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genome wide DNA methylation analysis after treated with 32 μg/mL BDE-209 for 24 hr.
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The results showed that BDE-209 caused genomic methylation changes with 32,083 dif-
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ferentially methylated CpGs in GC-2 cells, including 16,164 (50.38%) hypermethylated and
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15,919 (49.62%) hypomethylated sites. With integrated analysis of DNA methylation data and
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functional enrichment, we found that BDE-209 might affect the functional transcription in
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cell growth and sperm development by differential gene methylation. qRT-PCR validation

GC-2spd

demonstrated the involvement of p53-dependent DNA damage response in the GC-2 cells
after BDE-209 exposure. In general, our findings indicated that BDE-209-induced genome
wide methylation changes could be interrelated with reproductive dysfunction. This study
might provide new insights into the mechanisms of male reproductive toxicity under the
environmental exposure to BDE-209.
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Introduction
Persistent organic pollutants (POPs) are born with the rapid
development of industrialization, which have been ubiquitous in the surrounding environment (Chen et al., 2019a). Due
to the persistence and bioaccumulation, POPs have brought
global problems of environmental pollution (Wong et al., 2005).
In the past few decades, POPs have caused adverse effects
on wild life and human health (Li et al., 2006). Polybrominated diphenyl ethers (PBDEs) are a group of environmental
persistent chemicals, which have been widely used as brominated flame retardants (BFRs) on household consumer products since 1970s. Decabrominated diphenyl ethers (BDE-209),
a common homologue of PBDEs, which has been listed in the
Stockholm Convention on POPs (UNEP, 2017). Exposure to BDE209 could have multiple harmful effects on the environment
and organisms (Chen et al., 2018b; Hou et al., 2019; Wang et al.,
2018). Both animal and epidemiologic studies have proved that
PBDEs induces biological toxicity in male reproduction and
birth outcomes (Chen et al., 2018a; Zhang et al., 2020a).
Epigenetics plays a vital role in normal embryonic development and human disease etiology by participating in the
regulation of cellular gene expression (Illum et al., 2018). DNA
methylation is one of the most common mechanisms of epigenetic regulation, which has been considered to be an essential process in normal development of mammal. The addition of a methyl group to the 5 position of cytosine is the
important modifier of DNA methylation for genome organization (Zemach and Zilberman, 2010). DNA methylation has extensive impacts on the transcriptional regulation (Bird, 2002),
and plays a major role in fetal growth and sperm maturation
(Bernstein et al., 2007; Lambrot et al., 2013).
The abnormal gene methylation in germ lines may lead
to the failure of spermiogenesis or embryonic development.
A meta-analytic study found that male infertility is associated with altered sperm methylation (Santi et al., 2017). PBDEs exposure could increase aberrant DNA methylation in
epididymal sperms (Suvorov et al., 2018). Besides, we previously reported that BDE-209 caused decreased sperm quality
and quantity with DNA double-strand breaks (DSBs) and DNA
damage response (DDR) (Li et al., 2019). Tseng et al. (2013) has
also suggested the involvement of sperm DNA damage in
BDE-209-induced male reproductive effects. However, it remains unclear whether DDR is associated with BDE-209induced DNA methylation in male reproduction. There are
different cell types and dynamically expressed DNA methyltransferases during spermatogenesis due to the active cell differentiation and meiosis in mammals (Uysal et al., 2016). Considering the essential differentiation of spermatocyte into mature sperm, we chose the stable GC-2spd cell line of mouse
spermatocytes to accurately investigate the DNA methylation
status after BDE-209 exposure.
In this study, we analyzed the global DNA methylation
changes in mouse GC-2spd (GC-2) cells after BDE-209 treatment for 24 hr by using microarray technology. Remarkably,
p53-related DNA damage response was determined on the basis of Gene Ontology (GO) enrichment. Gene verification related to cell growth and spermatogenesis was also conducted
by qRT-PCR assay. This study aimed to clarify the underlying

impacts of BDE-209 on the epigenetic mechanism of spermatocyte, focused on the gene transcription changes in germ cell
development. Our findings revealed a preliminary epigenetic
perspective to address the biological mechanism of BDE-209induced spermatogenesis disorder, which might provide evidence for elucidating the male reproductive toxicity of BDE209.

1.

Materials and methods

1.1.

Cell culture and BDE-209 exposure

In this study, GC-2 cells were derived from Kunming cell bank,
Chinese Academy of Sciences with the origin of American
Type Culture Collection (ATCC). GC-2 cell was established by
the stable co-transfection of freshly isolated spermatocytes,
which have lost their differentiation potential, and currently
arrested at a premeiotic stage. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin,
10% fetal bovine serum (FBS; Gibco, USA), and incubated at
37°C with 5% CO2 . GC-2 cells were seeded in 100 mm culture
dishes at a density of 3 × 104 cells/mL for next experiments.
BDE-209 (CAS# 1163-19-5, ≥ 98% purity) was purchased
from J&K Scientific Ltd. (Beijing, China). BDE-209 powder was
dissolved in dimethyl sulfoxide (DMSO; Sigma, USA), and prepared into 100 mg/mL stoste. The stoste was then stored at
4°C for the next experiments. The GC-2 cells in BDE-209 group
were treated with 32 μg/mL BDE-209 for 24 hr, which has been
described in our previous study and showed most significant
cytotoxicity in GC-2 cells (Li et al., 2019). The control group was
treated with culture medium containing equivalent volume
of Dimethyl sulfoxide (DMSO, ≥ 99.9% purity; Sigma Aldrich,
USA) as BDE-209 group. After 24 hr treatment, cells were collected by centrifuge at 3000 r/min, and then frozen at −80°C
for the next experiment.

1.2.
Genomic DNA extraction and sequencing library
preparation
The frozen cells were quickly pulverized with an ultrasonic
processor (VCX130, Sonics, USA) on ice. The whole genomic
DNA was isolated and extracted with TRIzol Reagent (Invitrogen, USA) and the DNA Mini Kit (Qiagen, Germany) by following the manufacture’s protocols. The quality inspection of
extracted DNA was then assessed with 0.8% agarose gel electrophoresis by using Qubit 2.0 fluorometer (Invitrogen, USA).
All samples passed the quality control tests and were analyzed for the subsequent sequencing experiments.
The genomic DNA was segmented according to the experimental instructions of Agilent SureSelect capture-sequencing
assay. The construction of sequencing sample library was
completed by the steps of DNA terminal repair with A-tailed,
methylation joint connection, SureSelect-hybridization, sulfite transformation and enrichment. The concentration and
library size were detected by using Qubit 2.0 fluorometer and
Agilent 2100 software (Agilent, USA), respectively.
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1.3.

Methylation analysis and quality control

Sureselectxt Methyl-Seq targeted sequence capture platform
(Agilent, USA) was used to determine the genome methylation in GC-2 cells. The normalized signal intensities were
used to calculate the methylation degree ranging from 0 (unmethylated) to 100% (totally methylated), which represented
the gene methylation level in GC-2 cells. The software of Bismark (Krueger and Andrews, 2011) was used to analyze the
sequencing data, which can rapidly effectuate the visualization of DNA methylation level and CpG area coverage.
The Q value of sequencing quality was used for data evaluation. For the determination of evaluation criteria, each sample provided about 20 G of original data with the sequencing
depth of 10 × and the sequencing reading length of 150 bp.
The proportion of each base quality with the Q value of over
30 (Q30, meaning the sequence error rate = 0.1%) was not less
than 90%. A significantly different locus between two groups
were defined by a threshold of p-value < 0.05 as the statistically significance differences, and the criterion of mean
methylation level over 20% in each site between BDE-209 and
the control group.

1.4.

Functional analysis

The selected genes were mapped to each term in Gene Ontology (GO) database and Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, and the number of genes in each
entry was calculated. Then, the hypergeometric test was used
to screen the Gene Ontology or Kyoto Encyclopedia of Genes
and Genomes entries which were significantly enriched by the
genes related to different methylation sites compared with
the whole genome background. The Bonferroni method was
used to adjusted p-value (or q value). Under the condition of
corrected p-value (FDR) ≤ 0.05, the Gene Ontology or Kyoto Encyclopedia of Genes and Genomes term was defined and significantly enriched by the differentially methylated genes.

1.5.

GO function and KEGG pathway classification

In order to investigate the different levels of methylated genes
related Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes, the Gene Ontology function and Kyoto Encyclopedia of Genes and Genomes pathway classification were performed after the enrichment analysis in this study. According
to the secondary function annotations of hyper- and hypomethylated genes in Gene Ontology analysis, the total numbers and names of those genes were screened and enriched,
corresponding to the different Gene Ontology terms. The annotation results of differentially methylated genes were classified according to the pathway types in Kyoto Encyclopedia of
Genes and Genomes analysis. The gene numbers in each type
of Kyoto Encyclopedia of Genes and Genomes pathway were
also numerically stated.

1.6.
Gene screening with differentially methylated CpGs
in promoter regions
According to the methylation analysis of significant differential genes, we screened the differential CpG sites lo-

163

cated in the promoter regions. The differential methylated
genes were then chosen and analyzed, which contained at
least three significant CpG sites in the promoter region.
The mean methylation level of all promoter CpG sites on
each gene was determined to represent the methylation
statue of this gene. The positive change denoted hypermethylation and the negative change denoted hypomethylation,
which was performed as the differentially methylated gene
network.

1.7.

RNA extraction and gene expression analysis

qRT-PCR was applied to validate the data analysis from DNA
methylation of DNA damage response related genes. After
treated with 0 and 32 μg/mL BDE-209 for 24 hr, cells were
collected. The total RNA was then extracted by using TRIzol reagent (Invitrogen, USA). To remove residual DNA, samples were treated with DNAse I (Promega, USA) for 30 min at
37°C. The Nanodrop (2000c, Thermo Scientific, USA) was applied to detect the quality and quantity of the RNA samples.
Then the equal amounts of RNA from each group were reverse
transcribed by a reverse transcriptase kit (Roche, Switzerland) according to the manufacturer’s instruction. The qRTPCR was conducted by using KAPA SYBR FAST qRT-PCR kits
(Roche, Switzerland) and ABI Prism System (ABI 7700, Applied
Biosystems, USA). The housekeeping gene of GAPDH was used
to normalize the relative expression levels of tested genes.
The fold change was calculated by using 2−Ct method.
The primers are listed in Supplementary file Appendix A
Table S1.

1.8.

Statistical analysis

The statistical programming software of SPSS 19.0 and the
GraphPad Prism 7 were employed for all data analysis and
graphing, respectively. The statistical difference of gene expression level was determined by using Student’s t-test in
qRT-PCR assay. The statistical significance was considered as
P < 0.05. Data were performed as mean ± standard deviations
(S.D.).

2.

Results

2.1.
BDE-209 induced extensive DNA methylation in
GC-2 cells
Differential methylated CpGs were located on all analyzed
chromosomes. We identified 32,083 (1%) differentially methylated CpG sites with the criteria of p-value < 0.05 and the
methylation difference > 20% between BDE-209 group and the
control (Fig. 1a). Among them, 16,164 (50.38%) were hypermethylated and 15,919 (49.62%) were hypomethylated (Fig. 1b).
We identified the differentially methylated CpG sites by their
different locations of genetic distribution and CpG content.
Both the hyper- (62.2%) and hypo- (61%) methylated alterations frequently concentrated on the non-coding area, including 5 untranslated region (5 UTR), 3 untranslated region

164

journal of environmental sciences 109 (2021) 161–170

Fig. 1 – Identification of DNA methylation differences between BDE-209 treatment group compared to control group. (a)
Percentage of differentially hyper- and hypo-methylated CpGs in BDE-209 treatment and control groups; (b) Percentage of
hyper- and hypo-methylated CpG sites in GC-2 cells; (c) Methylation sites genetic distribution of hyper- and
hypo-methylated CpGs; (d) Distribution of differentially hyper- and hypo-methylated sites in CpG island regions. The left
and right pie chart represented hyper- and hypo- methylated CpGs respectively in each box. UTR: untranslated region, TSS:
transcription start site.

(3 UTR), intron and intergenic region of the gene. The differentially methylated CpG sites located in the promoter area, including the regions from promoter to TSS and TSS. They were
hypermethylated by 26.6% (4302 CpGs) and hypomethylated
by 27.4% (4362 CpGs) (Fig. 1c). About 4286 hypermethylated
CpGs (26.5%) and 4393 hypomethylated CpGs (27.6%) were located at the CpG island. Among the hypermethylated CpG
sites, 9280 CpGs (57.4%) were located in open sea, 2041 CpGs
(12.6%) in shores and 557 CpGs (3.4%) in shelves; among the
hypomethylated CpG sites, 9000 CpGs (56.5%) were located in
open sea, 1972 CpGs (12.4%) in shores and 554 CpGs (3.5%)
in shelves (Fig. 1d). Additionally, we identified the gene of
Stum (ENSMUSG00000053963) with the most hypermethylated
CpG sites, and the most hypomethylated gene of Gm8186 (ENSMUSG00000049124). The 10 most differentially hyper- and
hypo-methylated genes are listed in Table 1.

2.2.
Gene ontology analysis of differentially methylated
genes induced by BDE-209 in GC-2 cells
Gene Ontology (GO) analysis was introduced to determine
the biological significance related to DNA methylation, which
was associated with the main gene functions affected by
BDE-209. This result was shown in Supplementary file Appendix A Fig. S1. In the top 30 terms of Gene Ontology analysis, 22 terms of biological process, 3 of cellular component,
and 5 of molecular function were significantly enriched by hypermethylated genes. These terms were related to biological
functions including transcription cofactor binding, substratedependent cell migration, reeling-mediated signaling pathway, cGMP metabolic progress, cell projection assembly, positive regulation of transcription from RNA polymerase II promoter involved in cellular response to chemical stimulus and
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Table 1 – Top 10 differentially hyper- and hypo-methylated genes in BDE-209 treatment group compared to the control
group.
Gene ID

Hypermethylated
ENSMUSG00000053963
ENSMUSG00000018845
ENSMUSG00000058013
ENSMUSG00000098923
ENSMUSG00000079259
ENSMUSG00000024868
ENSMUSG00000086273
ENSMUSG00000066113
ENSMUSG00000046934
ENSMUSG00000070421
Hypomethylated
ENSMUSG00000049124
ENSMUSG00000040972
ENSMUSG00000098739
ENSMUSG00000042807
ENSMUSG00000027965
ENSMUSG00000076180
ENSMUSG00000036972
ENSMUSG00000027630
ENSMUSG00000030020
ENSMUSG00000030979

Gene name

Mean methylation level (%)

Methylation
difference

p
Value

Genetic
distribution

BDE-209

Control

Stum
Unc45b
Septin11
Tmem185b
Trim71
Dkk1
Rbm46os
Adamtsl1
Csl
Olfr658

0.963
0.958
0.774
0.774
0.958
0.749
0.912
0.866
0.979
0.894

0.104
0.198
0.014
0.031
0.226
0.023
0.198
0.169
0.283
0.199

0.859
0.760
0.760
0.743
0.732
0.726
0.714
0.697
0.696
0.695

2.22E-16
1.20E-08
9.29E-09
1.23E-07
1.82E-08
2.21E-08
3.06E-07
2.73E-06
2.98E-07
3.18E-07

Intron
Promoter-TSS
Intron
Promoter-TSS
Exon
Promoter-TSS
Promoter-TSS
Promoter-TSS
Exon
Exon

Gm8186
Igsf21
Gm27151
Hecw2
Olfm3
Gm24938
Zic4
Tbl1xr1
Prickle2
Uros

0.028
0.124
0.217
0.217
0.217
0.217
0.149
0.170
0.030
0.030

0.809
0.902
0.968
0.959
0.959
0.959
0.887
0.907
0.751
0.750

−0.781
−0.778
−0.751
−0.742
−0.742
−0.742
−0.738
−0.736
−0.722
−0.720

2.03E-10
4.77E-11
4.28E-08
1.66E-07
1.66E-07
1.66E-07
2.63E-08
1.65E-09
1.02E-13
1.38E-06

Exon
Promoter-TSS
Intron
Promoter-TSS
Promoter-TSS
Promoter-TSS
Intron
Intron
Intron
Promoter-TSS

TSS: transcription start site.

so on (Appendix A Fig. S1a). Additionally, 23 terms of biological process, 3 of cellular component, and 4 of molecular function were significantly enriched by hypomethylated genes.
They were related to junctional membrane complex, intermediate filament bundle assembly, cGMP metabolic progress,
DNA damage response-signal transduction by p53 class mediator resulting in transcription of p21 class mediator, glutamate receptor signaling pathway and so on (Appendix A Fig.
S1b). The gene expressions in “DNA damage response-signal
transduction by p53 class mediator resulting in transcription
of p21 class mediator” were then verified by qRT-PCR to investigate the involvement of DNA damage response in GC-2 cells
after BDE-209 exposure.

2.3.
Pathway analysis of the differentially methylated
genes induced by BDE-209
The significantly enriched pathways were analyzed according to the functions and interactions of the differential genes
based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. This result was shown in Supplementary
file Appendix A Fig. S2. Compared with the control group,
we identified 264 significant pathways affected by BDE-209.
The top 30 enriched pathways by hypermethylated genes were
functionally related to thiamine metabolic, hedgehog signaling pathway, gap junction, calcium signaling pathway, basal
cell carcinoma and so on (Appendix A Fig. S2a). The top 30
enriched pathways by hypomethylated genes were related to
other types of O-glycan biosynthesis, hippo signaling pathway,

hedgehog signaling pathway, ECM-receptor interaction, basal
cell carcinoma and so on (Appendix A Fig. S2b).

2.4.
The classification of differentially methylated genes
from gene ontology function
According to the analysis data, 59 terms were enriched and
chosen to analyze the Gene Ontology function classification.
This result was shown in Supplementary file Appendix A Fig.
S3. The hypermethylated genes with high level enrichment
were related to several secondary Gene Ontology functions including biological regulation, cellular progress, metabolic process, regulation of biological process, single-organism process,
cell, cell part, organelle and binding (Appendix A Fig. S3a). Furthermore, the most enriched term was “cellular process” in
the Gene Ontology domain function of biological process; the
term of “cell” was most enriched in the cellular component;
and the term of “binding” was most enriched in the molecular
function.
The hypomethylated genes with high level enrichment
were mainly associated with biological regulation, cellular
progress, single-organism process, cell, cell part, organelle and
binding (Appendix A Fig. S3b). The most enriched hypomethylated terms in biological process, cellular component and
molecular function of Gene Ontology functions was the same
as the hypermethylated ones. But there were different Gene
Ontology functions between the hyper- and hypo-methylated
classifications, which were “other organism” and “other organism part” in cellular component, and the “morphogen activity” and “toxin activity” in molecular function.
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2.5.
Kyoto encyclopedia of genes and genomes pathway
classification
The annotation results of Kyoto Encyclopedia of Genes and
Genomes were classified according to the pathway types in
KEGG database. This result was shown in Supplementary file
Appendix A Fig. S4. In general, three-stage classifications of
the enriched pathways were performed with the differentially
methylated gene numbers, in which 250 functional pathways
were enriched and classified. They were divided into six toplevel categories including Cellular progress, Environmental
information processing, Genetic information processing, Human diseases, Metabolism, and Organismal systems. Amongst
them, five secondary pathways were classified respectively
with high level of hypermethylated gene numbers, which were
mainly related to Nervous system, Global and overview maps,
Cancer: overview, Signal transduction and Cellular community (Appendix A Fig. S4a). However, the pathways of Endocrine system were classified in the Organismal systems
by the hypomethylated genes, which was the difference in
comparison with the hypermethylated Kyoto Encyclopedia of
Genes and Genomes pathway classification (Appendix A Fig.
S4b). As the sensitive biological process, Signal transduction
was most visibly enriched by the differential gene numbers in
both the hyper- and hypo-methylated Kyoto Encyclopedia of
Genes and Genomes pathways.

2.6.

Analysis of differentially methylated gene network

After screening the differentially methylated CpG sites in
the promoter regions, the DNA methylation changes of these
genes were shown in the gene network. Accordingly, we filtered 60 genes with differential methylation changes induced
by BDE-209 exposure. Among them, 29 genes were hypermethylated and 31 genes were hypomethylated (Fig. 2). With
the hypermethylated genes, CALB2, FGF9, ISL1, RBFOX3, SOX2
and LHX4 showed multiple relevance in the correlation network, which were mainly associated with the functional effects on cell growth, diabetes, tumor, neurodevelopment and
transcriptional regulation. The hypomethylated genes, including PROX1, FGFR3, PAX6, LMX1A, NTRK1 and LHX3 were mainly
participated in the functions of transcriptional inhibition, cell
growth factor receptor, transcription factor and tyrosine kinase receptor. The other screened genes were mostly related
to the functions of cell differentiation, transcriptional regulation and tumorigenesis.

2.7.
qRT-PCR validation for gene expression related to
DDR and germ cell development
Following bioinformatics data mining, we performed qRT-PCR
to verify the sequencing data analysis. We chose the genes
functionally related to p53-dependent DNA damage response.
As shown in Fig. 3, the gene expressions of Trp53, Rps6ka6,
Rbm38 and Foxm1 in GC-2 cells were significantly increased
in BDE-209-treated group compared with the control group
(P < 0.05) (Fig. 3a). Besides, the expressions of Sox2, Fgf9 and
Spata33 were decreased significantly in the 32 μg/mL BDE-209
group compared with the control group. Although the relative mRNA level of Spaca1 decreased in BDE-209-treated group,

there was no statistical difference compared with the control
group (P > 0.05) (Fig. 3b).

3.

Discussion

This study found that exposure to BDE-209 resulted in genome
wide DNA methylation changes in GC-2 cells. Hyper- and
hypo-methylated genes were functionally enriched and analyzed. BDE-209-induced gene methylation were related to
germ cell development and DNA damage response in mouse
spermatocyte in vitro. This could explain the potential mechanism of male reproductive toxicity caused by BDE-209 exposure. Our previous study has demonstrated that exposure to
BDE-209 for 24 h inhibited the proliferation of GC-2 cells, and
caused DNA double strand breaks and obvious cell cycle arrest
in GC-2. DNA methylation might play an essential role in the
cytotoxicity of GC-2 caused by BDE-209.
It is well known that gene specific hypomethylation is
responsible for the transcriptional activation, and hypermethylation in promoter region of genes is correlated with the
loss of gene expression (Daniel et al., 2011; Van Tongelen
et al., 2017). In our study, a total of 8664 differentially hyperand hypo-methylated CpGs (about 54%) were located in promoter regions (Fig. 1c). It should be considered that aberrant
methylation patterns in the coding area and promoters could
lead to gene expression changes (Jones, 2012). Extensive gene
transcription changes are bound to cause genomic instability. Exposure to environmental POPs led to gene regulation
changes corresponding with multiple diseases and biological functions, such as reproduction and cardiovascular disease, small molecule biochemistry and cell cycle regulation
(Lyche et al., 2013). As novel persistent chemical, environmental BDE-209 brings the risk of male reproductive dysfunction
due to the induced transcription changes in GC-2 cells. Aberrant sperm DNA methylation was associated with male infertility accompanied by spermatogenesis deficiency and low
semen quality in patients (Urdinguio et al., 2015). Previous
study also found that exposure to POPs could lead to global decrease of sperm DNA methylation in human (Consales et al.,
2016). In this study, we found that BDE-209 exposure interfered with the DNA methylation patterns of spermatogenic
cell. This indicated the potential impacts of BDE-209 on the
epigenetic process responding to aberrant DNA methylation
during spermatogenesis. The screening data further showed
that DNA methylation changes induced by BDE-209 were related to cell growth and the functional gene transcription,
which might result in the disorder of germ cell development.
However, there are some hypermethylated genes with lowCpG promoters showed no influence on their transcriptional
activity (Weber et al., 2007). Therefore, it still needs further investigation on the gene activity involved in BDE-209-induced
DNA methylation.
As a sensitive biomarker, DNA methylation has been proposed to be an important role in many biological functions (Du et al., 2018; Iurlaro et al., 2017; Kazmi et al., 2019;
Zhao et al., 2016). Abnormal spermatogenesis occurs when
gene transcription is disrupted by harmful environmental factors (Asenius et al., 2020). Few studies have reported the connection between DNA methylation and BDE-209-induced male
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Fig. 2 – The screening of differentially hyper- and hypo-methylated gene network in GC-2 cells.

Fig. 3 – qRT-PCR analysis of functional genes in DNA damage response (DDR) and germ cell development. (a) Relative mRNA
level of DDR-related genes; (b) Relative mRNA level of genes related to germ cell development. ∗ indicates significant
differences (P < 0.05) compared with control.

reproductive toxicity. Here, we performed the genome-wide
profiling of DNA methylation changes in BDE-209-treated GC2 cells. We identified a total of 26.6% hypermethylated CpGs
were located in the promoter regions. Promoter hypermethylation is associated with gene silencing, which might suppress epigenetic process and the related biological function.
The transcription procedure relies on the enhancers binding
with transcription factors (TFs) and cofactors, which is followed by the activation of RNA Polymerase II at core promoters (Reiter et al., 2017). The synergy of the three components

above plays vital role in genome transcription. Studies suggested that BDE-209 could interfere with key transcription factors and the receptors, dysregulating genes related to crucial
biological responses (Garcia-Reyero et al., 2014; Liang et al.,
2019). Our results showed that the Gene Ontology (GO) term
of “transcription cofactor binding” was enriched by hypermethylated genes. We consequently hypothesized that BDE-209
exposure could inhibit germ cell development by impairing
the gene activity of transcription factors and/or cofactors in
GC-2 cells. This might provide evidence for the potential reg-
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ulation of gene transcription during spermatogenesis. Transcriptional regulation plays important role in various biological processes including cell proliferation and development
(Cippa et al., 2018; Dewenter et al., 2017; Mota de Sa et al.,
2017; Uchida et al., 2019). Furthermore, here we also found
the significant enrichment of “positive regulation of transcription from RNA polymerase II promoter involved in cellular response to chemical stimulus” by hypermethylated genes after BDE-209 exposure. The epigenetic signatures of gene transcription and translation in germ cells have great significance
for spermatid maturation (Ren et al., 2017; Rodgers et al., 2015).
The activation of RNA polymerase II at core promoters occupies an important position in the mitosis and meiosis of spermatogenic cells, which holds the foundation for sperm development and maturation. Therefore, BDE-209 exposure might
have the potential impacts on the transcriptional processes of
GC-2 cells and even spermatogenesis in male reproduction.
Previous studies have reported that exposure to PBDEs is associated with increased sperm DNA damage
(Tseng et al., 2013; Yu et al., 2018). DNA damage has been
proposed as a mechanism for DNA methylation changes
(Barciszewska, 2020; Russo et al., 2016). Thus, we wonder if
DNA methylation changes is involved with DNA damage response (DDR) and cell cycle checkpoints in GC-2 cells after
BDE-209 treatment. In our previous study, we reported that
BDE-209 led to DNA damage and p53 upregulation in both
mouse testis and GC-2 cells (Li et al., 2019). Here the GO term
“DNA damage response, signal transduction by p53 class mediator resulting in transcription of p21 class mediator” was
significantly enriched by hypomethylated genes in GC-2 cells,
including Rps6ka6, Rbm38, Trp53 and Foxm1. It turned out that
the expressions of these hypomethylated genes were upregulated in GC-2 cells after exposure to BDE-209. Thus, the involvement of p53-dependent DDR was associated with BDE209-induced genome wide DNA methylation in GC-2 cells.
Rps6ka6 and Rbm38 are both regarded as the p53 related
genes, involving in the signal transduction of cell growth arrest (LLeonart et al., 2006; Zhang et al., 2014). Foxm1 drives
the activation of DNA damage sensors by regulating DDR and
cell cycle progression (Costa, 2005; Zona et al., 2014). The p53dependent DNA damage and cell apoptosis could lead to the
failure of meiosis and sperm development (Kang and Rosenwaks, 2018; Ou et al., 2019). Our recent study found that BDE209 upregulated the expression of p53/p21/p16 in testis of
Sprague-Dawley (SD) rat, which causing testicular cell senescence and apoptosis (Li et al., 2021). Accordingly, the upregulation of those genes indicated that BDE-209 could induced the
activation of DDR in GC-2 cells. Taken together, these findings
provided evidences for the association between DNA methylation and DNA damage response in spermatocyte after BDE209 exposure. This might reveal the underlying mechanism of
male reproductive toxicity induced by BDE-209.
As the methylation gene network showed, critical genes
have been identified by the analysis of differential hypermethylation in GC-2 cells, including sex-determining region Ybox 2 (Sox2) and fibroblast growth factor 9 (Fgf9). SOX2 is
closely related to the transcriptional regulation, particularly
during the development and maintenance of male germ cells
(Hayashi et al., 2012; Patra et al., 2015). BDE-209 exposure
could reduce the expression of Sox2 gene in human embry-

onic stem cells, which was associated with apoptosis induction (Du et al., 2016). Thus, the downregulation of Sox2 in this
study may cause the dysfunction of spermatogenic cells and
even spermatogenesis disorder after BDE-209 exposure. FGF9
as a growth factor plays crucial role in the proliferation of spermatogonia stem cell (Yang et al., 2020). BDE-209 decreased the
gene expression of Fgf9 in GC-2 cells, which indicated the negative relation between BDE-209 exposure and early gonadal
development. Besides, sperm acrosome associated 1 (Spaca1)
and spermatogenesis associated 33 (Spata33) were also hypermethylated by BDE-209 exposure, which have important roles
in spermatogenesis and male reproduction. Spaca1-gene disrupted mouse was found to be infertile (Fujihara et al., 2012),
and the decrease of spata33 in testis was also detected in spermatozoa deficient patients (Zhang et al., 2020b). The mRNA
level of spaca1 and spata33 were also downregulated by BDE209 treatment in GC-2 cells. Collectively, BDE-209 exposure has
the potential to cause stress in germ line development. Furthermore, hedgehog and hippo signaling pathway were also
enriched in Kyoto Encyclopedia of Genes and Genomes analysis after BDE-209 treatment. Hedgehog and hippo pathway
are important for the maintenance of germ stem cell, sperm
maturation and male fertility (Kim et al., 2020; Li et al., 2017;
Meng et al., 2020). These findings provided evidences for the
negative effects of BDE-209 on spermatogenesis. However, the
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
classification suggested the enrichment difference between
hyper- and hypo-methylated gene functions. It is still necessary to explore whether the relevant functions are connected
with the differential enrichment.
There is negative correlation between PBDE level and DNA
methylation changes from in vitro and non-human animal
studies (Chen et al., 2019b; Kim et al., 2019; Suvorov et al., 2018;
Zhao et al., 2019). However, it has so far been confounded in
human studies about the epigenetic changes in male germ
line after exposure to novel POPs like BDE-209. Apparently,
few studies have investigated the impacts of BDE-209-induced
DNA methylation on male reproduction, not to mention the
results from human samples. It will be greatly valuable to focus further work on the underlying mechanisms from more
effective animal or human studies.

4.

Conclusions

In summary, BDE-209 induced aberrant DNA methylation
changes in GC-2 cells. BDE-209 exposure could interfere with
spermatogenic cell growth and development by affecting the
functional gene transcription activity. Remarkably, BDE-209 altered the gene transcription of p53-dependent DNA damage
response, which was consistent with our previous results. Altogether, the negative impacts of BDE-209 on germ line development might be highly interrelated with the changes of
genome wide DNA methylation. This study enlightened our
aspiration to understand the mechanisms of male reproductive dysfunction under the environmental exposure of BDE209. But it still needs further explorations to clarify the specific
patterns of epigenetic changes after exposure to BDE-209, especially in human studies.
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