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Acquired sperm hypomethylation

by gestational arsenic exposure is re-
established in both the paternal and maternal
genomes of post-epigenetic reprogramming
embryos
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Abstract

Background DNA methylation plays a crucial role in mammalian development. While methylome changes acquired
in the parental genomes are believed to be erased by epigenetic reprogramming, accumulating evidence suggests
that methylome changes in sperm caused by environmental factors are involved in the disease phenotypes of

the offspring. These findings imply that acquired sperm methylome changes are transferred to the embryo after
epigenetic reprogramming. However, our understanding of this process remains incomplete. Our previous study
showed that arsenic exposure of FO pregnant mice paternally increased tumor incidence in F2 offspring. The sperm
methylome of arsenic-exposed F1 males exhibited characteristic features, including enrichment of hypomethylated
cytosines at the promoters of retrotransposons LINEs and LTRs. Hypomethylation of retrotransposons is potentially
detrimental. Determining whether these hypomethylation changes in sperm are transferred to the embryo is
important in confirming the molecular pathway of intergenerational transmission of paternal effects of arsenic
exposure.

Results We investigated the methylome of F2 male embryos after epigenetic reprogramming by reduced
representation bisulfite sequencing (RRBS) and allele-specific analysis. To do so, embryos were obtained by crossing
control or gestationally arsenic-exposed F1 males (C3H/HeN strain) with control females (C57BL/6 strain). The results
revealed that the methylome of F2 embryos in the arsenic group was globally hypomethylated and enriched for
hypomethylated cytosines in certain genomic regions, including LTR and LINE, as observed in F1 sperm of the arsenic
group. Unexpectedly, the characteristic methylome features were detected not only in the paternal genome but also
in the maternal genome of embryos. Furthermore, these methylation changes were found to rarely occur at the same
positions between F1 sperm and F2 embryos.
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Conclusions The results of this study revealed that the characteristics of arsenic-induced methylome changes in

F1 sperm are reproduced in both the paternal and maternal genomes of post-epigenetic reprogramming embryos.
Furthermore, the results suggest that this re-establishment is achieved in collaboration with other factors that
mediate region-specific methylation changes. These results also highlight the possibility that arsenic-induced sperm
methylome changes could contribute to the development of disease predisposition in offspring.

Keywords Intergenerational transmission, Paternal effects, DNA methylation, Embryos, Sperm, Arsenic, Gestational
exposure, Reduced representation bisulfite sequencing (RRBS), Allele-specific analysis

Background

Epigenetic reprogramming during embryogenesis is cru-
cial for the development of mammalian zygotes into mul-
ticellular embryos [1, 2]. The earliest and most-studied
epigenetic change during this process is the dynamic
deletion and reconstitution of DNA methylation [1,
3]. Deletion of methylation has been recognized as a
requirement not only for the acquisition of totipotency
but also for the erasure of acquired epigenetic informa-
tion. In mice, DNA methylation of the zygote genome is
significantly reduced until the blastocyst implantation
around embryonic day 3.5 (E3.5), and reconstitution is
completed by approximately E7.5 [4, 5]. Later studies
employing newly developed methods, such as genome-
wide single-base resolution sequencing and allele-spe-
cific analysis, have further refined our understanding of
DNA methylation reprogramming during embryogenesis
[4-6].

On the other hand, numerous studies have reported
that environmental factors affect offspring health
through epigenetic modifications of the germ cells [7-
11]. Sperm methylome changes by developmental and
adult exposure to hazardous chemicals and improper
nutrition have been implicated in the intergenerational
transmission of disease phenotypes [12—17]. These find-
ings may imply that environmentally acquired changes
in the sperm methylome are transmitted to the embryos
and contribute to the development of disease predisposi-
tion. However, our understanding of this process is still
incomplete. Determining whether acquired methylome
changes in sperm are transferred to the embryo is crucial
to confirming the molecular process of intergenerational
transmission of paternal health effects of arsenic.

Inorganic arsenic, a metalloid ubiquitously distributed
in the environment, poses significant global health prob-
lems, including cancer, for millions of people in areas
where highly contaminated groundwater is used for living
and farming [18-21]. Waalkes et al. (2003) [22] reported
that gestational arsenic exposure increased the incidence
of hepatic tumors in males of C3H mice, which are prone
to developing spontaneous hepatic tumors later in life.

Using the mouse model established by Waalkes’” group,
we previously found that exposure of FO pregnant mice
to arsenic increases the incidence of hepatic tumors in F2
males via the F1 male parents [23]. In F2 hepatic tumors

of the arsenic group, we identified two genes whose
expression was upregulated and associated with DNA
hypomethylation of the promoter regions, which were
shown to be involved in hepatic tumor increase [24].
Furthermore, sperm of F1 mice gestationally exposed
to arsenic exhibited genome-wide hypomethylation and
a characteristic genomic region distribution of hypo-
methylated cytosines, particularly predominant in the
promoter regions of retrotransposon LINEs and LTRs
[25]. Hypomethylation of retrotransposon promoters is
known to cause an increase in detrimental retrotranspo-
sition and can lead to various disorders, including can-
cer [26—28]. These findings highlight the next challenge
of determining whether the acquired methylome changes
are transmitted to embryo.

In this study, we investigated whether gestational arse-
nic exposure-induced DNA hypomethylation features
in F1 sperm are transmitted to F2 male embryos. The
results showed a unique manner in which acquired meth-
ylome characteristics in F1 sperm are re-established in
the F2 embryos.

Methods

Experimental design

The design of the animal experiment is shown in Fig. 1.
C3H/HeN F1 male offspring of the control group and
the arsenic group were obtained as described previously
[25]. Briefly, pregnant C3H/HeN mice (FO, purchased
from CLEA Japan, Tokyo) in the control group were
given free access to a standard diet (CA-1; CLEA Japan)
and tap water. The mice in the arsenic group were given
tap water containing 85 ppm sodium arsenite (Sigma)
instead of tap water from gestational day (GD) 8 to 18.
The experimental protocol caused no grossly recognized
changes in FO, F1 or F2 mice. F1 males born to different
dams, respectively, were crossed at 13—16 weeks old with
C57BL/6 (B6) female mice (purchased from CLEA Japan,
Tokyo) at 12—13 weeks old and embryos were obtained
on embryonic day 7.5 (E7.5).

DNA and RNA were prepared from the homogenate
of each embryo using an AllPrep DNA/RNA Mini Kits
(Qiagen, the Netherlands). DNA was trapped and puri-
fied on the column according to the manufacturer’s
protocol. After sex determination of each embryo as
described in the next section, DNA of 3—5 male embryos
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Fig. 1 Schematic diagram of experiments

from individual litters were pooled, and 5 pooled DNA
samples from the control and arsenic group, respectively,
were subjected to DNA methylation analysis. RNA was
obtained in the flow-through fraction and concentrated
using an RNeasy MinElute spin column (Qiagen) accord-
ing to the manufacturer’s instructions. RNA of 3-5 male
embryos from individual litters were pooled and 5 pooled
samples were analyzed for each group.

In a replication experiment (Exp. 2) on the F2 embryos,
C3H/HeN F1 mice in the control and arsenic group were
obtained as described above. Male F1 mice born to differ-
ent dams were crossed at 13—14 weeks old with C57BL/6
female mice (11-12 weeks old) and embryos were
obtained on E7.5. DNA and RNA from male embryos
were prepared as describe above.

Mice were handled in a humane manner in accordance
with the National Institute for Environmental Stud-
ies (NIES) guidelines for animal experiments. All the
protocols for animal experiments were approved by the
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Animal Care and Use Committee of the National Insti-
tute for Environmental Studies.

Sex determination

DNA sample obtained from each embryo was quanti-
fied using a Qubit dsDNA HS assay kit (Thermo Fisher
Scientific, USA) and the quality was checked by gel elec-
trophoresis. Sex determination was performed by PCR of
embryo DNA with Zfy primers (5’-aagataagcttacataatca-
catgga-3’ and 5’-cctatgaaatcctttgctgcacatgt-3’). The PCR
mixture consisted of DNA (1.0 pl), Zfy primer mixture
(10 pM each, 0.2 pl), 10xLA PCR Buffer II (Mg** free,
1.0 pl), 25 mM MgCl, (0.6 ul), ANTP mixture (2.5 mM
each, 0.2 ul), H,O (6.8 pl), and rTaq 5U/ul (1.0 pl). The
buffer, MgCl,, dNTP mixture and rTaq were obtained
from Takara Bio Inc. (Japan). PCR was carried out on a
GeneAmp PCR system 9700 (Applied Biosystems, USA)
using the following condition: initial denaturation at
94 °C for 3 min, 35 cycles of 94 °C for 30 s, 64 °C for 30 s
and 72 °C for 30 s, and final extension at 72 °C for 10 min.
PCR products were examined by gel electrophoresis
using 1.2% Agarose gel. The representative gel image was
shown in Fig S1.

DNA methylation analysis by reduced representation
bisulfite sequencing (RRBS) and determination of
differentially methylated cytosines (DMCs) and
differentially methylated regions (DMRs)

F2 embryo DNA were quantified using Genomic DNA
ScreenTape and Genomic DNA reagent kit (Agilent
Technologies) and used for preparation of RRBS librar-
ies [29] with some modifications as described previously
[25, 30]. The RRBS libraries were sequenced on an Illu-
mina HiSeq X. Obtained reads were trimmed for adap-
tors using Trim Galore (http://www.bioinformatics.bab
raham.ac.uk/projects/trim_galore/) and mapped on the
mouse reference genome (mm10) using the Bismark pro-
gram [31]. The sequence data will be publicly available at
Gene Expression Omnibus (GEO), NCBI with accession
number GSE275185, and GSE275460 for Exp. 2, upon
acceptance.

The mapped data were used for DNA methylation anal-
ysis by the methylKit package [32] on R. Detection of
CpGs that are common in 10 samples in the control and
arsenic groups and counting of reads with C (methyl-
ated) and with T (unmethylated) were carried out using
the processBismarkAln function in methylKit under the
conditions of minimum coverage 10, minimum phred
score 20 and destrand = false. Methylation difference and
q value between the control and arsenic groups were
determined for each CpG site using calculateDiffMeth
function in methylKit. The list of CpGs was edited by
excluding those assigned in chromosomes other than
chr1-19, chrX and chrY, and was subjected to subsequent
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analyses. The RRBS data of F1 sperm (GSE150650)
obtained in our previous study [25] was edited in the
same way and re-analyzed in the present study. Differ-
entially methylated cytosines (DMCs) were defined as
CpGs having > 10% methylation differences with q <0.01
between the control and arsenic group unless otherwise
stated. HypoDMCs and hyperDMCs are DMCs with
lower and higher average methylation levels in the arse-
nic group compared to the control group, respectively.

Differentially methylated regions (DMRs) were selected
using eDMR [33] utilizing the data obtained from meth-
ylKit by calculateDiffMeth analysis as described above.
DMRs were defined as regions which contain three or
more CpGs and at least one DMC (meth diff>10%)
and having>10% methylation difference with statistical
significance. DMRs were also selected using tileMeth-
ylCounts function in methylKit as regions of 200 bps
containing three or more CpGs and exhibinting>10%
methylation difference with statistical significance.

Principal component analysis (PCA) was performed on
the mapped data using the prcomp function in R.

Annotation by HOMER, retrotransposon subfamily analysis
and cCRE search

Each CpG was detailed annotated as per Table S2 using
HOMER software (http://homer.ucsd.edu/homer/, v4.10)
as described previously [25]. Analysis were performed
with the default condition and the promoter region was
set from -1 kb to +100 b from TSS. For the position
analysis of DMCs in L1IMdA subfamilies, a full-length
L1MdA sequence was obtained as described previously
[25] and more than 40 sequences containing hypo- or
hyper-DMCs were randomly selected using SeqKit. The
annotations of candidate ENCODE cis-regulatory ele-
ments (cCREs) combined from all cell types of mouse
were downloaded from the UCSC Table Browser (https:
//genome.ucsc.edu/cgi-bin/hgTrackUi?hgsid=233985413
2_0pTWnuoL7NrraXSVb6Vik7A8jUbT &db=mm108&c=
chr16&g=encodeCcreCombined) [34] and the intersec-
tion with CpGs detected in the F2 embryos was captured
using IntersectBed in bedtools (https://bedtools.readthe
docs.io/en/latest/).

Allele-specific DNA methylation analysis

Sequence data for the C3H/HeN genome was obtained
by whole genome sequencing of male liver DNA. The
data will be publicly available at NCBI Sequence Read
Archives (SRA) with accession number PRJINA1153074
upon acceptance. An N-masked reference genome that
is based on the GRCm38/mm10 reference genome and
N-masked at SNP positions between the GRCm38/mm10
and C3H/HeN genomes was produced from a variant call
file made on Dragen (Illumina). RRBS data of F2 embryos
were mapped to the N-masked reference genome and
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paternal or maternal genome-specific splitting was per-
formed by SNPsplit [35]. DNA methylation status was
obtained using methRead and unite functions in a meth-
yIKit package. The condition destrand = true was applied,
since more DMCs were detected under this condition
compered to destrand =false. For comparison, RRBS data
of F1 sperm [25] was also mapped to the N-masked refer-
ence genome and re-analyzed with the same conditions.
For allele specific analysis, DMCs were set as CpGs hav-
ing = 2% methylation differences with q <0.05 between
the control and arsenic group.

Real-time PCR analysis of developmental marker
expression

RNA was reverse-transcribed using AMV Reverse Tran-
scriptase XL (Takara Bio, Japan), and real-time PCR was
performed with Light Cycler 480 SYBR Green I Master
kit (Roche, Switzerland) on a Light Cycler 480 (Roche,
Switzerland). Primers were designed using Primer3web
(http://primer3.ut.ee). Primer sequences are shown in
Table S1. The annealing temperature was 64°C for all the
primers.

Statistical analysis

Differences in methylation levels between the control and
arsenic groups were tested by Welch’s ¢ test and permu-
tation test. Expression levels of developmental marker
genes in the two groups were assessed by Student’s ¢ test.
The probability of occurrence of hypo- and hyperDMCs
compared to the occurrence of CpGs in each genomic
region was assessed by Fisher’s exact test.

Results

F2 embryos born to gestationally arsenic-exposed F1

males

The control or gestationally arsenic exposed F1 males
(C3H strain) and C57BL/6 strain (B6) females were
crossed and F2 male embryos were obtained on embry-
onic day 7.5 (E7.5), when DNA methylation reconstitu-
tion is completed via epigenetic reprogramming. The
representative embryos (Fig. 1) were approximately 1.3—
1.7 mm in length and morphologically appeared to be in
the Mid Streak and Late Streak stages, according to the
study by Downs and Davies [36]. Developmental stages
were grossly similar in the embryos from the control and
arsenic groups. There were no differences between the
two groups in the expression levels of genes character-
istic of the development of the endoderm (Cerl1, Sox17),
mesoderm (Snail, Cdhll) or extraembryonic ectoderm
(Elf5) [37-39] on E7.5 (Fig. S1).
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F2 embryos are DNA hypomethylated as are the F1 sperm
of the arsenic group

DNA of F2 male embryos was subjected to RRBS analysis.
MethylKit analysis of the sequence data (destrand = false)
identified 2,137,827 CpGs common in all 10 samples
in both the control and arsenic groups. A volcano plot
illustrating the differences in methylation levels of each
CpG between the two groups revealed a greater number
of CpGs with significantly lowered DNA methylation
in the arsenic group (Fig. 2A). HypoDMCs (blue dots)
and hyperDMCs (red dots), which are hypo- and hyper-
methylated CpGs in the arsenic group compared to the
control group (> 10% methylation difference, q <0.01)
were 18,366 and 9,963 in number, respectively (Fig. 2A).
While the DNA methylation levels of whole genomes are
generally stable and not widely altered by environmen-
tal factors, the average methylation level of all CpGs in
the arsenic group (40.96%) was significantly lower than
in the control group (41.56%) (Fig. 2B). Among the chro-
mosomes, the CpGs methylation level was highest in
chromosome Y (Fig. 2B). A predominance of hypoDMCs
over hyperDMCs was observed across all chromosomes
(Fig. 2C).

These features were reproducibly observed in another
independent experiment (Exp. 2) on the methylome
features of F2 embryos (Fig. S3A-C). The global hypo-
methylation and predominance of hypoDMCs over
hyperDMCs are consistent with the results observed in
the F1 sperm of the arsenic group found in our previous
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study [25] and those reanalyzed in the present study (Fig.
S4A, B).

HypoDM(Cs are enriched in LINE and LTR retrotransposons
in F2 embryos as well as in F1 sperm of the arsenic group
All CpGs and DMCs were categorized into genomic
regions as shown in Table S2, according to the detailed
annotation by the HOMER software. The average meth-
ylation levels of all CpGs in individual regions were
investigated, and the occurrence of CpGs and DMCs was
compared in individual regions.

The sperm of gestationally arsenic-exposed F1 males
showed highly significant hypomethylation and a pro-
found overrepresentation of hypoDMCs in the LTR and
LINE regions (Fig. S4C, D). Enrichment of hypoDMCs
was also detected in the intergenic regions in the F1
sperm. As shown in Fig. 3A and B and Fig. S5A, signifi-
cant hypomethylation and enrichment of hypoDMCs in
the LTR and LINE regions were also detected in the F2
embryos. In addition, the exon, intron and intergenic
regions were also enriched with hypoDMCs in the F2
embryos (Fig. 3B). The average methylation levels of
hypo- and hyper-DMCs in individual regions are shown
in Fig. 3C.

Analysis of differentially methylated regions (DMRs)
using eDMR identified 4,071 hypoDMRs and 1,381
hyperDMRs. The distribution of these DMRs in indi-
vidual regions (Fig. 3D) was similar to the distribu-
tion of DMCs (Fig. 3B), with a clearer predominance
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Fig. 2 Methylome profiles of F2 embryos in the control and arsenic groups. Identification of CpGs and calculation of methylation levels were performed
using methyIKit with the destrand =false condition. A) Volcano plot for the differences in the methylation levels of CpG sites between the control and
arsenic groups. The x-and y-axes represent the difference in average methylation levels and g-values, respectively. P value for the difference in the meth-
ylation levels of all CpGs between the control and arsenic groups was assessed by permutation assay. B) Average methylation levels of all CpGs and those
in autosomes and sex chromosomes in F2 embryos. The differences in the methylation levels between the control and arsenic groups were tested by
Welch's t test. C) Percentages of hypo/hyperDMCs in all CpGs in each chromosome in F2 embryos. DMCs were defined as CpGs having > 10% methylation

difference with q<0.01
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Fig. 3 Detailed annotation analysis of CpGs and DMCs of F2 embryos. A) Average methylation levels of all CpGs in the annotated regions. The differences
in the methylation levels between the control and arsenic group were tested by Welch’s t test. B) Distribution (%) of detailed annotated regions among
all CpGs (gray bars) and among all DMCs (hypoDMCs (black bars) plus hyperDMCs (white bars)). Methylation analysis was performed using methylKit
with destrand =false. DMC was defined as q<0.01 and methylation difference > 10%. For each region, difference in the occurrence of CpGs in all CpGs,
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of hypoDMRs in the LTR, LINE, intron and intergenic
regions. DMRs analyzed using the methylKit pack-
age also showed a similar region distribution (Fig. S5B).
A highly similar distribution of DMCs and DMRs was
observed in another independent experiment (Exp. 2) on
F2 embryos (Fig. S3D - F).

HypoDMCs are enriched in the active LINE and LTR
subfamilies in F2 embryos as in F1 sperm of the arsenic
group

Among the LINEs, L1IMdA, LIMdGF and L1MdTF in
the LIMdT subfamily contain transcriptionally active
full-length elements [40, 41]. Hypermethylation at their
promoters plays an essential role in repressing retrotrans-
position [26, 28]. Our previous study showed an over-
representation of hypoDMCs in L1IMdA and L1MdT in
F1 sperm of the arsenic group [25]. In the present study,
detailed annotation of DMCs in LINE subfamilies also
showed significant hypomethylation of CpGs (Fig. 4A)
and an overrepresentation of hypoDMCs (Fig. 4B) in
the active LINE subfamilies in F2 embryos of the arsenic
group. Positional analysis showed that hypo and hyper-
DMCs were enriched in the promoters of full-length
L1MdA at and around - 200 bp from 5’UTR (Fig. 4C), as
was shown in F1 sperm [25].

Among the LTRs, all subfamilies, including the most
transcriptionally active IAPEs, were hypomethylated for
CpGs (Fig. 4D) and enriched with hypoDMCs (Fig. 4E) as
was shown in the F1 sperm of the arsenic group [25].

Number of DMCs is increased and distortion toward
hypoDMC dominance is weakened in F2 embryos
compared to F1 sperms of the arsenic group
The results described above clarified that the character-
istic methylome features of F1 sperm, that is, the global
hypomethylation and the predominance of hypoDMCs in
the LTRs, LINEs and intergenic regions, were also iden-
tified in the F2 embryos. Additionally, DMCs became
enriched in the exon and intron regions in F2 embryos.
On the other hand, the percentage of DMCs in all
CpGs increased in F2 embryos (Fig. 5A), and the distor-
tion toward hypoDMC predominance was less promi-
nent in F2 embryos than in F1 sperm (Fig. 5B). We also
plotted the number of hypo- and hyper-DMCs in individ-
ual regions with the number of candidate cis-regulatory
elements (cCREs) that harbor the DMCs in F1 sperm and
F2 embryos (Fig. 5C). The distal enhancer-like signature
(dELS) was detected mainly in the intergenic and intron
regions. The pie-charts in Fig. 5C show the percentage
of individual elements in all DMCs. The most remark-
able difference between F1 sperm and F2 embryos was
the marked increase in the proportion of intron region
hypoDMCs in F2 embryos, while the cCRE composition
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in the intron region was not greatly altered between F1
sperm and F2 embryos.

Hypomethylation features of F1 sperm by arsenic exposure
affect the methylome of both paternal and maternal
genomes of F2 embryos

All the results obtained so far suggested that the sperm
methylome feature endures epigenetic reprogramming
and remains in the paternal genome of the embryos.
This possibility was assessed by allele-specific analy-
sis of RRBS data. Unexpectedly, the results showed that
the average methylation levels of all CpGs are reduced
not only in the paternal genome but also in the maternal
genome (Table 1). The hypomethylation of both pater-
nal and maternal genomes was confirmed in a replicate
experiment, Exp. 2 (Table S3).

Figure 6 illustrates the distribution of CpGs and hypo-/
hyperDMCs in the individual genomic regions. A pre-
dominance of hypoDMCs over hyperDMCs is observed
in all regions of both the paternal and maternal genomes.
The lack of statistically significant overrepresentation
of DMCs in many genomic regions is attributed to the
smaller number of CpGs identified in either genome.
Despite this, a significant increase in hypoDMCs was
detected in the LINE region in the maternal genome.

These results reveal that the acquired DNA methy-
lome changes induced in F1 sperm by gestational arsenic
exposure cause similar methylome changes in the pater-
nal and maternal genomes of embryos after epigenetic
reprogramming. This occurs despite the independent
methylation modification processes in the paternal and
maternal genomes. These findings suggest the involve-
ment of other factors which affect the methylomes of
both parent genomes in embryos.

Characteristic genomic region distribution of DMCs is
reproducible in both F1 sperm and F2 embryos, but the
positions of DMCs are not fixed

As described above, F1 sperm [25] and F2 embryos in
the arsenic group exhibited highly reproducible methy-
lome features in two independent experiments. These
findings prompted us to investigate which methylation
alterations are transmitted from F1 perm to F2 embryos
or which CpGs are predisposed to hypo- or hypermeth-
ylation in F1 sperm and F2 embryos by FO gestational
arsenic exposure. Contrary to expectations, the num-
ber of hypo- or hyperDMCs identified at the same posi-
tions was very limited between those of F1 sperm and
F2 embryos Table 2). Likewise, hypo- or hyperDMCs
were rarely detected at the same position in the repeated
experiments for both F1 sperm and F2 embryos (Table 2).
These results suggest that methylome changes in sperm
induced by gestational arsenic exposure are not directly
inherited by the zygote genome but are re-established in
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subfamily in LINE and LTR. Bold lines represent medians and thin lines represent quartiles. The differences in the methylation levels between the control
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(hypoDMCs (black bars) plus hyperDMCs (white bars)), respectively. Please see the legend in Fig. 3 for the method of statistics. C) The positions of hypo-
and hyper-DMCs in the LIMdA subfamily



Nohara et al. Epigenetics & Chromatin (2025) 18:4

A [l hypoDMC [] hyperDMC
F2 embryo ' I
F1 sperm ‘ ‘
0 0.5 1 15
% of hypo/hyperDMCs in CpGs
C F1 sperm
Others [l hyperDMCs
Intergenic [_1]
Intron [
SINE [1
LINE ]
LTR [ 1
TTS
3UTR Q
exon [
SUTR | % in all DMC
promoter [ eina s
hypoDMCs
Others [l
Intergenic | |
Intron 1
SINE [
LINE ]
LTR I
TS [
3UTR [
exon [l ]
5'UTR [l o
promoter [Tl % in all DMCs
0 500 1000
number of DMCs

Page 9 of 14

B Il hypoDMC [] hyperDM

F2 embryo

F1 sperm

0 20 40 60 80 100
% of hypo/hyper DMCs in total DMCs

F2 embryo

Others
Intergenic ‘
Intron
SINE
LINE
LTR

TTS
3'UTR
exon
5'UTR
promoter

O

% in all DMCs
l |

I

Others
Intergenic
Intron
SINE
LINE
LTR

TTS
3'UTR
exon
5'UTR
promoter

% in all DMCs

1 1

0 1000 2000 3000 4000 5000
number of DMCs

[Ono cCRE [JPLS MpELS [JdELS [lDnase-H3K4me3 [BCTCF-only

Fig. 5 DMCs in F1 sperm and F2 embryos. Comparison of % of hypo/hyperDMCs (methylation difference > 10%) in all CpGs (A) and the ratios of hypo-
and hyper-DMCs (B) in F1 sperm and F2 embryos. C) The number of DMCs including cCRE; PLS, promoter-like signature; pELS, proximal enhancer-like

signature; dELS, distal enhancer-like signature

both parental genomes with region-specific frequencies,
in collaboration with other factors.

DNA methylation of promoter and imprinted regions in F2
embryos
As shown in Fig. 3, the occurrence of DMCs in the pro-
moter region is significantly lower than that of CpG,
indicating that promoter region methylation is more
refractory to the effect of arsenic exposure than other
regions in F2 embryos. This feature is similar to that
observed in F1 sperm.

Since environmental stimuli could affect imprint-
ing gene expression [42, 43], we also investigated the

methylation levels of imprinted genes. The paternal
imprinted regions, such as Rasgrfl, H19 ICR and Gprl/
Zdbf2, maintain high levels of CpG methylation in pater-
nal genomes during epigenetic reprogramming [44]. The
methylation levels of CpGs in these regions did not show
any statistically significant changes in the embryos (Fig.
S6).

Discussion

Using RRBS single-base resolution analysis, we inves-
tigated whether acquired DNA methylation changes in
F1 sperm by gestational arsenic exposure are detected in
F2 embryos after epigenetic reprogramming. The RRBS
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Table 1 The methylation levels of CpGs in the paternal and
maternal genomes of F2 embryos *

Genomes Number of CpGs Methylation level of CpGs
(%)
Control  Arsenic  p value**
F2 Embryo 1,410,646 4436 4366 <22x107'°
Genome-unspecified
Paternal 64,611 5157 5073 1.6x1078
Maternal 93,966 5219 5143 27x10°°
F1 sperm 1,303,934 4590 4565 37x107°

* An N-masked reference genome was produced based on the GRCm38/
mm10 and N-masking at SNP positions between GRCm38/mm10 and C3H/HeN
genomes. RRBS data of F2 embryos were mapped to the N-masked reference
genome and paternal or maternal genome-specific splitting was performed
by SNPsplit. For comparison, RRBS data of F1 sperm was also mapped to the
N-masked reference genome. Please see the Methods section for the analysis
conditions

** The difference between the methylation levels in the two groups was
assessed by Welch's t test

method measures methylation levels of 5-10% of all
CpGs in the genome by effectively capturing CpGs and
has been adopted in many studies [30, 45]. Smith et al. [4]
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clarified precise methylome changes including those in
retrotransposon regions in early embryogenesis of mice
by RRBS analysis.

As shown in Fig. S7, principal component analysis
(PCA) did not detect clear differences in the methylomes
of F1 sperm or F2 embryos between the control and arse-
nic groups. On the other hand, analyses focusing on the
methylation levels and region-specific distribution of
hypoDMCs revealed statistically significant differences
between the control and arsenic groups in both F1 sperm
in our previous study [25] and F2 embryos in this study.

The present study revealed that the characteristic
hypomethylation in F1 sperm by gestational arsenic
exposure is observed in both the paternal and maternal
genomes of F2 embryos after epigenetic reprogramming.
While DNA methylation is one of the candidates for
mediators in the intergenerational transmission of pater-
nal effects, this study suggests that methylome altera-
tions in arsenic-exposed sperm are not directly inherited
by embryos. Instead, these alterations are thought to be

tU p < 0.05 for
#U for + hypoDMC
U # hyperDMC
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D: Down
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Fig. 6 Genome-specific analysis of methylome changes in the paternal and maternal genomes of F2 embryos. For comparison, RRBS data of F1 sperm
was also analyzed in the same condition for comparison. Methylation analysis was performed using methylIKit with destrand =true. DMC was defined as
q<0.05 and methylation difference > 2%. Please see the legend in Fig. 3 for descriptions of the figures
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Table 2 The number of DMCs commonly detected in the same positions in two independent experiments*
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F1 Sperm F1 Sperm (Exp. 1) & F2 Embryo
F2 Embryo (Exp. 1)
HypoDMC Exp. 1 2,837 F1 Sperm 2,742 Exp. 1 18,423
Exp. 2 1,503 F2 Embryo 17,648 Exp. 2 5336
Common 21 Common 48 Common 165
HyperDMC Exp. 1 690 F1 Sperm 572 Exp. 1 8,896
Exp. 2 402 F2 Embryo 8,670 Exp. 2 2,750
Common 0 Common 6 Common 85

* CpGs that are common in 20 samples in the two experiments were selected using methylIKit and DMCs (methylation difference > 10% with q value <0.01) were
detected in the common CpGs for each experiment. The number of DMCs in the same positions and different positions between the two experiments are indicated.

F1 sperm DMCs were obtained using the RRBS data of F1 sperm (GEO150650) and of another independent experiment (GSE150500) (Nohara et al. 2020)
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Fig.7 Schematic summary on the transmission of altered methylome characteristics of F1 sperm into F2 embryos. The acquired methylome characteris-
tics in F1 sperm by gestational arsenic exposure are passed on to both parental genomes of F2 embryos by unidentified mechanisms

stochastically induced with higher frequencies in certain
regions, such as LINE and LTR, during epigenetic repro-
gramming in collaboration with other factors. The fac-
tors (mediator) may be affected in sperm by gestational
arsenic exposure, transferred to embryos, and dictate
region-specific methylation changes in both parental
genomes, possibly depending on sequence character-
istics. However, the possibility of direct transmission of
methylome alterations from zygote to embryo cannot be
excluded, since we currently lack the methods to examine
the methylomes of sperm and embryo in a real parent-
offspring relationship. Further mechanistic evidence will
be required to determine the transmission pathway.

Figure 7 summarizes the results of this study and
hypothesis on the unidentified mechanism.

Interestingly, a recent study by Chan et al. [46] reported
in mice that feeding folic acid deficient or supplemented
diet to dams and F1 male offspring caused transgen-
erational hypomethylation of active LINE subfamilies in
sperm of F1, F2 and F3 generations. Folate is a cofactor in

the methionine metabolism. Furthermore, the study [46]
reported that DMCs rarely occurred in the same posi-
tions in sperm between F1 and F2 or F2 and F3. These
methylation changes in sperm may not be inherited in
the same positions in embryos, as observed in the pres-
ent study.

Retrotransposition of LTRs and LINEs is known to lead
to various disorders, including cancer [26-28]. LINE-1
transposition is involved in activation of hepatocellu-
lar carcinoma [47]. Furthermore, LTRs and LINEs are
crucially involved in pre- and post-implantation devel-
opment [48, 49]. Thus, further investigation on the
involvement of retrotransposon hypomethylation will
be required to determine the trajectory of intergenera-
tional transmission of paternal tumor-augmenting effect
of arsenic.

After fertilization, the genomes from sperm and
oocytes are demethylated through TET3-mediated active
demethylation and replication-mediated passive demeth-
ylation with different kinetics in the embryos [5, 50-52].
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Then paternal and maternal genomes are re-methylated
by Dnmt3a/3b and Dnmtl and acquire similar methy-
lome patterns to each other [6, 53-56]. The function of
these methylation-related enzymes would be among
the final targets of hypomethylation induction in the
embryos by arsenic exposure.

As mediators of paternal transgenerational inheritance,
sperm non-coding RNAs, including tRNA fragments
(tsRNAs), miRNAs, rRNA fragments (rsRNAs) and long
non-coding RNAs have been implicated in transmission
of information acquired from the environment to zygotes
(57-58). While sperm histones are largely replaced by
protamines, small amounts of histones are retained in
mature sperm, mainly at specific promoter regions [59,
60] and their modifications are implicated in the inter-
generational transmission [15, 61]. Chromosomal inter-
actions by insulator CTCF and transcription factors in
sperm are suggested to be maintained in the embryos and
involved in the intergenerational transmission [62]. Since
histone modifications [52], transcription factors hav-
ing sequence-dependent CpG-binding activity [63] and
non-coding RNAs, such as miRNA [64], are known to be
crucial to organization and function of DNMTs, interac-
tion with these factors may be involved in transmission
of methylome information from sperm to embryos as
‘mediator’

Inorganic arsenic is reported to affect methionine
metabolism by consuming the methyl donor S-adenosyl-
methionine by methylation of itself [18]. Disturbance of
methionine metabolism may be commonly involved in
the hypomethylation induction by arsenic exposure and
folic acid deficient or supplemented diet feeding reported
by Chang et al. [46]. Arsenic is also known to directly
interact with the thiol group, is replaced with zinc ion
in zinc finger proteins and indirectly induces oxidative
stress and a variety of signaling pathways in a tissue/cell
type-specific manner [18, 19, 65]. Gestationally exposed
arsenic reaches the fetus tissues [66] and could affect
these factors and pathways in the F1 offspring and the
germ cells. Since a variety of environmental factors also
interact with these factors/pathways, such as oxidative
stress, the findings obtained in the present study may
provide clues to understanding the intergenerational
transmission of paternal effects by broader environmen-
tal factors.

Conclusions

The results of this study revealed that the characteris-
tics of arsenic-induced methylome changes in F1 sperm
are re-established in both the paternal and maternal
genomes of post-epigenetic reprogramming F2 embryos.
Furthermore, methylome changes, including hypometh-
ylation of LTRs and LINEs, are suggested to be estab-
lished in the embryo in concert with other factors that
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dictate methylation changes at genomic region-specific
frequencies. The results indicate the possibility that the
arsenic-induced methylome changes in sperm can be
involved in the development of disease predisposition in
the offspring. The findings also provide new insight into
the intergenerational transmission of paternal environ-
mental effects.
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