked to the DNA methylation of their host gene.””>' CTDSP1
is the host gene of miR-26b-5p. Therefore, we identified the
methylation status of CTDSP1 via MSP. The MSP results
showed an unmethylated status in GC-2 cells at different elec-
tric field intensities of ELF-EMF exposure, suggesting that the
deregulation of miR-26b-5p might have no relationship with
the DNA methylation of the host gene. The deregulation of
miR-26b-5p in response to different magnetic field intensities
of 50 Hz ELF-EMF may have different biological effects and
requires further investigation.

Previous studies have demonstrated that miR-26b overex-
pression inhibited cellular growth by targeting PTGS2.>* Liu
et al. found that miR-26b could promote the apoptosis of
MCEF?7 cells and directly regulate the expression of SLC7A11."
In our study, miR-26b-5p had no obvious influence on the GC-
2 cell growth. These results are not consistent with previous
studies, possibly due to the different cell model. Spermatocyte-
derived GC-2 cells are normal mouse cells and may be have the
ability to balance the expression of some key regulatory
molecules.””*

To the best of our knowledge, previous studies have not
addressed the biological effects of ELF-EMF-induced changes
in miR-26b-5p expression in the GC-2 cell line. The overex-
pression of miR-26b-5p significantly decreased the percentage
of GO/G1 phase cells and slightly increased percentage of S
phase cells following 50 Hz ELF-EMF exposure. Although there
were no detectable changes in the viability of GC-2 cells, we
speculate that long-term ELF-EMF exposure might regulate
some key signaling pathways, thereby inducing alterations
in cell growth. ELF-EMFs can induce a significant reduction
in miR-30a expression and affect autophagy via Beclinl

expression in human neuroblastoma cells.’* Dasdag et al.
reported that 2.4 GHz radiofrequency radiation emitted from
Wi-Fi equipment can alter the expression of some miRNAs,
such as miR-106b-5p and miR-107, in brain tissue, which may
have adverse effects, such as neurodegenerative diseases.’® In
addition, the long-term and excessive use of 900 MHz radiofre-
quency radiation can alter miRNA expression in the brain.*
These findings support our results that a 50 Hz ELF-EMF can
alter the expression of miR-26b-5p, which may account for the
biological effects of ELF-EMF.

Given that miR-26b-5p plays a pivotal role in GC-2 cells fol-
lowing 50 Hz ELF-EMF exposure, it is necessary to clarify the
precise mechanism of how miR-26b contributes to ELF-EMF
effects. Computational prediction was used to predict the puta-
tive target genes of miR-26b-5p. Among the target genes that
were predicted from miRBase, PicTar and PITA, we chose
some target genes, including USP25, PRKCD, FNIP1, EZH2
and CCND2, to test and verify by qRT-PCR. We found a nega-
tive correlation between miR-26b-5p and its potential target
genes. USP25 (ubiquitin-specific protease 25) can regulate
TLR4-dependent innate immune responses through the deubi-
quitination of the adaptor protein TRAF3 and negatively regu-
late IL-17-triggered signaling.’”** PRKCD is involved in the
regulation of a variety of cellular functions, including apoptosis
and cell growth. The overexpression of PRKCD can induce
phenotypic changes indicative of apoptosis in several cell
types.”>** The folliculin-interacting proteins Fnipl and Fnip2
play critical roles in kidney tumor suppression in cooperation
with Flen.*! Nicholas et al. reported that Fnip1 can also regulate
skeletal muscle fiber-type specification and susceptibility to
muscular dystrophy.*” EZH2 is a histone lysine methyltransfer-
ase that is part of the PRC2 polycomb repressive complex.



EZH2 overexpression occurs in multiple cancers, including
breast cancer, lung cancer and prostate cancer.'*** CCND2 is a
crucial cell cycle regulatory gene, and its aberrant expression
can lead to abnormal cell proliferation.*** The aberrant
expression of CCND2 has been observed for testicular germ
cell tumor cell lines,*® gastric cancer,”” and colorectal cancer,*®
and its overexpression has been reported in prostate cancer tis-
sues and cell lines.*

According to our results, the overexpression of miR-26b-5p
can decrease the percentage of GO/G1 phase cells and can
slightly increase the percentage of S phase cells of the total GC-
2 cells following 50 Hz ELF-EMF exposure. Therefore, we
focused on CCND2 as a direct target of miR-26b-5p. Further
computational algorithms revealed that the 3’-UTR of CCND2
contains a binding site for miR-26b. Recently, consistent find-
ings have also reported that miR-26a and miR-26b can block
the G1/S phase transition by directly targeting the 3’-UTR of
CCND2.”*>* MiR-26a and miR-26b belong to the miR-26 fam-
ily, whose conserved region has the same seed sequence
‘AUGAACU'. Our findings suggest that miR-26b-5p could reg-
ulate the expression of CCND2 by directly targeting its 3'-
UTR. Cell cycle progression is precisely regulated by a series of
cell cycle regulators, including cyclins, CDKs and CDK inhibi-
tors (CDKIs).”>* CCND2 can be regulated by miR-26a, miR-
154, miR-206 and miR-29a.>>>>">” Herein, CCND2 was nega-
tively regulated by miR-26b-5p in GC-2 cells at 2 mT and 3
mT. However, there was no obvious change in CCND2 or
miR-26b-5p expression between the exposure and sham groups
at 1 mT. Therefore, further research is required to illustrate this
regulation mechanism.

Taken together, we demonstrate that intermittent exposure
to a 50 Hz ELF-EMF can alter the expression of miR-26b-5p.
MiR-26b-5p can directly regulate the expression of CCND2
and induce the G1/S phase transition by directly targeting the
3’-UTR of CCND2. Our findings suggest that miR-26b-5p can
be used as a biomarker of early-stage ELF-EMF exposure, and
the miR-26b-5p-CCND2-mediated regulation of the cell cycle
might play a key role in the biological effects of ELF-EMFs.
These claims require further investigation.
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