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Abstract

Purpose Changes in DNA methylation modifications have been associated with male infertility. With the development of
assisted reproductive technologies (ARTs), abnormal DNA methylation in sperm, especially in imprinted genes, may impact
the health of offspring and requires an in-depth study.

Methods In this study, we collected abnormal human semen samples, including asthenospermic, oligospermic,
oligoasthenospermic and deformed sperm, and investigated the methylation of imprinted genes by reduced representation
bisulfite sequencing (RRBS) and bisulfite amplicon sequencing on the [llumina platform.

Results The differentially methylated regions (DMRs) of imprinted genes, including H79, GNAS, MEGS and SNRPN, were
different in the abnormal semen groups. MEGS8 DMR methylation in the asthenospermic group was significantly increased.
Furthermore, higher methylation levels of MEGS, GNAS and SNRPN DMR in the oligospermic and oligoasthenospermic groups
and a decrease in the H79 DMR methylation level in the oligospermic group were observed. However, the methylation levels of
these regions varied greatly among the different semen samples and among individual sperm within the same semen sample. The
SNP rs2525883 genotype in the H/9 DMR affected DNA methylation. Moreover, DNA methylation levels differed in the
abnormal semen groups in the non-imprinted genomic regions, including repetitive sequence DNA transposons and long/short
interspersed nuclear elements (LINEs and SINEs).

Conclusion Our study established that imprinted gene DMRs, such as H19, GNAS, SNRPN and MEGS, were differentially
methylated in the abnormal semen groups with obvious inter- and intra-sample heterogeneities. These results suggest that special
attention needs to be paid to possible epigenetic risks during reproduction.
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Introduction

After a long period of differentiation, mature spermatozoa
establish a unique epigenome [1]. As one of the most impor-
tant epigenetic modifications, DNA methylation plays biolog-
ical roles in genomic imprinting, reprogramming and stability;
cellular differentiation; X-chromosome inactivation (XCI);
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Moreover, specific alterations in germ line DNA methylation
are associated with a variation in sperm morphology and mo-
tility, including asthenospermia, oligospermia and deforma-
tion [11-13]. These methylome defects can be transmitted to
offspring and can affect the offspring’s susceptibility to dis-
ease [14]. More importantly, recent reports have indicated that
changes in DNA methylation occur not only between different
semen samples but also within the same semen sample [15].
This intra-sample heterogeneity of DNA methylation may be
due to the presence of sperm populations with different epi-
genetic quality [16]. Assisted reproductive technologies
(ARTs) are widely used, allowing infertile men to father their
own children. However, ART carries a potential risk of
transmission/induction of genetic/epigenetic alterations, par-
ticularly when more intrusive methodologies are applied, such
as intra-cytoplasmatic sperm injection (ICSI) [17-19]. Indeed,
an increased frequency of several diseases has been reported
after ART, such as Angelman, Beckwith—Wiedemann,
Silver—Russell and Prader—Willi syndromes [20-22].
Although these diseases are derived from different genetic
causes, the role of sperm epigenetic aberrations has been pro-
posed, igniting scientific interest about the relationship be-
tween genomic imprinting and fertility. ICSI and in vitro fer-
tilization (IVF) routinely require the selection of gametes and
the culture of embryos during the early stage of development
when the genome is relatively vulnerable to external influ-
ences [20]. However, whether these syndromes arise from
ART itself or from pre-existing epigenetic aberrations in gam-
etes remains unclear. The so-called ‘imprinted genes’ escape
epigenetic reprogramming after fertilization, leading to the
maintenance of aberrant sperm DNA methylation in the de-
veloping embryo [23].

Genomic imprinting is an epigenetic phenomenon that de-
scribes parent-of-origin patterns of monoallelic gene expres-
sion [24]. This monoallelic expression is established by DNA
methylation of CpG dinucleotides in the germ line, and these
modifications then form germ line differentially methylated
regions (gDMRs) after fertilization. These gDMRs act as im-
printing control regions (ICRs) that generate extensive do-
mains of imprinted chromatin, some of which span several
megabases. The DNA methylation of imprinted gDMRs is
reset with every reproductive cycle during gametogenesis
[25, 26]. Ejaculated and mature sperm should be methylated
in the paternal gDMRs (pgDMRs) but unmethylated in the
maternal gDMRs (mgDMRs). In humans, over 100 genes
are regulated by genomic imprinting, and many of these have
critically important roles in early development [24]. The fail-
ure to correctly establish or maintain imprints causes rare but
striking developmental imprinting disorders during childhood
and, later in life, causes both metabolic and behavioural dis-
eases [27-29]. In this context, several studies documented a
strong association between idiopathic infertility and DNA
methylation alterations in specific imprinted genes in
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spermatozoa from human men [30]. In particular, infertile
and fertile men were compared, and an increased odds ratio
of imprinting aberrations was demonstrated in two specifically
imprinted genes, H/9 and mesoderm-specific transcript
(MEST) [31]. In addition, aberrant methylation on specific
non-imprinted genes was found to be associated with infertil-
ity [32, 33]. All these data increased the scientific interest in
the analysis of sperm DNA methylation as a valuable, non-
invasive diagnostic marker of infertility.

Although largely debated in the literature, the link between
epigenetics and sperm abnormalities has not been elucidated.
High-throughput bisulfite sequencing is a new DNA methyl-
ation profiling method that can be applied to the study of
genome-wide and gene-specific methylation levels with high
accuracy. This study was designed to further evaluate the
sperm DNA methylation patterns, particularly the methylation
of imprinted genes, in abnormal semen samples by RRBS and
bisulfite amplicon sequencing on the [llumina platform.

Methods and materials
Spermatozoa samples

Semen samples were collected from patients (age between 20
and 60 years) attending the Hospital of Shanghai Institute of
Planned Parenthood Research for semen analysis from
January 2019 to March 2019 (Table 1). After liquefaction at
37 °C for 30 min, semen parameters such as semen pH, vol-
ume, viscosity, liquefaction time, colour, sperm concentration,
sperm rapid progressive motility, viability and sperm mor-
phology were analysed for routine semen analysis using
microcell slide and computer-assisted semen analysis
(CASA, WLIY 9000, Weili New Century Science and Tech
Dev, Beijing, China) according to World Health Organization
guidelines [34]. The absence of leukocytes and other cells was
confirmed by phase-contrast microscopic analysis of the
sperm pellets. Finally, 8 normozoospermic, 16
asthenospermic, 3 oligospermic, 11 oligoasthenospermic and
2 morphologically deformed (with sperm deformity rate 40%
and 55%) semen samples were collected from patients. These
samples were stored at — 80 °C until processing. This study
was approved by the Ethics Committee of Shanghai Institute
of Planned Parenthood Research.

DNA extraction

Sperm pellets were lysed in sperm lysis buffer (supplemented
with proteinase K and DTT) in a 55 °C water bath for 2 h with
intermittent mixing by inversion. Then, the DNA was extract-
ed using phenol/chloroform extraction and ethanol
precipitation.
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Table 1 Sample parameters and global DNA methylation levels

Normozoospermia Asthenospermia Oligospermia Oligoasthenospermia Deformity
Number of samples 8 16 3 11 2
Age (year) 30.00+1.67 36.63+£2.48 32.67+4.33 3527+1.95 36.50+3.50
Sperm concentration (x 10%/ml) 113.40+£21.95 53.14+9.78" 5.06+1.30" 8.79+1.42" 79.50 £24.90
Total motility (%) 66.51+5.56 18.43+2.78" 45.10+4.03 24.10+2.57 52.10£21.50
Progressive motility (%) 49.85+4.07 12.45+2.09" 40.67+4.81 19.24+2.78" 38.65+22.15
Nonprogressive motility (%) 16.66+2.81 5.98+1.28" 443+1.79" 4.04+0.97" 13.45+0.65
Sperm vitality (%) 70.99 +3.52 38.82+2.09" 52.10+7.13" 43.06+1.92" 64.10+16.10
Number of samples analysed by RRBS 8 4 3 2 2
DNA methylation-whole genome (%) 4091+2.41 37.84+2.63 47.81+£4.67 40.56+7.25 48.39+6.90
DNA methylation-gene body (%) 40.19+2.41 36.35+2.67 46.43 £4.94 39.12+7.53 47.32+7.60
DNA methylation-promoter (%) 13.54+1.22 11.05+1.25 16.84 +3.07 12.66 +3.09 16.85+4.54
DNA methylation-CpG island (%) 6.22+0.22 530+0.35" 7.49+1.23 6.21+0.32 5.74+0.40
DNA methylation-3"-UTR (%) 41.42+2.24 38.44+2.36 47.28 £4.61 40.40+6.92 47.21+6.94
DNA methylation-5"-UTR (%) 21.61+2.15 17.80+£2.10 26.59+4.58 20.10+6.02 27.50+7.37
DNA methylation-exon (%) 24.71+1.49 20.11+£1.51 27.32+4.14 22.83+3.99 27.26+6.02
DNA methylation-intergenic (%) 49.59+2.29 51.82+2.10 59.77+2.50" 55.07+2.93 58.23+1.61
DNA methylation-intron (%) 50.15+2.31 4731+2.78 56.29+4.15 49.71+7.93 57.24+£6.28

* P value <0.05

RRBS, reduced representation bisulfite sequencing; UTR, untranslated region

Reduced representation bisulfite sequencing (RRBS)

Genomic DNA was used to perform RRBS. The standard
protocol for RRBS library construction used here was de-
scribed previously [35]. The library was 2 x 150 bp paired-
end sequenced on a next-generation sequencing (NGS) HiSeq
platform (Illumina, Inc., San Diego, CA, USA). The quality of
the sequencing data was verified using ‘FastQC v.0.11.7
package (www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Adapter removal and quality trimming were
performed using Cutadapt v1.9.1 (https://cutadapt.
readthedocs.io/en/stable/). The reads were aligned to a
reference genome (UCSC hgl9) using Bismark v.0.19.0
(http://www.bioinformatics.babraham.ac.uk/projects/
bismark/). The methylation level of each cytosine was
calculated using the R package MethylKit (version 1.12.0)
(https://bioconductor.org/packages/release/bioc/html/
methylKit.html) [36].

Bisulfite amplicon sequencing

The DNA methylation levels of H/9 DMR, GNAS XL DMR,
MEGS8 DMR and SNRPN DMR were analysed in samples via
bisulfite amplification followed by NGS. A total of 500 ng of
DNA was bisulfite treated using an EZ DNA Methylation
Gold-Kit (Zymo Research Corp., Irvine, CA, USA). The
bisulfite-converted DNA was used to amplify the candidate
fragment with a TaKaRa EX Taq Hot Start Version Kit
(TaKaRa Biotechnology Co., Ltd., Dalian, China). The PCR

products were loaded on a 1.5% agarose gel for analysis,
recovered for library construction and 2 x 300 bp paired-end
sequenced using the MiSeq platform (Illumina, Inc., San
Diego, CA, USA). The DNA methylation level of candidate
fragments was determined by analysing the sequencing data.
Haplotype analysis of sample methylation was performed
using BiQ Analyzer HiMod (https://big-analyzer-himod.
bioinf.mpi-inf.mpg.de/). The primers for amplification were
as follows: H19 DMR forward, 5'-AATAGTGTATTTTG
GGGTGAA-3’, and H19 DMR reverse, 5'-AAAA
ACAATAAAATATCCCCATTCTT-3"; GNAS XL DMR
forward, 5'-GTTGAAATTAGYGGAGGTATT-3', and
GNAS XL DMR reverse, 5-CAAAAACTCCCACT
ACCCCA-3'; MEGS8 DMR forward, 5'-GACA
GGACAGCTCCCGGGACAGC-3', and MEGS reverse, 5'-
AAACAATCTAAATTCTTCAAACACCA-3"; and SNRPN
DMR forward, 5'-AGGYGTAAATAGGATTTGTTT-3’,
and SNRPN DMR reverse, 5'-TCACTCTCCAAAAA
CATTATAATTCAA-3".

Genotyping of the single nucleotide polymorphism
(SNP) rs2525883

Genotyping of SNP rs2525883 within /9 DMR was per-
formed by Sanger sequencing. DNA from 38 spermatozoa
samples was used to amplify the DNA fragment surrounding
rs2525883 with a TaKaRa EX Taq Hot Start Version Kit
(TaKaRa Biotechnology Co., Ltd., Dalian, China). The PCR
products were loaded on a 1.5% agarose gel for analysis and
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were recovered for Sanger sequencing. Genotypes of samples
were determined by reading sequencing trace files. The
primers for amplification were as follows: H/9 DMR SNP
forward, 5'-GGTGAATCAGACACATAGCC-3', and H19
DMR SNP reverse, 5-GGATGATGGGGATCTCGG-3'.

Statistical analysis

All data were analysed using the R program (version 3.3.2)
(http://www.R-project.org/) and SPSS software (version 23.
0). The samples included in this study were non-normally
distributed (nonparametric) according to the value of the
skewness test, Kurtosis test, Z value and Shapiro test. The
independent sample ¢ test (Mann—Whitney test) and
Kruskal-Wallis test were used to compare the means of quan-
titative variables in addition to Spearman’s test to assess the
correlation coefficient between methylation level and other
parameters. The methylation levels between semen groups
were further compared by using binary logistic regression
models adjusted for age. The results in all of the aforemen-
tioned procedures were accepted as significant when the P
value was less than or equal to 5% (P <0.05). Data are pre-
sented as the mean + standard deviation (SD).

Results
Semen parameters and global DNA methylation levels

According to the World Health Organization guidelines [34],
a total of 40 semen samples were collected and divided into
five groups, including one normal group, normozoospermia
(n=28), and 4 abnormal groups: asthenospermia (n=16),
oligospermia (n = 3), oligoasthenospermia (n=11) and de-
formed samples (n=2) (Table 1). The sperm concentration,
total motility and sperm viability of the samples from
asthenospermia patients and oligoasthenospermia patients
were significantly lower than those of the normozoospermia
samples (P < 0.01). The sperm concentration and nonprogres-
sive motility were significantly lower in samples from the
oligospermic group than in samples from the control group
(P <0.001).

First, 19 semen samples from five groups were randomly
selected for genome-wide methylation analysis by RRBS. The
results showed that there was no significant difference in the
global methylation levels of the genomes among the five
groups, and the average DNA methylation levels of the sam-
ples were between 38 and 48%. Further, after classifying all
CpG sites according to genomic location, methylation level
analysis revealed that intergenic regions and intronic regions
had the highest levels of DNA methylation, while CpG
islands, promoter regions and 5’-UTR regions had lower
levels of methylation. There was no significant difference
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among the groups, except for the asthenospermic group which
had a lower methylation level at the CpG islands and the
oligospermic group which had a higher methylation level at
the intergenic regions than the normozoospermic group
(Table 1).

Genome-wide methylation analysis of imprinted
genes in normal and abnormal semen samples

Next, we performed an analysis of the methylation levels in
the DMR regions of known imprinted genes [24]. In total, the
methylation levels of the CpG sites within 64 imprinted DMR
regions were detected in our RRBS. Most of these DMR re-
gions were hypomethylated (mgDMRs), and only the /GF2-
H19 and IG DMRs were hypermethylated (pgDMRs). We
calculated the average methylation level of the CpG sites for
each DMR region. By comparing all abnormal semen groups
with the normal semen group, we found that aberrant methyl-
ation modifications existed in the DMRs of the imprinted
genes H19, GNAS, SNRPN and MEGS in the abnormal semen
groups (Fig. 1a).

Among the mgDMRs, the GNAS gene XL DMR was
1.47% methylated in normozoospermia but was 9.46% meth-
ylated in abnormal spermatozoa, 9.85% methylated in
oligoasthenospermia and 29.50% methylated in oligospermia
(Fig. 1b). The average methylation level of the DMR of the
SNRPN gene was 0.82% in the normozoospermic group and
4.14% in the oligoasthenospermia group (Fig. 1¢). In addition,
the average methylation level of the DMR of the MEGS gene
was 2.61% in the normal group but was an average of 9.49%
in the abnormal groups (8.20% in the asthenospermic group,
13.29% in the oligospermic group and 10.44% in the
oligoasthenospermic group) (Fig. 1d). The average methyla-
tion of the DMR of the H/9 gene on chromosome 11 was
79.92% in the normozoospermic group and decreased to an
average of 77.31% in the abnormal groups. Notably, the meth-
ylation level in the asthenospermic group was 83.44%, which
was higher than that in the control group (Fig. 1e).

We also found that the DMR methylation levels were
strongly heterogeneous among abnormal semen samples, as
large variations in methylation among different samples were
identified. For example, the methylation level of GNAS XL
DMR was extremely high in one sample from the
oligospermic group and exceeded 50% (Fig. 1b). In SNRPN
DMR, the methylation levels of some samples from the
oligospermic group and oligoasthenospermic group were
higher than those of the other samples (Fig. 1c). A similar
phenomenon was also observed in the MEGS DMR from
the asthenospermic group: one abnormal sample displayed a
high methylation level, while the other abnormal samples had
methylation levels that were very similar to the level in the
normal group (Fig. 1d).


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

J Assist Reprod Genet (2020) 37:2211-2221

2215

chr1 N: Normozoospermia
A: Asthenospermia

0: Oligospermia

D: Deformity

LIN28BAIM]

o
FuRPNNONMAGERR
NURFSA SO

i 208 MEGMESHS oo

» \l‘\\‘\\“‘!\ MKR‘“’M‘R ° R%\“k%w Q
\\\\\\\3\\\‘::-\\'\‘-“‘ 1(

MW o

o o S
wo*’ o &

et o
N “““" o §
ks o $
S o s
[ 1 o T
% o g
2, % o
i
N

pLa
WORSks,
RSN

Fig. 1 Methylation level of an imprinted gene DMR in semen samples
analysed by RRBS (a). GNAS1*, GNAS; GNAS2*, NESP-AS/GNAS-
ASI1; GNAS3*, GNAS XL; GNAS4*, GNAS Ex1A. b—e The DNA

Methylation validation of H79 DMR, GNAS XL DMR,
SNRPN DMR and MEG8 DMR in normal and abnormal
semen samples

Further, we validated the DNA methylation levels of H/9
DMR, GNAS XL DMR and SNRPN DMR in all 38 semen
samples using bisulfite amplicon sequencing. One
oligospermic sample and one deformed sample in the RRBS
experiment were not included in these 38 samples because
their DNA was depleted. For the H/9 DMR, the assay frag-
ment was designed to cover a range of approximately 377 bp,
from position 2021841 to 2022218 on chromosome 11,
encompassing a total of 18 CpG sites. The results suggested
that within this region, most of the sites fit the signature of
hypermethylated pgDMR, with the exception of locus
Chr11:2022019. The methylation levels of cytosine on
Chr11:2022019 ranged from 60 to 90% among samples but
did not show significant differences among the different
groups. The Mann—Whitney test was used to compare
Chr11:2021940 and Chr11:2021986 in the oligospermic
group with those in the normozoospermic group, and a signif-
icant decrease in methylation levels from 98.18% and 97.61%
to 90.90% and 95.39% was observed, respectively. In addi-
tion, Chr11:2022014 was methylated by 97.17% in the
asthenospermic group, which was significantly lower than
that in the normozoospermic group (98.44%) (Fig. 2a and
d). However, these significant differences no longer existed
after adjusting for age by binary logistic regression analysis.
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and MEGS (e) in five groups. The bars represent the mean + SD

To verify the methylation level of the XL DMR of the
GNAS gene, we designed an amplicon fragment covering po-
sitions 57429801 to 57430101 of chromosome 20, containing
a total of 30 CpG sites. The methylation levels of all loci were
consistent with the characteristics of hypomethylated
mgDMRs. Moreover, consistent with the RRBS results, the
methylation levels of all CpGs in the oligospermic group were
higher than those in the normozoospermic group, whereas the
methylation levels of most CpG sites in the
oligoasthenospermic group samples were also higher than
those in the normozoospermic group samples. If the average
methylation of this fragment was calculated, the average
methylation was 6.50% in the oligospermic group and
2.68% in the oligoasthenospermic group; these levels were
higher than those in the normal group (1.33%) (Fig. 2b and
d). However, the increases in methylation in the abnormal
groups were only significant in the Mann—Whitney test and
not in the binary logistic regression model adjusted by age.

Validation experiments for the SNRPN DMR covered po-
sitions 25093077 to 25093438 of chromosome 15 and
contained a total of 25 CpG sites. All sites were
hypomethylated. Although consistent with the results of
RRBS, the mean methylation value was increased in the
oligospermic group compared with that in the normozoosper-
mic group; this difference was 1.70% versus 0.42%, respec-
tively, but was not statistically significant (Fig. 2c).

For the DMR of MEGS, an amplified fragment on the mi-
nus strand of chromosome 14 from 101371137 to 101370814
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Fig. 2 Validation of the methylation level of imprinted gene DMR in
semen samples analysed by BSAS. a—¢ The methylation level of CpG
sites in the DMR of H19 (a), GNAS XL (b), SNRPN (¢) and MEGS (d).
The x-axis represents the chromosomal location. e Comparisons of the
DNA methylation levels of DMR of GNSA XL and three CpG sites

containing 23 CGs was designed. All sites were
hypomethylated. The methylation levels were higher at most
CG sites in the abnormal groups than those in the normal
group. The mean methylation level of all sites was 0.70% in
the normozoospermic group, while the mean levels of
asthenospermia, oligospermia, oligoasthenospermia and de-
formed samples were 1.02%, 2.28%, 1.79% and 2.22%, re-
spectively. The hypermethylation in all groups was significant
by the Mann—Whitney test. After adjusting for age in the bi-
nary logistic regression, mean methylation levels of the com-
bined abnormal samples and those of the asthenospermic sam-
ples were both significantly higher than those in the normal
samples (Fig. 2d and e).

Inter-sample heterogeneities were still found in the DMR
methylation validation assay. In the analysis of the GNAS XL
DMR, one sample from the asthenospermic group had partic-
ularly high methylation levels, reaching an average of 18.24%
and even more than 20% at multiple CpG sites. In addition,
the average methylation level of one sample in the
oligospermic group was 9.80%, which was much higher than
the methylation level of most samples (Fig. 2b). In the SNRPN
DMR methylation analysis results, although no statistically
significant differences between groups were identified, indi-
vidual samples still showed aberrantly increased methylation
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Chromosome 14

(Chr19:2021940, 2021986 and 2022014) from H19 DMR and MEG8
DMR in the semen groups. *P < 0.05 vs. normozoospermia group.
Significance was determined using a binary logistic regression adjusted
by age

levels. For example, in one sample from the oligospermic
group, the average methylation level reached 7.02%
(Fig. 2c). The most interesting results were obtained from
the H19 DMRs. Except for several sites, such as
Chr11:2021940, Chr11:2021986 and Chr11:2022014, the
methylation levels of the other sites were quite different
among different samples, and the average methylation levels
were mostly approximately 90%, which indicated that
pgDMR was not fully methylated. However, the methylation
levels of these sites were not significantly different among the
different groups. In contrast, the methylation levels at several
loci with small differences between samples were significant-
ly different among groups, perhaps suggesting a more impor-
tant biological function for these CpG sites (Fig. 2a).

Intra-sample heterogeneity analysis of DNA
methylation in different spermatozoa from the same
semen sample

Because methylation abnormalities in the DMR fragments of
the GNAS gene often occurred at multiple CpG sites simulta-
neously in our results, we further analysed the methylation
sequencing results. By methylation haplotype analysis, we
found that in one sample of the asthenospermic group, 23%
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Fig. 3 Methylation analyses of a
GNAS XL DMR of BSAS of two
normal controls (top a and b) and
two semen samples from
asthenospermic group (¢) and
oligoasthenospermic group (d).
Mean methylation levels and
number of reads are given below
each pattern. Lines represent
reads; columns represent CpG
dinucleotides; blue squares
represent unmethylated CpGs;
red squares represent methylated
CpGs; white squares represent
missing sequence information
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of the reads, which should correspond to the sperm propor-
tion, were aberrantly methylated on almost all CpG sites, and
the other 77% of the reads remained unmethylated (Fig. 3a).
This result indicated that approximately 23% of spermatozoa
in this semen sample were aberrantly methylated, which sug-
gested the presence of intra-sample heterogeneity. A similar
result was observed in a sample from the oligospermic group,
in which approximately 10% of the sperm were abnormally
methylated at almost all CpG sites (Fig. 3b). Almost no aber-
rant methylation modifications were found in normal semen
samples, except for a very small number of aberrantly meth-
ylated CpG sites, which were often linked (Fig. 3¢ and d). This
result suggested that a small number of spermatozoa with
aberrant methylation modifications in the GNAS XL DMR
might exist even in semen samples with normal parameters.

SNP effect on the methylation level of H79 DMR

A SNP (rs2525883) was included in the bisulfite amplicon
sequencing (BSAS) fragment of the H/9 DMR. The locus
was highly polymorphic in 38 samples, with 15 CC, 9 CT
and 14 TT genotypes. Interestingly, we found significant dif-
ferences in the /79 DMR methylation levels between samples
with different genotypes. Samples with the TT genotype had
the highest mean methylation level of 93.67%, while samples
with the CT and CC genotypes had mean methylation levels
0f91.48% and 92.10%, respectively (Fig. 4a). Further, in nine

1.68% 0.92%
5055 4037

Legend: @ unmethylated @ methylated O not present

CT heterozygous samples, allele-specific methylation levels
were analysed, and the mean methylation level of the T allele
was found to be significantly higher than that of the C allele,
especially at CpG sites such as Chr11:2021915,
Chr11:2021926, Chr11:2021947, Chr11:2021952 and
Chr11:2021958 (Fig. 4b). Another interesting finding is that
the T allele was presented only three times (20%) in the nor-
mozoospermic group, while it appeared 3 times (55%) in the
abnormal groups, and this difference was significantly differ-
ent (p-corrected of chi-square test = 0.033). Further investiga-
tions are needed to reveal the reasons and implications of this
genetic-epigenetic interaction.

Aberrant DNA methylation analysis of non-imprinted
gene regions

We also analysed the DNA methylation profiles of other ge-
nomic regions in the RRBS results. By comparing abnormal
semen groups with the normal group using a p value threshold
of less than 0.01, we found 10,429 differentially methylated
sites and 8202 DMRs (one region per 1000 bp, with at least 5
CpG sites in one DMR and regional methylation as the aver-
age of methylation of all CpG sites within the region).
Hierarchical clustering of DNA methylation data for the most
240 variable methylated regions highlighted the differences
between abnormal semen groups and the normal group
(Fig. Sa). Of these, 4691 regions were hypermethylated in
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Fig.4 Methylation analyses of H19 DMR of BSAS according to the SNP
1s2525883 genotype. a The mean methylation level of H19 DMR of the
semen samples with different genotypes. b The allele-specific methyla-
tion level of 5 CpG sites and the mean of all CpG sites from H19 DMR of

abnormal semen samples, and 3511 regions were
hypomethylated in abnormal semen samples. There were 24
(17 hypermethylated, 7 hypomethylated) regions with differ-
ential methylation modifications that mapped to imprinted
gene DMR regions and 8178 (4674 hypermethylated, 3504
hypomethylated) that mapped to non-imprinted gene regions
(Fig. 5b). In addition, there were 5106 DMRs in promoters
and 6813 DMRs in CGls (Fig. 5¢). In the repetitive sequence
regions, the methylation levels of DNA transposons, long in-
terspersed nuclear elements (LINEs) and short interspersed
nuclear elements (SINEs) were significantly higher in the ab-
normal samples (especially in the oligospermic and deformed
groups) than in the normal control samples (Fig. 5d).

Discussion

Abnormalities in sperm methylation may be associated with
various male reproductive problems, but the conclusions re-
main unclear. In this study, we analysed and validated the
DNA methylation profiles of abnormal semen samples at the
genome-wide level by RRBS and bisulfite amplicon sequenc-
ing on the Illumina platform. The results showed that in the
abnormal semen groups, some imprinted genes, including
H19, GNAS, MEGS and SNRPN, possibly had abnormal mod-
ifications of DNA methylation with great inter- and intra-
sample heterogeneity. Some differentially methylated non-
imprinting regions were also identified, including the hyper-
methylation of repetitive sequence DNA transposons, LINEs
and SINEs, in abnormal groups. Another interesting result was
that the genotypes of one SNP in H79 DMR affected nearby
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the semen samples with heterozygous genotype CT. Data are presented as
the mean = SEM. *P <0.05, **P < 0.01, ***P < 0.001. Significance was
determined using the Wilcoxon matched-pairs signed rank test

DNA methylation levels. Considering that these methylation
modification abnormalities might escape the demethylation
process of the zygote and thus be transmitted to the next gen-
eration, leading to related diseases, special attention needs to
be paid to the possible epigenetic risks during the reproductive
process, especially when ARTs are used.

ART can help infertile patients or patients with low fertility
father their own children, though it may also allow sperm cells
with genetic/epigenetic defects to escape natural selection and
fertilize an egg. Therefore, clarifying what genetic/epigenetic
defects may exist in sperm can help in the application of ART.
Nonetheless, male infertility is a multifactorial and complex
condition, and the genetic/epigenetic abnormalities associated
with infertility are not entirely known [37]. Recently, epige-
netic modifications, including DNA methylation, histone
modifications and non-coding RNAs, have been suggested
to be closely related to the aetiology of infertility in men
[38]. The relationship between abnormal DNA methylation
of sperm and male infertility as well as unfavourable repro-
ductive phenotypes has been reported in several studies [6, 8,
16, 30, 32, 33], but the conclusions were not always consistent
[17]. Meta-analyses have shown that aberrant methylation of
imprinted genes H19, MEST or SNRPN in sperm increase the
risk of male infertility [17, 31]. For other imprinting DMRs
such as GNAS, MEGS, IGF2 and MEG3, a clear conclusion
has not been drawn because of contradictory results or the lack
of sufficient study [16, 17]. These inconsistent results might
also be related to the different DNA methylation detection
techniques used in each study. A semen sample is a mixture
of spermatozoa, whereas the level of DNA methylation level
in a sample is the average of the individual methylation levels
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Fig. 5 DNA methylation patterns in normal and abnormal semen
samples. a Unsupervised hierarchical clustering and heatmap including
the 280 most DMRs (one region per 1000 bp, more than 5 CpG sites in
one DMR, P<0.01 and absolute methylation level differences > 10%)
between normal and abnormal semen samples. Average methylation
values are displayed from — 1 (blue) to 1 (red). b Distribution of differ-
entially methylated regions relative to imprinting DMR. ¢ Distribution of

of all spermatozoa. Methods with higher precision are re-
quired to identify some smaller differences in DNA methyla-
tion levels. Our study used the method of high-throughput
bisulfite sequencing, which can provide highly accurate quan-
titative results because of the large number of sequencing
reads. Our investigation confirmed that the imprinted gene
DNA methylation levels were related to sperm phenotypes.
We profiled the methylation patterns of more than 60
imprinted gene DMRs by RRBS and found that the imprinted
regions of genes such as H19, GNAS, SNRPN and MEGS may
have aberrant methylation modifications in abnormal sperm.

In addition to imprinting DMRs, repetitive sequences can
also escape waves of demethylation after fertilization [39];
thus, we analysed the DNA methylation levels of DNA trans-
posons, LINEs and SINEs. Hypermethylation of these repeti-
tive sequences in abnormal samples were found in our study;
these results contradicted the results of some previous studies
[13, 23, 40] and might have resulted from different sample
selection strategies.

Another finding of our study was the presence of inter- and
intra-sample epigenetic heterogeneity. Inter-sample heteroge-
neity was characterized by different semen samples with the
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(DNA), long interspersed nuclear elements (LINEs), long terminal re-
peats (LTR), short interspersed nuclear elements (SINEs) and satellites.
Data are presented as the mean = SEM. *P <0.05. Significance was
determined using two-tailed Mann—Whitney test

same phenotype having different DNA methylation modifica-
tions, which might due to the complexity of the factors lead to
infertility [37]. Intra-sample heterogeneity was characterized
by abnormal samples containing spermatozoa with both nor-
mal and abnormal methylation modifications, which might be
observed by analysis of haplotypes of DNA methylation on
high-throughput bisulfite sequencing data. Similar findings
have been reported in previous studies that also employed a
high-throughput bisulfite sequencing approach, whereby
DNA methylation heterogeneity was present in imprinted
gene regions in oligoasthenoteratozoospermic (OAT) patients
[16, 41]. In addition, sperm DNA methylation heterogeneity
studies have shown that even in normal male semen, a small
amount of DNA methylation variations may be present. These
small amounts of heterogeneity affect the expression of some
disease-related genes [42] and may also directly affect the
health of the next generation.

Aberrant regulation of these four imprinted genes that we
report is known to be responsible for various growth and be-
havioural syndromes [20, 22, 43, 44]. Loss of H/9 methyla-
tion is associated with Beckwith—Wiedemann syndrome and
Silver—Russell syndrome [20, 22], whereas the
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hypermethylation of SNRPN is associated with Angelman
syndrome and Prader—Willi syndrome [22]. MEGS DMR is
also hypermethylated in individuals with Temple syndrome
[43]. Defects in GNAS imprinting are associated with the im-
printing disorder pseudohypoparathyroidism (PHP) [44].
Certainly, the transgenerational mechanisms of these imprint-
ing DMRs and effects on the regulation of gene expression in
the next generation require further investigation.

We included an SNP site in the 79 DMR analysis, and the
results revealed that genotypes might affect methylation in
this DMR region. SNP effects on methylation at adjacent
CpG sites have been reported in several studies [45—47], but
the SNP effects on methylation in the DMRs of imprinted
genes in sperm are identified for the first time, and it is worth
further investigation.

Our study has several limitations. First, due to the relatively
small sample size together with the heterogeneity in DNA
methylation, the study was more likely to provide some trends
in change instead of the final conclusion. Second, millions of
CG sites were sequenced in RRBS, but the coverage per site
was relatively low, which likely caused false positives and false
negatives in the statistics. In our study, except for the four
imprinting DMRSs, other results from RRBS require further val-
idation by a more accurate assay before subsequent studies.
Finally, many environmental factors and lifestyle habits could
affect DNA methylation. Only age was included in our study.
The relationship with other factors requires further study.

Conclusion

In this study, we evaluated aberrant DNA methylation modifi-
cations in sperm from abnormal semen samples by high-
throughput sequencing. Our results validated the previously re-
ported aberrant DNA methylation modification of the H79 gene
in abnormal sperm and found that other imprinted genes, such
as GNAS, SNRPN and MEGS, showed aberrant methylation
modification. In addition, heterogeneities of DNA methylation
modifications in inter- and intra- samples were identified in
abnormal semen samples, and an SNP in the /9 DMR frag-
ment affected the methylation levels. These results suggest that
there are potential epigenetic risks in abnormal semen samples
and that further investigation is required to determine if these
risks will lead to health risks in offspring conceived via ART.
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