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Abstract

Paternal life experiences impact offspring health via germline, and epigenetic inheritance provides a potential
mechanism. However, global reprogramming during offspring embryogenesis and gametogenesis represents the
largest hurdle to conceptualize it. Yet, detailed characterization of how sperm epigenetic alterations carrying
“environmental memory” can evade offspring embryonic reprogramming remains elusive. Here, mice exposed to
long-term restraint stress were employed to study the mechanisms underlying inter- and transgenerational effects of
paternal exposure to a long-term psychological stress. We found that stress could induce paternal inheritance of
reproductive, behavioral, and metabolic disorders. Bisulfite methylation profiling of 18 sperm and 12 embryo samples
of three consecutive generations identified inter- and transgenerational inheritance of paternal Differential DNA
Methylation Regions (DMRs) at frequencies ~11.36% and 0.48%, respectively. These DMRs related to genes with
functional implications for psychological stress response, and tissue inheritance of these DMRs passed paternal
disorders epigenetically to offspring. More importantly, these DMRs evaded offspring embryonic reprogramming
through erasure and subsequent reestablishment, but not via un-erasure way. Nonetheless, their reestablishment
proportions in the primitive streak (E7.5) stage were altered. Furthermore, sncRNA-seq revealed that stress-induced
tsRNA, miRNA and rsRNA dysregulation in paternal sperm might play important roles in DMRs occurrence and paternal
inheritance. These finding implied that sperm epigenetic alterations contribute to inter- and transgenerational effects
of paternal exposure to long-term psychological stress, and highlighted the possible underlying molecular
mechanism.

Introduction nutrient deficiency’™, exposure to toxicants®®, psycholo-

Human epidemiological studies and animal models pro-  gical stress’!, and ectopic expression of endogenous
vide strong evidence supporting the hypothesis that par-  genes'>'?, exert a far-reaching influence on their descen-
ental life experiences, such as hunger"?, unhealthy diet or  dants. Chronic psychological stress, a pervasive problem in
society, has been reported to affect metabolism and
male fertility in humans, which in turn leads to weight

loss, gluconeogenesis disorders, and motivated behavior
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sequences, and multiple mechanisms have been proposed
to account for non-DNA sequence-based inheritance in
mammals. These include chemical modifications of DNA
and histones, or transfer of small regulatory RNAs com-
plementary to genomic sequences'’. These widely studied
epigenetic marks add another layer of genome information
and provide a source of heritable phenotypic changes that is
non-DNA primary sequence-basedzo.

Epigenetic inheritance, a germline transmission of epi-
genetic information from parents to subsequent genera-
tions in the absence of both sustained environmental
exposures and alterations of genomic DNA sequences,
provides a potential mechanism enabling parents to
transfer information to their offspring about the envir-
onment they experienced®”*>, The transgenerational
inheritance refers to the programming effects being pas-
sed across generations in the absence of exposure to the
original trigger to either the developing fetus or the germ
cells that will eventually become the fetus, i.e. at least
three generations for the pregnant maternal linage, but for
two generations for the paternal and non-pregnant
maternal linages® >°. Meanwhile, transmission of the
programming effects from FO to F2 for the pregnant
maternal linage and from FO to F1 for the paternal and
non-pregnant maternal linages are considered as the
intergenerational  inheritance®.  Epigenetic  marks,
including DNA methylation, histone modifications, and
small non-coding RNAs (sncRNAs), have been found to
play critical roles in transgenerational and intergenera-
tional inheritance of environmental or endogenous
factors-induced phenotypic alterations in animals>'>*?,

DNA methylation, a ubiquitous and conserved epigenetic
marker, has recently become a major focus of studies on
paternal epigenetic inheritance in mammals. Despite as
relatively stable in somatic cells during adult life, the global
reprogramming events, which is a key process with DNA
methylation patterns reset, occur in early embryos and
germ cells during embryogenesis and gametogenesis,
respectively”®*’. Any perturbation in this process likely
affects not only current but also future generations. These
two waves of epigenetic resetting leave little chance for
inheritance of DNA methylation changes, whether acci-
dental or environmentally induced. Therefore, the repro-
gramming process between generations represents the
largest hurdle to conceptualize epigenetic inheritance. In
short, epigenetic inheritance has to be reconciled with
reprogramming. To date, besides unknown heritable pro-
portions of environmental factors (such as psychological
stress) induced sperm DNA methylation changes, it has
remained elusive how epigenetic alterations evade global
reprogramming, via either erasure and subsequent rees-
tablishment or via un-erasure during the reprogramming
process, to mediate paternal inheritance of environmental
risk-induced disorders. In addition, many retrotransposons
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and imprinted genes are also resistant to such global epi-
genetic reprogramming via hitherto undefined mechan-
isms®®. Do heritable DNA methylation changes, which are
induced by environmental or endogenous factors, share the
same manner as retrotransposons and imprinted genes to
get across global reprogramming? These questions require
further investigations.

In addition, recent studies have shown that sncRNAs,
such as miRNAs (microRNAs), tsRNAs (tRNA-derived
small RNAs), and rsRNAs (rRNA-derived small RNAs) can
mediate inheritance of environmental-factors-induced phe-
notypic changes in mammals in a similar manner to that of
the more widely studied DNA methylation®”**~*%, These
would be due to the ability of sncRNAs to promote acti-
vation or repression at transcription sites upon base-
complementation pairing with the genetic sequence'®. It
has been reported that sncRNAs, such as piRNAs (piwi
RNAs), could mediate establishing DNA methylation of
certain targets”>. DNA methyltransferase 1 (DNMT1)
binding of certain miRNAs could induce aberrant DNA
methylation of the genome®. Mouse mature sperm con-
tained the highest concentration of tsRNAs and displayed
the highest tsRNA/miRNA ratio®>*°. tsRNAs have been
shown to participate in mediating intergenerational inheri-
tance of high-fat diet-induced metabolic disorders in mice”.
Biogenesis of tsSRNAs and rsRNAs in sperm are rapidly
affected by diet, subsequently mediating changes in sperm
motility as well as influencing male reproductive health in
humans®’. Furthermore, alteration of sperm tsRNA and
rsRNA expression profile abolished sperm sncRNA-
mediated transmission of high-fat-diet-induced metabolic
disorders to offspring®. As such, subpopulations of sperm
sncRNAs could be used as sperm quality biomarkers for
in vitro fertilization®”. Whether psychological stress-induced
specific enrichment of sncRNAs in paternal sperm, and
whether they are associated with epigenetic inheritance of
DNA methylation changes, have yet to be demonstrated.

Most of the earlier studies sought to use a transitory
psychological stress treatment (such as for a duration less
than a spermatogenic cycle) on adult individuals. As such,
offspring would not be produced by the stress-altered
germ cells, since there were mature sperm found in
experimental mice before treatment, and the stress-
altered spermatids might not have matured when these
mice were used to produce new offspring in their stu-
dies'***""7. Thus, it was difficult to evaluate if it was the
stress-induced DNA methylation changes stored in
paternal germ cells that mediated the paternal inheritance
of the environmental risk factors. Here, a mouse model in
which the male mice were subjected to an unprecedented
long-term psychological stress from 3 weeks of age was
employed to investigate the molecular mechanisms
underlying paternal inheritance of psychological post-
stress effects across generations.
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Results
Long-term psychological stress induces paternal
inheritance of health risks in mice

In mice, it takes ~35 days for spermatogonia stem cells
to undergo the differentiation steps to produce sperma-
tozoa, and the first batch of round spermatids begins to
appear at 3 weeks after birth®’. In the present study, we
exerted chronic restraint stress on 3-week-old male mice
(C57BL/6]-Pouf1 GEP/GEP the F, generation) for 90 days to
ensure that the F; offspring were definitely produced by
stress-treated paternal germ cells (Fig. 1a). With respect
to our concentration on paternal inheritance, we only
examined the phenotypic alteration of the male descen-
dants in subsequent analyses.

Determination of body weights and blood glucose
concentrations of all three generations revealed transge-
nerational inheritance of developmental retardation and
increased blood glucose levels in the stressed group,
suggesting faithful transmission of stress-induced devel-
opmental and metabolic disorders (Fig. 1b, ¢ and Sup-
plementary Fig. Sla, b). Since the restraint stress model
has been used for modeling depression and anxiety in
animals'>'®, we also assessed the depression and anxiety-
like behaviors in the stress group. Surprisingly, stress-
treated mice displayed lower anxiety and were associated
with higher risk-taking behavior in both the elevated plus
maze test and the open field test, as they spent more time
in the central/open region than the control group (Sup-
plementary Fig. Slc, d). Meanwhile, a longer moving
distance indicated a higher level of overall physical activity
of the stress group (Fig. 1d and Supplementary Fig. Sle).
Moreover, these stress-induced behavioral disorders were
intergenerationally inherited by the F; generation but
vanished in the F, generation (Fig. 1d and Supplementary
Fig. Slc—e). Additionally, we investigated sperm quality
and reproductive rates of both groups to identify whether
long-term stress affected male fertility. The results
showed that the sperm concentrations, motile propor-
tions, and numbers of offspring were considerably
reduced in the stress group (Fig. le—g). Simultaneously,
the impaired reproductive ability could be transgener-
ationally inherited (Fig. 1le—g). Taken together, long-term
stress-induced paternal inheritance of health risks in mice,
including intergenerationally inherited behavioral dis-
orders and transgenerationally inherited developmental,
metabolic, and reproductive disorders, suggesting an
epigenetic inheritance of acquired traits.

Long-term psychological stress stores a lot of “epigenetic
memory” in mouse germ cells

To identify stress-induced DNA methylation changes
that were stored in paternal germ cells and the portions
that were transmitted to descendants, we profiled the
sperm DNA methylation patterns of three consecutive
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generations (Fo, F;, and F;) in both control and stress
groups by using whole-genome bisulfite sequencing
(WGBS). A total of 18 sperm samples were analyzed,
including three biological replicates for each generation
under each treatment (Supplementary Table S1). On
average, we obtained ~800 million clean reads for each
sample with strand-specific coverage ~21x, and the data
covered ~96.00% of the total 21,867,837 reference CpG
dinucleotides (Supplementary Table S1).

A total of 24,427, 7975, and 5173 differentially methy-
lated regions (DMRs) between control and stress groups
were found in the Fy, F;, and F, generations, respectively
(Fig. 2a—c). These data suggested that after the initial
environmental stimulus (i.e, psychological stress) was
removed, the numbers of DMRs in the descendants dra-
matically decreased (Fig. 2d). Changes in DNA methylation
levels (|AB|value) were ~0.1-0.2 in all three generations
(Fig. 2e). Meanwhile, the majority of DMRs in both F, and
F; generations were de-methylated (Fig. 2d, e).

A significant proportion of DMRs in the F, generation
(Fo-DMRs) were distributed in genes’ promoters and bodies
(Fig. 2f and Supplementary Table S2). To investigate whe-
ther these DMRs could be associated with stress response,
we conducted functional analyses of their related genes,
most of which were protein encoding genes (account for
~60%), long non-coding RNAs (IncRNAs, account for
~21%), or pseudogenes (account for ~15%, Fig. 2g and
Supplementary Table S2). Enrichment analysis determined
that these genes were highly correlated with phenotypic
changes, indicating a remarkable association between
stress-induced DMRs and stress-induced health risks
(Fig. 2h). In addition, Gene Ontology (GO) analysis showed
that these genes participated in the regulation of multiple
biological processes, including ion transmembrane trans-
port, synapse organization, and locomotory behavior
(Fig. 2i). Interestingly, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that they were
largely involved in the calcium signaling pathway, cCAMP
signaling pathway, Rapl signaling pathway, phospholipase
D signaling pathway, and long—term depression (Fig. 2j).
Furthermore, we performed a protein—protein-interaction
(PPI) analysis based on the STRING database to determine
whether these genes were functionally clustered and inter-
acted with each other. The results showed that 6664 F,-
DMRs-related genes were involved in 1170 PPI items with
an enrichment p-value < 1.0 x 10~ %, suggesting significant
functional enrichment of these genes. Meanwhile, 32 den-
sely connected subnetworks were found based on the
topology. These networks were involved in chromatin
remodeling (Supplementary Fig. S2a, b), the insulin-like
receptor signaling pathway (Supplementary Fig. S2c, d),
reflexes and negative regulation of behavior (Supplementary
Fig. S2e, f). These functions were also associated with the
mouse responses to chronic psychological stress, including
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Fig. 1 Long-term psychological stress induces paternal inheritance of health risks in offspring. a Chronic restraint stress mouse model
construction. b Stress-induced transgenerational inheritance of developmental retardation. ¢ Stress-induced transgenerational inheritance of disorder
in blood glucose metabolism. d Elevated plus maze (EPM) test to assess anxiety-like behavior in mice. Stress-induced intergenerational inheritance of
higher risk-taking behavior and overall physical activity. e Stress-induced transgenerational inheritance of decline in sperm concentration decline.
f Stress-induced transgenerational inheritance of reduced in sperm motility. g Stress-induced transgenerational inheritance of reduced in fertility rate.
*t-test p-value < 0.05; **t-test p-value < 0.01; n.s. no significant, t-test p-value > 0.05.

changes in global epigenetic modification, abnormities in
gluconeogenesis, and behavioral disorders. These results
demonstrated that genes related to the DMRs were involved
in a wide range of functions and markedly correlated with
stress-induced health risks. Therefore, long-term restraint
stress, representing psychosocial experience during the
paternal lifespan, could not only induce many health risks
but could also store a great number of DMRs that repre-
sented the “epigenetic memory” in the germ cells.

A notable proportion of “epigenetic memory” is paternally
inherited across generations

We speculated that paternal inheritance of stress-
induced health risks would be mediated by epigenetic

inheritance of the “epigenetic memory” that was stored in
paternal sperm. To verify this conjecture, we analyzed the
DNA methylation status of the Fo-DMRs in all samples of
both F; and F, generations (Supplementary Table S2). On
the basis of DNA methylation levels of each generation
(three individual replicates), 11.36% Fy,-DMRs (2,775/
24,427; P <0.05, unpaired ¢-test; FDR < 0.01) were inter-
generationally inherited (i.e., differentially methylated in
both Fy and F; but not in the F,), of which 0.48% (118/
24,427) were transgenerationally inherited (i.e., differen-
tially methylated in each of the Fy, Fy, and F, generations)
(Fig. 3a, b and Supplementary Table S2). This approach
seemed to be more accurate than that based on mean
DNA methylation levels of all three generations, as the
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Fig. 2 Long-term psychological stress induces storage of “epigenetic memory” in paternal germ cells. a Heatmap of the DMRs in the Fq
generation. b Heatmap of the DMRs in the F; generation. ¢ Heatmap of the DMRs in the F, generation. d Trend in DMRs across generations after
removal of the original stimulus — psychological stress. e Distribution of the A values (changes in DNA methylation levels of the DMRs) across
generations. f Distribution of the stress-induced Fo DMRs at the gene level. g Distribution of the functional genes related to DMRs. h Enrichment of
Fo-DMRs related genes to the phenotype-associated genes from mouse genome information (MGI) database. i Gene Ontology (GO) analysis of genes
related to Fo-DMRs. j Encyclopedia of Genes and Genomes (KEGG) pathway analysis of genes related to Fo-DMRs.
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differences in each of the three generations were calcu-
lated separately. Although these DMRs were paternally
inherited, the differences in their DNA methylation levels
between control and stress groups were decreasing in the
descendants, suggesting a limited inheritance cycle of
these DMRs after the original trigger was removed
(Fig. 3c-f).

Tissue-specific expression of genes related to sperm-
inherited DMRs correlate with paternal inheritance of
health risks

To investigate whether these epigenetically inherited
DMRs correlated with the paternal inheritance of stress-
induced health risks, we detected their DNA methylation
status as well as expression patterns of their related genes
in tissues. Rhobtb3 was previously found as the most
divergent member of the RhoBTB subfamily, atypical Rho
GTPases within the Rho family, and is expressed in
spermatocytes and spermatids in the testis*"*% Its defi-
ciency was associated with reproductive disorders in mice.
Here, it was related to a transgenerationally inherited re-
methylated DMR (Chr13:75,929,838-75,930,456, located
at exon, Fig. 4a, b). Bisulfite sequencing PCR (BSP, see
Methods section) revealed that changes in DNA methy-
lation levels and patterns of Rhobtb3-related DMR was
transmitted through the germline but also through the
testis tissue (Fig. 4c, d). Moreover, its expression level was
considerably reduced, and this pattern was transgener-
ationally inherited by offspring and was closely related to
stress-induced developmental and reproductive disorders
(Fig. 4e). Another gene, I/12rb1, was known to be asso-
ciated with mouse adipose metabolism and development.
Its homologous gene, [/13ra2, has been reported to
mediate paternal inheritance of chronic high-fat diet-
induced B-cell dysfunction in female offspring in rats®,
This gene was also found to be related to a transgener-
ationally inherited de-methylated DMR (Chr8:70,819,260-
70,819,910, located at the splice region of intron, Sup-
plementary Fig. S3a, b and Supplementary Table S2).
Similar to the Rhobtb3-related DMR, its changes in DNA
methylation levels and patterns were also noted in liver
tissue (Supplementary Fig. S3c, d). Furthermore, the up-
regulation pattern in the liver was transgenerationally
inherited by descendant tissues and was associated with
metabolic disorders (Supplementary Fig. S3e).

Additionally, two protein-coding genes, Ddo and
Oprml, were also found to be related to two inter-
generationally inherited de-methylated germline DMRs,
Chr10:40,640,103-40,641,054 (located at 3'UTR) and
Chr10:6,886,538-6,887,843 (located at 3'UTR), respec-
tively (Fig. 4f, g, Supplementary Fig. S3f, g). A high
expression level of Ddo has been reported in the mouse
brain, and Ddo~'~ mice displayed deficits in behavior™*.
Oprml has been reported to mediate anxiety-related
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behavior and social approach in a mouse model of
MECP2 duplication syndrome, and reduced Oprml
expression improved abnormal social behavior®®. We
found that the DNA methylation patterns and the levels of
these DMRs could be intergenerationally inherited by F;
tissues (Fig. 4h, i and Supplementary Fig. S3h, i). More
importantly, the related genes were up-regulated in both
the Fy and F; brains, and the levels strongly correlated
with stress-induced behavioral disorders (Fig. 4j and
Supplementary Fig. S3j). These findings suggested that
epigenetically transmitted germline DMRs, including
intergenerationally and transgenerationally inherited
forms, could also be transmitted to relevant tissues across
generations. Furthermore, these tissue-inherited DMRs
were possibly responsible for paternal inheritance of
health risks through altering expression patterns of their
related genes in relevant tissues.

Heritable DMRs are erased and subsequently reestablished,
but not unaltered, to get through offspring embryonic
reprogramming

Although a notable proportion of stress-induced DMRs
were intergenerationally or transgenerationally trans-
mitted, the underlying mechanisms by which they got
through global reprogramming during embryogenesis and
gametogenesis remained elusive. Here, we performed
single-cell WGBS (scWGBS) for 12 embryo samples,
including ICM (Inner cell mass, E3.5), PS (Primitive
streak. E7.5), and PGCs (Primordial germ cells, E13.5) of
both F; and F, generations in the two groups, and for one
oocyte sample from the maternal strain (Supplementary
Table S1). These data illustrated two waves of DNA
methylation resetting (erasure and then reestablishment)
occurred during embryogenesis (from zygote to the off-
spring PS stage) and gametogenesis (from the PS stage to
the offspring mature sperm) (Fig. 5a), consistent with
findings of a recent report®®. Importantly, profiling of
DNA methylation patterns in all samples revealed that
most of the CpG dinucleotides in parental germ cells
(including both sperm and oocytes) were highly methy-
lated (methylation level >80%), while most were unme-
thylated in the ICM and PGCs (Fig. 5b). In the PS, we
observed that low-methylated and high-methylated CpG
dinucleotides were present in similar proportions
(Fig. 5b).

Two waves of DNA methylation reprogramming
implied that the vast majority of paternal lifespan
experiences were not transmitted to offspring through
attached-epigenetic information in the germ cells. To
investigate the dynamic DNA methylation status of the
heritable DMRs during reprogramming, we merged the
information of all the DMRs transmitted from the F,
generation to the F; generation, or from the F; generation
to the F, generation, to analyze the patterns of
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p-value < 0.01; ns. no significant, t-test p-value > 0.05.

Fig. 4 Epigenetically inherited DMRs correlate with paternally inherited health risks. a DNA methylation levels of the transgenerationally
inherited DMR, Chr13:75,929,838-75,930,456, in sperm samples of all generations. b DNA methylation patterns of the transgenerationally inherited
DMR in sperm samples. ¢ DNA methylation levels of the transgenerationally inherited DMR in testis tissues. d DNA methylation patterns of the
transgenerationally inherited DMR in testis tissues. @ Gene expression patterns of Rhobtb3 in testis tissues. f DNA methylation levels of the
intergenerationally inherited DMR, Chr10:40,640,103-40,641,054, in sperm samples of all generations. g DNA methylation patterns of the
intergenerationally inherited DMR in sperm samples. h DNA methylation levels of the intergenerationally inherited DMR in brain tissues. i DNA
methylation patterns of the intergenerationally inherited DMR in brain tissues. j Gene expression patterns of Ddo in brain tissues. **t-test

intergenerational and transgenerational inheritance,
respectively. Meanwhile, an equal-sized set of the F,-
DMRs that were not inherited by descendants (un-heri-
table Fo-DMRs) was treated as the control group. The
dynamic DNA methylation status of all embryonic sam-
ples were compared with that of the paternal sperm,
which was regarded as possessing the original methylation
pattern. The DMRs were then classified into seven
categories, including “total-hypo” (representing de-
methylated DMRs in embryo samples in comparative
analysis with the paternal sperm), “free-hypo” (repre-
senting unmethylated DMRs which DNA methylation
status were completely erased in embryo samples among
“total-hypo” DMRs), “other-hypo” (representing the other
de-methylated DMRs besides “free-hypo”), “total-hyper”
(representing re-methylated DMRs in embryo samples in
comparative analysis with the paternal sperm), “full-
hyper” (representing full-methylated DMRs among “total-
hyper” DMRs, which were completely methylated in
embryo samples), “other-hyper” (representing the other
re-methylated DMRs besides “full-hyper”), “unchanged”
(representing DMRs that the DNA methylation status
were not changed in embryo samples in comparative
analysis with the paternal sperm). We observed more
occurrence of the “total-hypo” DMRSs, including the “free-
hypo” and the “other-hypo” DMRs, than the “total-hypo”
DMRs, including the “full-hyper” and the “other-hyper”
DMRs, in all three embryo stages of both control and
stressed groups (Supplementary Fig. S4a, b). In addition, a
higher proportion of “free-hypo” events and a lower
proportion of “total-hyper” events were noted in the PGCs
than those in the ICMs, indicating more thoroughly
demethylation in the former. In the PS, the “total-hypo”
DMRs were evenly composed of “free-hypo” DMRs and
“other-hypo” DMRs, while the “total-hyper” DMRs were
dominated by the “full-hyper” DMRs (Supplementary
Fig. S4a, b).

There were no significant differences in DNA methy-
lation patterns between the heritable and un-heritable Fy-
DMRs in both the ICM and PGC stages in comparative
analysis with the paternal sperm using Fisher’s exact test
(Supplementary Fig. S4c—f). However, in the PS stage, the
heritable de-methylated Fo-DMRs had significantly more
“total-hypo” events, whereas there were fewer “total-

hyper” events than in the un-heritable de-methylated
Fo-DMRs in both the F; and F, generations (Fig. 5¢ and
Supplementary Fig. S4g). In contrast, the heritable
re-methylated Fo-DMRs had markedly fewer “total-hypo”
events, while there were more “total-hyper” events than
in the un-heritable re-methylated F,-DMRs in the PS
stage of both the F; and F, generations (Fig. 5d and
Supplementary Fig. S4h). These results indicated that
heritable DMRs were erased and subsequently reestab-
lished, but not unaltered to get through offspring
embryonic reprogramming. However, they had a differ-
ent reestablishment proportion with the un-heritable
DMRSs in the PS stage.

Furthermore, we analyzed changes in DNA methy-
lation levels between stress-treated and control groups
of these heritable DMRs in all three embryo stages
(Fig. 5e and Supplementary Fig. S4i). For heritable de-
methylated DMRs, there were more “total-hypo” events
than “total-hyper” events in all three embryo stages,
especially in the PS stage, indicating that most had a
lower reestablished methylation level in the stress-
treated group than in the control group (Fig. 5f).
Among heritable de-methylated DMRs that were
sequencing covered in all F; embryo samples, the
reprogramming pattern in which demethylation events
only occurred in the PS stage accounted for the largest
proportion, while the pattern of demethylation events
occurring in both the ICM and PS stages was the sec-
ond most common (Fig. 5g). In contrast, for heritable
re-methylated DMRs, most had a higher reestablished
methylation level in the stress group than in the con-
trol group in all stages (Supplementary Fig. S4j). The
same results were noted in the F, generation (Supple-
mentary Fig. S4k, 1). These observations suggested that
the heritable DMRs had a different reestablished
methylation level in the stress group compared with
that in the control group during reprogramming,
especially in the PS stage. Taken collectively, these
findings suggest that during offspring embryonic
reprogramming, heritable DMRs were erased and
subsequently reestablished. However, their reestab-
lishment proportions and reestablished methylation
levels were altered when compared with un-heritable
DMRs and the untreated group.
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Fig. 5 Heritable DMRs have alterative DNA methylation reestablishment proportions and levels in the PS stage during embryonic
reprogramming process. a Mean DNA methylation levels in different embryo stages and sperm samples. b Distribution of the CpG dinucleotides in
different DNA methylation levels. ¢ Alterations in DNA methylation patterns of both the heritable and the un-heritable de-methylated Fo-DMRs when
compared with that of the paternal sperm samples during reprogramming process of the F; generation. Total de-methylated (Total-hypo) events
were composed of free-methylated (Free-hypo) events and the other de-methylated (Other-hypo) events, while total re-methylated (Total-hyper)
events were composed of full-methylated (Full-hyper) events and the other re-methylated (Other-hyper) events. d Alterations in DNA methylation
patterns of both the heritable and the un-heritable re-methylated Fo-DMRs when compared with that of the paternal sperm samples during the
reprogramming process of the F; generation. @ Dynamic DNA methylation patterns of the stress-induced heritable de-methylated DMRs during
reprogramming process. In each stage, all DMRs were classified into three types: hypo (stress group was de-methylated), hyper (stress group was re-
methylated), and unchanged (there was no difference between two groups). Theoretically, there were 36 combinations of the reprogramming
patterns of these DMRs. f Proportion of each DMR type in each embryo stage. g The top two reprogramming patterns of the DMRs that were

sequencing covered in all embryo samples of both the control and stress groups.

Imprinted genes and some transposable elements escape
the first round of demethylation

The DNA methylation patterns of the imprinted genes
and the transposable elements are known to be stably
inherited by subsequent generations. A previous study
revealed that the imprinted genes and some repeated
elements (e.g., retrotransposons) did not undergo repro-
gramming during the first round of demethylation*®. We
sought to identify the dynamic DNA methylation status of
imprinted genes and transposable elements during off-
spring embryonic reprogramming. A total of 50 paternally
expressed genes (maternally imprinted) and 62 maternally
expressed genes (paternally imprinted) were collected
from the Imprinted Gene Database (Methods section).
Although the DNA methylation levels of the maternal
imprinted genes were higher than those in paternal
imprinted genes in the sperm of all generations, all
showed low methylation levels in sperm but high
methylation levels in PS (Supplementary Fig. S5a—c). In
contrast to canonical genes, the imprinted genes had less
changes in DNA methylation levels between the paternal
sperm and offspring ICMs (Supplementary Fig. S5b, c),
which may be due to their substantial roles in regulating
parent-of-origin gene expression during embryogenesis>°.
However, all of these imprinted genes underwent a more
thorough erasure in the PGCs than in the ICM as well as
canonical genes (Supplementary Fig. S5b, c).

In addition, we analyzed the dynamic DNA methylation
status of transposable elements (TE), including retro-
transposons and DNA transposons that were collected
from the Dfam database (Materials and methods). Finally,
a total of 129,146 long-terminal repeated (LTR) retro-
transposons, 132,515 long interspersed nuclear element
(LINE) retrotransposons, 129,322 short interspersed
nuclear element (SINE) retrotransposons, 13,350 satellite
repeats, 2527 pseudogenes, and 60,860 DNA transposons
were examined. The results showed that the transposons
were highly methylated in all sperm samples, and their
reprogramming processes during embryogenesis and

spermatogenesis were similar to those of the canonical
genes but not to those of the imprinted genes (Supple-
mentary Fig. S5d, e). Interestingly, there were 2-5%
transposable elements that escaped demethylation, i.e.,
keeping their methylation status, in the ICM stage (Sup-
plementary Fig. S5g).

Agouti viable yellow (A”?) and Axin Fused (Axin™) loci are
two of the best-characterized paradigms of non-genetic
inheritance in mammals®. In the naturally occurring mutant
mice, genetically identical individuals exhibit quantifiable
phenotypic variability in coat color or tail morphology due to
the insertion of an endogenous retrovirus (ERV) of the
intracisternal A particle (IAP) class into the Agouti or the
Fused loci, respectively*®*”. For A" locus, in a C57BL/6]
genetic background, the phenotype of the dam, but not the
sire, influences the phenotypic distribution observed in the
offspring™”*®, For Axin™ locus, its epigenetic state can be
inherited transgenerationally after both maternal and pater-
nal transmission. This is in contrast to epigenetic inheritance
at the A allele, which occurs in females only™. Although the
mouse strains that we used in this study (C57BL/6J-
Pouf1°"™™” and DBA/2J) were without insertions of IAPs
into the A locus and the Axin"™ locus, as two classic cases of
epigenetic inheritance, we performed additional analysis for
these two loci (A locus, chr2:154,951,219-155,051,011;
Axint™ locus, chrl7:26,138,688-26,195,811) based on our
datasets. We separately identified the DNA methylation
status of their promoter regions (~2 kb upstream from TSS
site), exons and introns in 18 sperm samples and 12 embryo
samples to investigate their inheritance patterns. The results
showed that both A” and the Axin™ loci were highly
methylated in all 18 sperm samples, and no significant inter-
individual variation was noted (Supplementary Fig. S5f, g),
indicating that the DNA methylation patterns of these two
loci were not affected by psychological stress. In order to
investigate their inheritance patterns, the sequencing data
derived from the same generation (F0, F1, or F2) or from the
same embryonic stage (E3.5, E7.5, or E13.5) were merged,
respectively. The average DNA methylation level of each
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CpG site in these two loci of three generations was illustrated
in Supplementary Fig. S5h, i, demonstrating that most of
them were highly methylated. Meanwhile, their DNA
methylation status in three embryonic stages (E3.5, E7.5, and
E13.5) were compared with that in paternal sperms, showing
that the DNA methylation patterns of these two loci were
erased and subsequently reestablished during reprogram-
ming, similar to other canonical genes (Supplementary Fig.
S5j, k). In brief, these findings suggest that A” and Axin"™
loci do not escape epigenetic reprogramming upon restraint
stress exposure.

In addition, Ann Ferguson-Smith group identifies 105
variably methylated IAPs (VM-IAPs) with A" epigenetic
properties by using a systematic genome-wide screen
method in C57BL/6] murine*’. The same genetic back-
ground (C57BL/6]) allowed us to investigate the inheri-
tance patterns of these VM-IAPs in our datasets. Among
these 105 VM-IAPs, there were 18 VM-IAPs with SD
(sample standard deviation) >0.1, i.e., these VM-IAPs vary
greatly among sperm samples of biological replicates or
treatments (Supplementary Fig. S51 and Table S2). Thus,
we removed these 18 VM-IAPs for further analysis. Within
the remaining 87 VM-IAPs, there were 7455 CpG sites;
among these, 6184 sites were covered by sequencing data
in sperm samples of all three generations, and most of
these CpG sites were highly methylated (DNA methylation
level >0.8, Supplementary Fig. S5m). Comparison of the
DNA methylation levels of these CpG sites in embryo
samples and paternal sperm samples revealed that 88.48%
of these CpG sites were de-methylated in ICM (E3.5),
among which, 84.85% of them were completely erased
(Supplementary Fig. S5n). Subsequently, ~80% of these
sites were reestablished in the primitive streak (E7.5),
although ~48% of these reestablished sites showed a lower
DNA methylation level than that in paternal sperm
(Supplementary Fig. S5n). In the PGCs (E13.5), ~90% of
these CpG sites were de-methylated and ~80% were
completely erased (free-methylated). These results sug-
gested that the DNA methylation patterns of most of the
CpG sites in VM-IAPs were also erased and subsequently
reestablished during reprogramming, and ~12% of CpG
sites escaped from the first wave of demethylation during
reprogramming (Supplementary Fig. S5n).

In summary, results reported here suggested that the
ICM stage would be the crucial stage for determining
epigenetic inheritance of the imprinted genes. Meanwhile,
imprinted genes might have different mechanisms of
reprogramming with transposon elements (including VM-
IAPs) and psychological stress-induced heritable DMRs.

Small non-coding RNAs are correlated with occurrence and
paternal inheritance of stress-induced DMRs

Although the reestablishment patterns of these heritable
DMRs were altered in the PS stage, their changed
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methylation status were almost fully cleared in the ICM
and PGCs. Thus, it is likely that there are some other
mechanisms “marking” the heritable status of these
DMRs. Here, small RNA sequencing was carried out on
paternal sperm samples to investigate whether long-term
psychological stress affected the enrichment of certain
sncRNAs and to identify whether they participated in
mediating the occurrence and paternal inheritance of the
stress-induced DMRs (Fig. 6a and Supplementary
Table S1). The sequencing data were then aligned to a
reference genome, a miRNA database, a ribosomal RNA
(rRNA) database, a transfer RNA (tRNA) database, a
piRNA database, a non-coding (ncRNA) database, and the
Rfam database to validate the source of the sncRNAs
(Methods section). We found that on average, ~50% of
sequencing reads were matched to the reference genome,
of which piRNAs and tsRNAs were the most abundant
species (Fig. 6b, c). After normalization by reads per
million (RPM), 159 differentially expressed subclasses of
sncRNAs between the control group and the stress group
were enriched, including 98 down-regulated and 61
up-regulated subclasses (Fig. 6d and Supplementary
Table S3). Interestingly, the vast majority of the up-
regulated sncRNAs subclasses were tsRNAs (52/61,
85.25%), while most of the down-regulated sncRNAs were
miRNAs (93/98, 94.90%) (Fig. 6e and Supplementary
Table S3). In addition, 4.5S rRNA- and 18S rRNA-derived
small RNAs (rsRNAs) were also significantly down-
regulated in paternal sperm after stress treatment (Sup-
plementary Table S3). In fact, more than half of the dif-
ferentially enriched sncRNA sequence types were rsRNAs
(Fig. 6f and Supplementary Table S4). Screening accord-
ing to that sum of the reads count >15 and sum of the
RPM value >1 for all 6 samples, and ¢-test p-value < 0.05
between the control group and the stress group, we
obtained 1017, 655, and 264 differentially enriched
sequences related to rsRNA, tsRNA, and miRNA,
respectively (Fig. 6f and Supplementary Table S4). Among
differentially enriched rsRNAs, 18S-rsRNA, and 4.5S-
rsRNA accounted for 78.37% and 21.63%, respectively
(Fig. 6f-h). Among the differentially enriched tsRNA
sequences, mt-HisGTG, GluTTC, and AspGTC, were the
top three isodecoders that were significantly affected by
psychological stress (Fig. 6f, i, j and Supplementary Table
S4). Among the differentially enriched miRNA sequences,
let-7 had the most differentially enriched fragments
(Fig. 6f, k, 1 and Supplementary Table S4). Such differ-
ential response patterns of the rsRNA, tsRNA, and
miRNA could imply different roles they might have played
in reaction to psychological stress.

We then analyzed whether these differentially enriched
sncRNAs might have any roles in occurrence and paternal
inheritance of stress-induced DMRs. Target prediction
based on the miRNA database (TargetScan) revealed that
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Fig. 6 Differentially enriched sncRNAs in paternal sperm. a Length distribution of all sequencing reads. b Alignment of the sequencing data.
anno_MG: matched to the reference genome and annotated; unanno-MG: matched to the reference genome but not annotated; anno-UMG:
unmatched to the reference genome but annotated; unanno-UMG: unmatched to the reference genome and not annotated. ¢ Distribution of the reads
in annotated RNAs. d Heatmap of differentially enriched sncRNA subclasses. @ Composition of the differentially enriched sncRNA subclasses. f Sources of
differentially enriched sncRNA sequence types. g Length distribution of the 185 rRNA-derived rsRNA sequences in paternal sperm. h Length distribution
of the 4.55 rRNA-derived rsRNA sequences in paternal sperm. i The main sources of the differentially enriched tsRNA sequences. j Length distribution of
the mt (mitochondrial)-HisGTG-derived sequences. k The main sources of the differentially enriched miRNA sequences. | Length distribution of the miR-
let-7-derived sequences. m Expression levels of the miRNAs related to Rhobtb3 gene. n Expression levels of the miRNAs related to Oprm1 gene. o
| Differences in the numbers of the aligned sncRNA sequences between heritable and un-heritable DMRs.

71.05% and 65.98% of the protein-coding genes related to
intergenerationally and transgenerationally inherited
DMRSs, respectively, were targeted by differentially enri-
ched miRNAs (Supplementary Table S2). For instance,
Rhobtb3 was associated with miR-146, miR-181, miR-218,
and miR-433, all of which were remarkably down-
regulated in mouse sperm in the stress group (Fig. 6m).
Oprm1 was targeted by two significantly down-regulated
miRNAs, let-7 and miR-98-5p (Fig. 6n). Furthermore, we
retrieved all sequencing reads related to the differentially
enriched sncRNAs, including rsRNAs, tsRNAs, and
miRNAs, and performed target prediction for stress-
induced DMRs (Materials and methods section). Target
prediction revealed that almost all of the Fo-DMRs were
matched with or base-complementation paired by differ-
entially expressed sequences with 8—10bp regions. Fur-
thermore, the heritable Fo-DMRs had significantly more
partially aligned sncRNAs than the un-heritable DMRs
(Fig. 60). All of these observations suggested that long-
term psychological stress-induced enrichment of specific
sncRNAs in paternal sperm, including significantly up-
regulated tsRNAs and down-regulated miRNAs and
rsRNAs. Moreover, sequences related to these differen-
tially expressed sncRNAs possibly participated in med-
iating the occurrence and paternal inheritance of the
stress-induced DMRSs.

Discussion

Psychological stress is one of the most important health
and social problems confronting virtually every living
individual today. Here, using a mouse model, we found
that long-term psychological stress-induced develop-
mental, behavioral, and metabolic disorders in male
individuals, consistent with previous studies in humans
and rodents'”'*"'®, More importantly, psychological
stress has long been suspected of having an important
impact on fertility and infertility, but conclusive evidence
remains lacking'®. In the present study, we demonstrated
that stress was able to induce paternally inherited repro-
ductive disorders across generations, including dimin-
ished sperm quality and a lower fertility rate. Our findings
are somewhat different from an earlier study'’. This could
be due to the long-term treatment (more than two cycles

of spermatogenesis) in our study, ensuring that the
paternal germ cells that produced the F; generation were
affected by the psychological stress, different from pre-
vious studies in which the model animals were exposed to
a transient stress”'*'*'®17_ Despite the limitation that the
extent and severity of the effects of psychological stress on
human tissues is difficult to study, stress as a causative
factor in male metabolism, emotional response, and
infertility cannot be ignored, and humans should be made
aware of its effects on health.

Long-term psychological stress likely affected not only
the paternal generation but also the offspring. In this
study, we provide compelling evidence that psychological
stress induces the storage of “epigenetic memory” in the
paternal germ cells. Although the majority of the DMRs
vanished after removal of the original stimulus, significant
proportions were shown to be intergenerationally and
transgenerationally transmitted. These data provide
strong evidence contradicting the hypothesis presented in
a recent review, that the majority of environmental factor-
induced or sporadically arising DMRs either were not
transmissible or were only rarely transmissible®. Our
findings reported here have shown that notable portions
of these defects were paternally inherited. Epigenetic
inheritance of these “epigenetic memory” produced off-
spring with the potential to be adapted to environmental
challenges that their parents experienced, with major
implications for heredity and evolution. Furthermore,
these heritable “epigenetic memory” are transmitted to
germ cells of the offspring, but also be inherited by other
tissues that modulate the expression patterns of the
relevant genes. These findings thus provide a likely
mechanism underlying paternal inheritance of psycholo-
gical post-stress effects (see the model in Fig. 7a). How-
ever, the downward trend of the differences in DNA
methylation levels between control and stress groups
indicated that inheritance of these “epigenetic memory”
was reduced in advanced generations after removal of the
original stimulus. Thus, consecutive environmental sti-
muli should be maintained for long-term adaptation and
evolution of the subsequent generations.

The reprogramming process between generations
represented the largest hurdle to conceptualizing
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Fig. 7 A model illustrating paternal inheritance of psychological post-stress effects. a Environmental stimuli, such as long-term psychological
stress, could induce health risks in male mice. Simultaneously, a lot of epimutations such as DMRs which represented “epigenetic memory of paternal
life experiences” were stored in paternal germ cells. More importantly, notable proportions of these epimutations were epigenetically (including
intergenerationally and transgenerationally) inherited by tissues as well as germ cells of the offspring. Subsequently, tissue-inherited epimutations
modulated expression patterns of their related genes in relevant tissues, which in turn caused transgenerational transmission of health risks. b Most
of the heritable epimutations, including re-methylated and de-methylated, were erased and subsequently reestablished, but not unaltered, during
offspring embryonic reprogramming. However, their reestablishment proportions and levels in the PS stage were altered. The heritable re-
methylated epimutations had higher methylation reestablishment proportion, while the heritable de-methylated epimutations had lower
methylation reestablishment proportion, when compared with the un-heritable epimutations. Meanwhile, most of the heritable de-methylated
epimutations had lower reestablishment levels in stress group when compared with control group, whereas most of the heritable re-methylated
epimutations had higher reestablishment levels. In addition, the DNA methylation patterns of the heritable epimutations were almost fully cleared in
PGCs. Thus, it is likely that some other mechanisms participated in “marking” the heritable status of these heritable epimutations. Histone covalent
modifications, such as H3K4me3 and H3K27me3, and sncRNAs, such as miRNAs and tsRNAs, can mediate inheritance of environmental-factors-
induced health risks in mammals in a similar manner to DNA methylation. The roles they play in mediating psychological stress-induced paternal
inheritance of health risks, through interaction with DNA methylation or marking the heritable status, require further investigation.
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epigenetic inheritance®. To date, the mechanism under-
lying these epigenetic alterations that evaded offspring
embryonic reprogramming remained unknown. Our most
interesting findings were that the heritable DMRs were
erased and subsequently reestablished, but not unaltered,
thereby surviving reprogramming to mediate paternal
inheritance of stress-induced health risks. However, their
DNA methylation reestablishment proportions and levels
were altered during the reprogramming process in the PS
stage (Fig. 7b). This also implied that the PS stage would
be the crucial period for determining epigenetic inheri-
tance. This result was different from earlier studies sug-
gesting that if epigenetic markers were to be maintained
across generations, they were carried forward at the ICM
stage, since some imprinted genes and repeated elements
escaped from demethylation during this period**>'. Dif-
ferent observations were possibly due to different inheri-
tance mechanisms between canonical genes and the
imprinted and repeated elements.

Furthermore, DNA methylation patterns of these heri-
table DMRs were almost fully cleared in PGCs. Thus,
there were likely some other mechanisms “marking” the
heritable status of these DMRs. Recent studies have
shown that sncRNAs such as miRNAs, tsRNAs, rsRNAs,
and histone covalent modifications such as H3K4me3 and
H3K27me3 can mediate the inheritance of environmental
factor-induced phenotypic changes in mammals in a
similar manner to that of the more widely studied DNA
methylation®”**~>2, Our results supported the hypothesis
that stress-induced differentially enriched sncRNAs in
paternal sperm might play an important role in the
occurrence and paternal inheritance of stress-induced
DMRs. However, their interactions in mediating envir-
onmental factors (such as psychological stress)-induced
paternal inheritance of health risks) need further investi-
gation (Fig. 7b). The situation is the same as in histone
covalent modifications that have been reported to enable
maintenance of paternal DNA methylation and repro-
gramming of maternal DNA methylation in zebrafish
embryos®Z,

In summary, long-term psychological stress (“paternal
life experiences”) not only induced health risks (disorders
of metabolism, behavior, and reproduction) on the par-
ents themselves but also stored a good deal of environ-
mental information (“epigenetic memories”) in their germ
cells. These “epigenetic memories” survived offspring
embryonic reprogramming through erasure and sub-
sequent reestablishment, but not through unaltered, to
mediate germline inheritance of “epigenetic memories”.
However, their reprogramming patterns were altered in
the PS stage. Furthermore, there was tissue inheritance of
this “epigenetic memories” that mediated paternal
inheritance of stress-induced health risks. Taken together,
our results thus support the hypothesis that
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reprogramming-altered DMRs mediated paternal inheri-
tance of long-term psychological stress-induced health
risks are heritable across generations via the germline.

Materials and methods
Animals and chronic restraint stress procedure

This study was approved by the Institutional Animal
Care Committee of Shanghai Institute of Biochemistry
and Cell Biology. Male C57BL/6]-Pou5f1°"™/“** mice and
female DBA/2] mice used in our studies were housed at
22 +2°C with humidity of 55+ 10% and under a 12-h
light/dark cycle. In addition, the mice were allowed access
to chow and water ad libitum except during the process
of chronic restraint stress for the Fy generation treatment
group.

A mouse model of chronic restraint stress was established
as previously described by Uchida et al.>®. In brief, 3-week-
old male C57BL/6J-PousSfI°*" mice were randomly
assigned to the control and stress groups (1 =6 for each
group). Mice in the control group were allowed to contact
each other, while those in the stress group were individually
subjected to chronic-restraint stress for 2 h/day (from 11:00
AM to 1:00 PM) for 90 consecutive days in 50 mL conical
centrifuge tubes with multiple punctures for air flow.
During the restraint stress, mice were placed in separate
sound- and light-attenuating boxes, and then immediately
returned to their home cages. After chronic restraint stress
treatment, those in both the control and stress groups were
mated with 8-week-old DBA/2] female mice to obtain F;
generations. Similarly, 8-week-old F; male mice were mated
with 8-week-old DBA/2] female mice to obtain F, genera-
tions. Only male offspring were used for subsequent studies,
including DMR detection and phenotype identification to
investigate paternal inheritance.

Measurement of body weight and blood glucose level
Body weight measurement was performed weekly with a
calibrated integrating scale. Fed blood glucose levels were
measured using a portable blood glucose meter. To
reduce the influences of stress on blood glucose levels
during blood sampling and to improve data accuracy, we
measured caudal vein blood glucose three times for each
mouse and calculated the mean value. For the Fy gen-
eration, blood glucose level was detected before and after
the treatment process, while for the F; and F, generations,
blood glucose level was assayed at 4, 6, and 8 weeks.

Behavioral assay

The behavioral assays were performed blindly without
knowledge of the treatment histories of the mice. To
avoid the effects of shipping stress, a 2-week habituation
period was set before initiation of the behavioral testing.
Meanwhile, the intervals between two tests were set as at
least two days. After testing, all devices were cleaned with
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70% ethanol to prevent bias caused by olfactory cues.
Mice underwent the following tests: an open field test and
an elevated plus maze test according to the following
protocols. In the open field test, mice were positioned
individually in the center of an arena (40 cm x 40 cm x
40.5 cm) in a room with dim lighting for 10 min. A video
camera positioned directly above the arena was used to
track the movement of each mouse. Data containing
retention time in the central part and moving distance
were collected. In the elevated plus maze test, the elevated
plus maze task was used to assess anxiety-like behaviors in
the rodents. Prior to the 10-min experiment, mice were
placed in the center of the maze, and their behavior was
monitored by an overhead video camera. The data were
quantified to determine time spent in the central zone,
open arms, and closed arms as well as the movement
distance.

Collection of oocytes and early embryos

Briefly, DBA/2] female mice aged 4-6 weeks were
superovulated by intraperitoneal injection of pregnant
mare serum gonadotrophin (PMSG, 5 IU), to be followed
by human chorionic gonadotrophin (hCG, 5 IU) after
48 h. Oocytes at the stage of metaphase II were isolated
from the ampulla of the oviduct at 12 h following hCG
injection and collected in M2 medium contained hyalur-
onidase (Merck Millipore, Germany) to remove con-
taminated cumulus cells. Oocytes were then diluted in
KSOM medium (Merck Millipore, Burlington, MA, USA)
eight times to eliminate somatic cell pollution as descri-
bed®®. Thereafter, a microscope was used to ensure that
the oocytes were uncontaminated by somatic cells. In
addition, superovulated female mice were mated with
male mice of the Fy and F; generations in both the control
and stress groups for collecting respective embryos of the
F, and F, generations. The presence of vaginal plugs was
considered as successful mating, and the day of observa-
tion of a plug was set as embryonic day (E) 0.5. In the
current study, we collected embryos at three different
stages, including inner cell mass (ICMs, E3.5), primitive
streak (PS, E7.5), and primordial germ cells (PGCs, E13.5).
ICMs were isolated from E3.5 blastocysts by flushing the
uteri of pregnant mice with M2 medium (Merck Milli-
pore) as described previously’®. Then, embryos were
treated with rabbit anti-mouse serum (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min in a CO, incubator at 37 °C.
Embryos were washed in KSOM and then added to
standard guinea pig complement (Cedarlane) in KSOM
for 30 min in a CO; incubator at 37 °C. Finally, embryos
were treated with acid Tyrode’s solution (Sigma-Aldrich)
to remove the zona pellucida, and dead trophectoderm
cells were removed from ICMs by pipetting through a fine
pulled glass needle. Isolated ICMs were serially washed to
remove contaminants. E7.5 embryos were isolated after
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mechanical dissection of the decidua from the uterine
linings of mated mice. Samples were again progressively
washed, and peripheral trophectodermal tissues were
dissected using fine glass capillaries. PGCs were isolated
from time-mated female mice carrying the Pouf1S*/GFP
transgene expressed in the developing gonad on a C57BL/
6] background. Male and female samples were collected
separately, as gonads could be readily distinguished
morphologically from E13.5 embryos with the same sex.
PGCs were purified by a FACS Aria cell sorter with purity
of >98%.

Assessment of sperm concentration and motility

A computer-assisted sperm analysis (CASA) was
employed to examine the semen quality of the male
parents and their male descendants. The cauda epididy-
mis of mice was separated from sacrificed animals, gently
cut, and incubated in 500 ul M2 media in an CO, incu-
bator at 37°C for 30 min to liberate the sperm. Then,
450 pl of the supernatant was collected and pelleted (with
centrifugat