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DNA methylation and histone modifications critically regulate
the expression of many genes and repeat regions during spermato-
genesis. However, the molecular details of these processes in male
germ cells remain to be addressed. Here, using isolated murine
sperm cells, ultra-low—input native ChIP-Seq (ULI-NChIP-Seq),
and whole genome bisulfite sequencing (WGBS), we investigated
genome-wide DNA methylation patterns and histone 3 Lys-9
trimethylation (H3K9me3) modifications during mouse spermato-
genesis. We found that DNA methylation and H3K9me3 have dis-
tinct sequence preferences and dynamics in promoters and repeat
elements during spermatogenesis. H3K9me3 modifications in his-
tones at gene promoters were highly enriched in round spermatids.
H3K9me3 modification on long terminal repeats (LTRs) and long
interspersed nuclear elements (LINEs) was involved in silencing
active transcription from these regions in conjunction with rees-
tablishment of DNA methylation. Furthermore, H3K9me3 remod-
eling on the X chromosome was involved in meiotic sex chromo-
some inactivation and in partial transcriptional reactivation of sex
chromosomes in spermatids. Our findings also revealed the DNA
methylation patterns and H3K9me3 modification profiles of
paternal and maternal germline imprinting control regions
(gICRs) during spermatogenesis. Taken together, our results
provide a genome-wide map of H3K9me3 modifications during
mouse spermatogenesis that may be helpful for understanding
male reproductive disorders.

Spermatogenesis is a complex process by which male germ
precursor cells terminally differentiate to produce mature
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sperm within the testis. First, there are undifferentiated sper-
matogonial cells, including a population of spermatogonial
stem cells that can both self-renew and give rise to large num-
bers of differentiated spermatogonia. The differentiated sper-
matogonia then undergo rounds of division to give rise to sper-
matocytes, which enter the meiotic process. During the long
meiotic prophase, unpaired X and Y chromosomes undergo
meiotic sex chromosome inactivation in the pachytene sper-
matocytes (1). After two rounds of meiotic division, the sper-
matocytes differentiate into round spermatids. Finally, the
round spermatids transform into mature sperm that are ulti-
mately stored in the seminiferous tubule lumen (2).

Epigenetic modifications play important roles in germ cell
function and in postfertilization embryonic development. To
form terminally differentiated sperm and facilitate the totipo-
tency of the zygote, these epigenetic modifications must be
accurately regulated (3-7). Epigenetic alterations associated
with reproductive processes can result in reproductive diseases,
such as male infertility or early embryo development failure.
Several studies have highlighted the importance of DNA meth-
ylation in silencing a subset of tissue-specific and imprinted
genes as well as repetitive elements during spermatogenesis.
Males lacking Dnmt3L are infertile and do not fully acquire
DNA methylation are several repetitive and nonrepetitive
sequences (8). Germ cell-specific disruption of Dnmt3a also
results in infertility and a loss of methylation at imprinted genes
but not at repeat sequences (9). The importance of DNA meth-
ylation in spermatogenesis is also reflected in the patterns,
which are highly distinct from those in somatic cells (3). How-
ever, the behavior of DNA methylation during spermatogenesis
has not been fully investigated. H3K9me3-dependent hetero-
chromatin is also involved in gene regulation and X chromo-
some inactivation (10). SETDBI1 deletion perturbs meiotic sex
chromosome remodeling and silencing, and Suv3%h double-
null male mice display complete spermatogenic failure that is
largely caused by nonhomologous chromosome associations
(11, 12). Furthermore, studies have shown that G9a suppresses
LINE1s® along with DNA methylation and Piwi-piRNA path-

°>The abbreviations used are: LINE, long, interspersed nuclear elements;
FPKM, fragments per kilobase of exon model per million reads mapped;
glCR, germline imprinting control region; H3K9me3, histone 3 Lys-9 tri-
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ways in spermatogonia (13). H3K9me3 modifications are of
great importance to the dynamic regulation of spermatogene-
sis. However, the H3K9me3 profiles during spermatogenesis
are still not clear. In addition, the crosstalk between DNA meth-
ylation and H3K9me3 in germ cells during gametogenesis
appears to be more complex than the crosstalk in somatic cells.
Hence, genome-wide coalition analyses of H3K9me3 modifica-
tions and DNA methylation in spermatogenesis are urgently
needed.

In this study, we profiled genome-wide DNA methylation
and H3K9me3 distribution in four germ cell types during sper-
matogenesis. We found that distinct H3K9me3 and DNA meth-
ylation modification occurs during mouse spermatogenesis.
We demonstrated that the regulatory effects of H3K9me3 and
DNA methylation on the expression of genes and repeats are
different. Upon considering the degree of activity and evolu-
tionary development separately, we evaluated the specific reg-
ulation of H3K9me3 and DNA methylation on LTRs and
LINE1s during spermatogenesis. We further discovered that
H3K9me3 and DNA methylation modification rebuilding are
different between paternal and maternal gICRs during sper-
matogenesis. These findings provide important insights into
the crucial roles of H3K9me3 and DNA methylation in estab-
lishing proper expression patterns in spermatogenesis and early
mouse embryo development.

Results

Genome-wide profiling of DNA methylation and H3K9me3 in
mouse spermatogenesis

To explore the molecular details of epigenetic modifications
during spermatogenesis, we performed whole-genome bisulfite
sequencing (WGBS) and generated H3K9me3 profiles of four
germ cell types (undifferentiated spermatogonial cells, differ-
entiated spermatogonial cells, pachytene spermatocytes, and
round spermatids) during spermatogenesis in C57BL/6 mice
(Fig. 14 and Fig. S1, A and B). In addition, published RNA-Seq
data for each corresponding stage was also evaluated for com-
prehensive analysis (14). Pearson’s correlation coefficients of
H3K9me3 samples indicated the high reproducibility of the
H3K9me3 data (Fig. S1C). Principal component analysis and
alluvial plots indicated that DNA methylation changes between
undifferentiated spermatogonia and differentiated spermato-
gonia were drastic and remain stable in subsequent phases (Fig.
1B and Fig. S1, D and E). In contrast, there were very large
dynamic changes in H3K9me3 modification during spermato-
genesis, especially during and after meiosis (Fig. 1B). These
findings suggested that these two modifications were distinct
during spermatogenesis. To our surprise, we found that there
was a very low correlation between DNA methylation and
H3K9me3 in every stage of spermatogenesis (Fig. S1F). The
regions where DNA methylation increased from undifferenti-
ated spermatogonia cells to differentiated spermatogonia were
also unrelated to the H3K9me3 modification (Fig. S1, G and H).

methylation; LTRs, long terminal repeats; SINE, short interspersed nuclear
element; TSS, transcription start site; ULI-NChIP-Seq, ultra-low-input
native ChIP-Seq; WGBS, whole genome bisulfite sequencing; PS,
pachytene spermatocytes; RS, round spermatids.
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We next focused on the dynamics of the H3K9me3 domains
in mouse spermatogenesis. We found that H3K9me3 modifica-
tion decreased with spermatogenesis. The most dramatic
decrease in the number of H3K9me3 domains occurred at the
differentiated spermatogonial cell stage, in contrast to the
increasing trend of DNA methylation (Fig. 1C). Consistent with
major changes, the majority of H3K9me3 writers and erasers
were highly expressed before meiosis stage (Fig. S2E). We fur-
ther verified the dynamic changes in H3K9me3-modified
domains by Western blot analysis (Fig. S2, A and B). The total
number of H3K9me3 peaks decreased as THY1" spermatogo-
nia progressed to the RS stage (Fig. S2, C and D). Curiously, we
observed that the establishment of new H3K9me3 modifica-
tions and the erasure of H3K9me3 modifications gradually
increased with development, which indicates that the changes
in H3K9me3 modification became more drastic with the pro-
gression of spermatogenesis (Fig. 1D). Furthermore, we found
distinct patterns of H3K9me3 modification in gene promoters
and transposable elements. The H3K9me3 domains were not
enriched in the gene promoters during spermatogenesis except
in round spermatids (Fig. 1, E and G). However, H3K9me3
modifications were highly enriched in LTR and LINE families,
whereas no enrichment in the SINE family was observed during
spermatogenesis (Fig. 1, E and G). Further analysis indicated
that the number of LTRs and LINEs marked by H3K9me3
regions decreased gradually during the transition from undif-
ferentiated spermatogonia to pachytene spermatocytes and
was modestly increased in mature sperm (Fig. 1F). In contrast,
the H3K9me3 domains in gene promoters gradually increased
during the transition from undifferentiated spermatogonia to
round spermatids and sharply decreased in the sperm stage,
suggesting that there are different H3K9me3 regulatory mech-
anisms in gene promoters and repeats during spermatogenesis
(Fig. 1F). Establishment of H3K9me3 and DNA methylation
modification during spermatogenesis can help us to further
understanding epigenetic regulation of male gametogenesis
and infertility.

Dynamics of H3K9me3 modification during spermatogenesis

The combined analysis on gene expression and histone mod-
ifications suggested that gene expression was low correlated
with H3K9me3 modifications(Fig. S3A). We next focused on
the dynamics of the H3K9me3 domains during spermatogene-
sis. The number of H3K9me3 domains were dramatic increase
from the pachytene spermatocytes stage to round spermatids.
We observed that most gene expression was down-regulated
with the increase of H3K9me3 modification. Conversely, most
gene expression up-regulated when H3K9me3 decreased com-
pared with the previous period (Fig. S3B). We also separately
analyzed the correlation between DNA methylation and gene
expression and found that DNA methylation and gene expres-
sion were negatively correlated, which was also consistent with
previous reports (Fig. S3C).

To track global changes in H3K9me3 modifications during
spermatogenesis, we performed k-means clustering and clus-
tered the H3K9me3 domains into three major groups. The
domains in the first group, marked with high levels of
H3K9me3 in the THY1" and KIT* periods, were classified as
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Figure 1. Genome-wide profiling of H3K9me3 in mouse spermatogenesis. A, schematic diagram of each period during spermatogenesis. B, principal
component analysis of H3K9me3 signals in combined peaks and DNA methylation levels. C, bar plot showing the percentage of genomic regions covered by
H3K9me3 peaks. D, bar plot showing the fractions of regions with established and removed H3K9me3 during mouse spermatogenesis. E, bar plots showing the
enrichment of H3K9me3 on promoters, SINEs, LINEs, and LTR regions. F, bar plots showing the numbers of H3K9me3-marked LTR regions (left panel), LINE
regions (middle panel) and promoter regions (right panel) during spermatogenesis. G, integrative genomics viewer snapshot of H3K9me3 signals around Ttc34
(left panel) and repeat elements (right panel) during mouse spermatogenesis. The signals are presented as the log 2-transformed H3K9me3/input ratios.

mitosis-specific domains, which were enriched in LTRs (Fig.
2A). This group was associated with sensory-related genes that
are seldom expressed during spermatogenesis (Fig. 2, B and C,
and Fig. S44). Strong H3K9me3 signals on PS- and RS-specific
domains were formed temporarily after mitosis and then
diminished after meiosis (Fig. 2, A and E). In this group,
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H3K9me3 was primarily enriched in the gene promoters, most
of which were chromatin silencing—related genes, indicating
that the chromatin of male gametes is continuously com-
pressed in this stage (Fig. 2, B and C, and Fig. S4A4). The last
group included sperm-specific domains; the H3K9me3 modifi-
cations of this cluster were simultaneously enriched in gene
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Figure 2. Establishment and erasure of specific H3K9me3 modifications during mouse spermatogenesis. A, heat map showing the dynamics of
H3K9me3 domains during mouse spermatogenesis. The colors represent the log 2-transformed H3K9me3/input ratios scaled by row. For each cluster, the
average distances to the TSS and LTR regions are also plotted. The colors represent distance (log;, ). B, box plots of the H3K9me3 signals of the mitosis-specific,
PS- and RS-specific, and sperm-specific domains of H3K9me3-covered genes. The middle lines in the boxes represent the medians, and the lower and upper lines
represent the 5 and 95% quantiles, respectively. C, box plots of the gene expression levels of the mitosis-specific, PS- and RS-specific, and sperm-specific
domains of H3K9me3-covered genes. The middle lines in the boxes represent the medians, and the lower and upper lines represent the 5 and 95% quantiles,
respectively. D, box plots of the DNA methylation levels of the mitosis-specific, PS- and RS-specific, and sperm-specific domains of H3K9me3-covered genes
during mouse spermatogenesis. E, integrative genomics viewer snapshot of H3K9me3 signals and the absolute DNA methylation levels of the Mgst3 gene. The
signals are presented as the log 2-transformed H3K9me3/input ratios.
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promoters and LTRs, possibly inhibiting the expression of these
areas after fertilization (Fig. 24).

To further reveal the crosstalk between DNA methylation
and H3K9me3, we further analyzed the DNA methylation data
for the three groups of H3K9me3 domains and found that DNA
methylation was high in the two other groups compared with
the PS- and RS-specific domain group during spermatogenesis
(Fig. 2D). Therefore, we believe that those expressions may be
co-regulated by H3K9me3 modification and DNA methylation.
Interestingly, we found that the expression of repeats in all
groups was relatively low (Fig. S4B). We also observed that
DNA methylation was highly enriched in the repeats of all
groups (Fig. S4C). Taken together, these results indicate that
DNA methylation is partially associated with H3K9me3 in reg-
ulating gene and repeat expression during spermatogenesis.

Unique H3K9me3 and DNA methylation patterns on LTRs and
LINE regions

Transposons compose dominant portions of mammalian
genomes, and transposon activity and structure can have pro-
found impacts both on genome architecture and function (15).
DNA methylation and H3K9me3 are essential for protecting
the mammalian germline against transposons. Previous studies
have shown that DNA methylation is largely dispensable for
silencing transposons before meiosis onset (16). We found that
H3K9me3 modification was enriched in the repeat regions at
this stage, which suggested that H3K9me3 might play a major
role in suppressing transposon expression before meiosis. To
explore how H3K9me3 modification and DNA methylation
regulate the expression of repeats during spermatogenesis, we
performed association tests between H3K9me3 signals and
DNA methylation levels in 471 L'TRs. We found that 16 LTRs
showed positive associations (defined as H3K9me3-increased
LTRs) and 31 LTRs showed significant negative associations
(defined as H3K9me3-decreased LTRs) (Fig. 3A4). Interestingly,
when H3K9me3 modification decreased and DNA methylation
increased, there were transient increases in the expression of
some repeats in pachytene spermatocytes; we suspect that
these LTRs were escape-activated LTRs (Fig. 3, B, C, and F). We
further traced the expression of LTRs in two different types in
early embryos, and we found that negatively correlated LTRs
during spermatogenesis are also relatively active in early
embryo development (Fig. S5, A and B). There were other LTRs
that were positively correlated with H3K9me3 and DNA meth-
ylation and may have been less active than the escape-activated
LTRs during spermatogenesis (Fig. 3, D, E, and G). These
results indicate that there are different regulatory mechanisms
in these two genomic contexts.

Next, we focused on LINE1 regulatory mechanisms. We
found that LTRs and LINEls are differentially regulated by
H3K9me3 modifications and DNA methylation (Fig. S5C).
Association tests between H3K9me3 signals and DNA methyl-
ation levels showed that in class 2, H3K9me3 modification was
highly enriched in the THY1™" period and gradually decreased
with the progression of spermatogenesis, whereas DNA meth-
ylation was relatively low overall. In the other two clusters,
H3K9me3 modifications were relatively highly enriched in
round spermatids, whereas DNA methylation modification was
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highly enriched in the stages after the undifferentiated sper-
matogonial cell stage (Fig. S5D). We analyzed the LINE1 family
further from an evolutionary perspective (17, 18). Curiously, we
found that most of the old LINE1s were concentrated in class 2,
which may be a specific phenomenon during spermatogenesis
(Fig. S5D). This indicates that the repression of old LINE1 was
mainly dependent on H3K9me3 in the early stage of spermato-
genesis. This conclusion provides new insights for the epige-
netic regulation study of LINE1s in the context of the process of
spermatogenesis.

Dynamic epigenetic regulation of H3K9me3 modification and
DNA methylation on the X chromosome

Sex chromosomes undergo a process of transcriptional
silencing during male meiosis that is followed by partial tran-
scriptional reactivation in round spermatids (19). To reveal the
epigenetic changes underlying extensive sex chromatin remod-
eling, we analyzed the H3K9me3 and DNA methylation profiles
of sex chromatin during spermatogenesis. We found that
H3K9me3 modification on X chromosome gene promoters was
high in pachytene spermatocytes and that the highest levels
occurred in round spermatids. In contrast, the levels of
H3K9me3 modification on X chromosome gene promoters
were extremely low in undifferentiated spermatogonia and dif-
ferentiated spermatogonia (Fig. 4, A and B). H3K9me3 and
DNA methylation cluster analysis showed that H3K9me3 mod-
ification in pachytene spermatocytes was higher than that in
round spermatids, whereas DNA methylation was relatively
low in cluster 1; together, these conditions regulated the
X-linked de novo activated escape genes in round spermatids
(Fig. 4, D and E, and Fig. S6B). In cluster 2, H3K9me3 modifi-
cation in round spermatids was higher than that in pachytene
spermatocytes, and DNA methylation in this cluster was rela-
tively high, which may have prevented the expression of some
genes that should not be expressed in round spermatids, such as
Ids (Fig. 4D and Fig. S6A). However, for the other two clusters,
H3K9me3 modification did not differ significantly between
pachytene spermatocytes and round spermatids, indicating
that H3K9me3 modifications were established and erased in
some genes in pachytene spermatocytes and round spermatids.
Furthermore, we combined the previously reported data on
X-linked de novo activated escape genes in round spermatids
and found that these activated genes had a great deal of overlap
with the first cluster (Fig. 4D and Fig. S7).

Next, we found that the H3K9me3 peak decreased gradually
on whole-chromosome LTRs and LINEs and increased slightly
during the sperm stage. On the X chromosome, the H3K9me3
modification peak on LTRs and LINEs increased gradually with
the progression of spermatogenesis (Fig. 4C). We speculate that
this may have been related to the silencing of X chromosomes.
Next, we performed cluster analysis of H3K9me3 modifications
on the X chromosome and found that most of the H3K9me3
modifications on the X chromosome were concentrated in the
round sperm stage (Fig. S6, C—E). These analyses revealed an
important role for H3K9me3 in X chromosome inactivation
and partial X chromosomal transcriptional reactivation in
spermatids.
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Figure 3. Unique H3K9me3 and DNA methylation patterns on LTRs and LINE regions. A, scatter plots for the association between the log 2-transformed
H3K9me3/input ratios and DNA methylation levels during mouse spermatogenesis in LTRs and LINE regions. The x axis represents the Pearson’s correlation
coefficient (PCC), and the y axis represents the p value of the two-sided association test. The blue horizontal line corresponds to p = 0.05. The orange dashed line
separates the positive and negative associations. The total numbers of significant positive (+) and negative (—) correlations (p < 0.05) are shown at the top of
each plot. B, box plots showing the H3K9me3, DNA methylation, and gene expression levels of LTRs positively associated with H3K9me3 and DNA methylation
during mouse spermatogenesis. C, heat maps showing the H3K9me3 and DNA methylation levels of LTRs positively associated with H3K9me3 and DNA
methylation. D, box plots showing the H3K9me3 signal, DNA methylation and gene expression levels of LTRs negatively associated with H3K9me3 and DNA
methylation during mouse spermatogenesis. E, heat maps showing the H3K9me3 signal and DNA methylation levels of LTRs negatively associated with
H3K9me3 and DNA methylation. F, line charts showing examples of LTRs positively associated with H3K9me3 signals and DNA methylation. G, line charts
showing examples of LTRs negatively associated with H3K9me3 signals and DNA methylation.

Dynamic regulation of H3K9me3 and DNA methylation of
germline imprinting control regions (gICRs) and imprinting
genes during mouse spermatogenesis

Parental-specific DNA methylation at ICRs in the germ-
line is essential for gametogenesis and embryonic develop-
ment. In the male embryo, primordial germ cell migration to
the genital ridge results in genome-wide erasure of DNA

SASBMB

methylation, and DNA methylation on ICRs is erased (20).
However, the establishment pattern of DNA methylation
and H3K9me3 modification on ICRs during spermatogene-
sis is unknown. We found that the modifications on the
gICRs were different between paternal and maternal gICRs
during spermatogenesis. We discovered that the DNA meth-
ylation of paternal gICRs was quickly acquired when sper-
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Figure 4. Dynamic regulation of H3K9me3 modifications and DNA methylation on the X chromosome. A, bar plot showing the chromosome coverage of
H3K9me3 peaks. B, bar plot showing the number of chromosomes covered by H3K9me3 peaks. C, bar plots showing the numbers of H3K9me3 peaks on the X
chromosome (right panel) and the other chromosomes (left panel) that overlapped with the promoter, LINE, and LTR regions. D, heat maps showing the
H3K9me3 and DNA methylation levels of gene promoters on the X chromosome. The colors represent the log 2-transformed H3K9me3/input ratio scaled by
row, the absolute DNA methylation value and the enrichment score. E, box plots showing the H3K9me3 signal (left panel), DNA methylation level (middle panel)

and gene expression level (right panel) in each cluster.

matogonial stem cells differentiated into spermatogonial
cells. The DNA methylation of maternal gICRs was already
established in undifferentiated spermatogonial cells and was
quickly erased in differentiated spermatogonial cells (Fig. 5,
A and C). This mechanism may be adapted to the rapid
sperm production process. We further analyzed the dynamic
regulation of H3K9me3 modification on paternal and mater-
nal gICRs during mouse spermatogenesis (Fig. 5, B and D).
H3K9me3 modification on paternal gICRs was gradually
established with the progression of spermatogenesis.

18720 J Biol. Chem. (2019) 294(49) 1871418725

Discussion

Specific epigenetic modifications established during gameto-
genesis are essential for sperm production and play important
roles in embryo development and postnatal life. Recent ge-
nome-wide profiling studies have provided unprecedented
insights into the establishment of gametic DNA methylation
and other epigenetic modifications in gametes and embryos
after fertilization (3, 10, 21-24). To understand DNA methyla-
tion and H3K9me3 modification and their crosstalk during
spermatogenesis, we mapped whole-genome DNA methylation
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Figure 5. Dynamics of H3K9me3 modification and DNA methylation at gICRs during mouse spermatogenesis. A, heat maps showing the H3K9me3 and

DNA methylation of paternal gICRs. B, heat maps showing the H3K9me3 and D
methylation signals of paternal gICRs. D, box plots showing the H3K9me3 and

and H3K9me3 profiles in four types of spermatogenic cells
and identified distinct H3K9me3 modifications and DNA meth-
ylation during mouse spermatogenesis. Previous reports have
shown that in the process of de movo DNA methylation,
DNMT3A/B is recruited to H3K9me3 by direct interaction
with HP1 (heterochromatin protein 1) (25). However, there
was a very low correlation between DNA methylation and
H3K9me3 during spermatogenesis. Our study highlights the
importance of H3K9me3 modification in gene and repeat reg-
ulation, X chromosome inactivation, and temporal escape of
gene reactivation.

Retrotransposon elements constitute nearly 40% of the
mouse genome, and their effects on genomic integrity are par-
ticularly crucial in germ cells because genomic changes are
transmitted to the next generation. Numerous transcriptional
and posttranscriptional silencing pathways, such as DNA meth-
ylation and H3K9me3 pathways, have evolved to suppress the
expression of retrotransposons. However, germ cells undergo
extensive epigenetic reprogramming during development;
DNA methylation and H3K9me3 modifications are both erased
and reestablished. Thus, understanding how retrotransposon
silencing is ensured during this crucial developmental time is
particularly important. Previous reports have shown that DNA
methylation is largely dispensable for silencing transposons
before meiosis onset (16). Our data show that DNA methyla-
tion in repetitive regions is progressively reestablished, whereas
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NA methylation of maternal gICRs. C, box plots showing the H3K9me3 and DNA
DNA methylation signals of maternal gICRs.

H3K9me3 is progressively lost during spermatogenesis. There-
fore, H3K9me3 may play an important role in undifferentiated
spermatogonial cells. Interestingly, a small percentage of the
genome retained both DNA methylation and H3K9me3
throughout primordial germ cell production, including several
LINEs and LTR element families (16). Interestingly, we found
that H3K9me3 and DNA methylation modifications in LTRs
and LINEls were different. Furthermore, a subset of LTRs
(defined as H3K9me3-decreased LTRs) that were negatively cor-
related with H3K9me3 and DNA methylation modification were
relatively active during spermatogenesis. This subset of LTRs
was also active during early embryonic development. We
hypothesize that these relatively active LTRs may be trans-
ferred into embryos to prepare for zygotic genome activation
during the early embryonic development stage. Compared with
that of LTRs, the DNA methylation of LINEIs is relatively low
during early embryonic development, so we focused more on
the evolutionary view of LINE1s (26). Interestingly, we found
that most of the old LINE1s exhibited gradual decreases in
H3K9me3 and gradual increases in DNA methylation with the
progression of spermatogenesis. This seems to indicate that
unique epigenetic modification of old LINE1s occurs during
spermatogenesis.

The process from erasure to reestablishment of paternal and
maternal gICRs during gametogenesis must be accurately reg-
ulated. However, de novo methylation proceeds in male and

J. Biol. Chem. (2019) 294(49) 18714-18725 18721
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female germlines in different manners. Several studies have
demonstrated that at germ cell differentially methylated
regions DNA methylation is gradually established in coordina-
tion with oocyte growth (27). Interestingly, we discovered that
paternal gICRs quickly acquired DNA methylation when sper-
matogonial stem cells differentiated into differentiated sper-
matogonial cells, whereas the erasure of DNA methylation of
maternal gICRs also occurred at this stage. In embryonic stem
cells and somatic cells, DNA methylation at these ICRs was
associated with histone H4-lysine 20 and H3-lysine 9 trimeth-
ylation. We found that unlike DNA methylation, H3K9me3 is
not established until sperm formation.

In summary, we mapped H3K9me3 modifications during
spermatogenesis and analyzed DNA methylation to elucidate
the regulation of gene and repeat expression, X chromosomes,
and imprinting control regions. The findings might help us to
understand how epigenetic modifications affect male fertility
and embryo development.

Experimental procedures
Isolating spermatogonia

All specific pathogen-free (SPF) mice were housed in the ani-
mal facility of Tongji University. Our study procedures were
consistent with Tongji University Guide for the care and use of
laboratory animals. Spermatogonia were isolated as described
previously and collected from C57BL/6N mice age 6—8 days.
After the removal of tunica albuginea, seminiferous tubules
were allowed to settle for 2 min at ice by standing the tube
vertically. The supernatant, enriched in interstitial testicular
cells, was removed. Subsequently, seminiferous tubule was
placed in a 5-ml flow tube on ice with 2 ml collagenase I/DNase
I solution. The tube was shaken for 12 min at 35 °C. The tem-
perature and agitation speed were the same for all subsequent
incubation steps. By the end of this step, tubules appeared thin
and dispersed. Then 2.5% trypsin and DNase I was added and
mixed well. Fetal bovine serum (Hyclone) was added to stop
enzymatic digestion. The resulting suspension was passed
through a 40-um nylon cell strainer and centrifuged at 1400 X
gfor 5 min. Spermatogonial cells were washed with flow cytom-
etry staining buffer and incubated with CD90.2 (THY1™) and
CD117 (KIT*) on ice for 20 min. More than 90% purity was
confirmed for all purifications of THY1" and KIT " spermato-
gonia cells (5, 28, 29).

Isolating spermatocytes and spermatids

Spermatocytes and spermatids were isolated as described
previously and collected from C57BL/6N mice aged 6-8
weeks. After the removal of tunica albuginea, seminiferous
tubules were allowed to settle for 2 min at ice by standing the
tube vertically. The supernatant, enriched in interstitial testic-
ular cells, was removed. Subsequently, we uesd Hochest stain-
ing for 20 min at 35 °C. Cell viability was over 90% with trypan
blue staining. Using flow cytometry to separate pachytene sper-
matocytes and round spermatids was performed as described
previously (30).

18722 J Biol Chem. (2019) 294(49) 1871418725

ULI-NChIP-Seq

For ULI-NChIP-Seq, 5000 cells were used per reaction, and
two or three replicates were performed for each stage. All iso-
lated cells were washed three times in 0.5% BSA in PBS solution
(Sigma) to avoid possible contamination. The ULI-NChIP pro-
cedure was performed as previously described (31). Histone
H3K9me3 Antibody (39161, Active Motif) was used for each
immunoprecipitation reaction. The sequence libraries were
generated using the KAPA Hyper Prep Kit for the Illumina plat-
form (kk8504), following the manufacturer’s instructions.
Paired-end 125-bp or 150-bp sequencing was performed on a
HiSeq 2500 or X10 (Illumina) at Berry Genomics and Cloud-
Health Medical Group, respectively.

WGBS

For WGBS, 100 cells were used per reaction. All isolated cells
were washed three times in 0.5% BSA in PBS (Sigma) solution to
avoid potential contamination. The sequencing libraries were
generated using the Pico Methyl-Seq Library Prep Kit (D5456,
Zymo Research) following the manufacturer’s instructions.
Paired-end 150-bp sequencing was performed on a HiSeq X10
(Illumina) at the CloudHealth Medical Group.

Quantitative RT-PCR analysis

Total RNA from different spermatogenic cells was purified
using the RNeasy Mini Kit (74104, Qiagen) according to the
manufacturer’s instruction. The cDNA was synthesized by a
reverse transcription system using 5XAll-In-One RT Master-
Mix (ABM). Quantitative RT-PCR was performed using a
SYBR Premix Ex Taq (Takara) and signals were detected with
the ABI7500 Real-Time PCR System (Applied Biosystems). The
primers were synthesized at Genewiz, Inc. GAPDH was used as
an endogenous control.

ChlP-Seq data processing

Adapters and low quality base calls of ChIP-Seq reads were
first removed. The processed reads were then aligned to the
mouse genome (mm9) with bowtie2 (version 2.2.9) with default
settings (32). ChIP-Seq peaks were called with MACS14 (ver-
sion 1.4.2) with the parameters “—nomodel -nolambda—shift-
size = 73” over input files (33). Signal track for each sample was
generated using the MACS2 (version 2.1.1.20160309) pileup
function and was normalized to 1 million reads. The correlation
of the normalized signal intensity between biological replicates
on merged H3K9me3 peaks was calculated. As the correlation
between replicates was high, we merged the biological repli-
cates for each stage. To minimize the effect of sequencing
depths on peaks, we used the same number of reads (70 million
for the H3K9me3 samples, and 20 million for the input sam-
ples) randomly selected from merged samples. ChIP-Seq peaks
for each merged sample were called using the same parameters
as for replicates. We then divided the genome into 1-kb non-
overlapping bins and calculated the normalized input signal for
each bin. Bins with extremely low input signal were assigned
with a genomic average to prevent over amplification. We
obtained the known gamete ICRs and calculated the input nor-
malized H3K9me3 level of ICRs (34).
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ChlP-Seq peaks comparison between stages

To define the gained and lost H3K9me3 domains, we split the
H3K9me3 peaks into 1-kb bins and compared them between
neighborhood stages. Bins with no surrounding bins within 300
bp in the previous stage were defined as gained domains
whereas bins with no surrounding bins within 300 bp in the
next stage were defined as lost domains. Normalized H3K9me3
signals were calculated for promoter regions (defined as = 2 kb
around the transcription start site (TSS)) of genes. Enrichment
of H3K9me3 peaks at promoter and repeats elements, includ-
ing short interspersed nuclear element (SINE), LINE, and LTR
regions was determined by observed versus expected ratio. The
observed probability was calculated by dividing the overlapping
length between the H3K9me3 peaks and the related genomic
regions by the summed length of all H3K9me3 peaks, and the
expected probability was calculated by dividing summed length
of related genomic regions by the length of the mouse genome.

Clustering analysis of H3K9me3 regions

To identify the stage-specific H3K9me3 domains, we first
split the H3K9me3 peaks into 1-kb bins. The input normalized
H3K9me3 signal was calculated for each bin. We then per-
formed k-means clustering on the bins, setting k = 6. Promot-
ers of the genes (defined as = 2 kb around the TSS) or repeat
elements that only overlapped with RS-specific domains were
defined as RS-specific genes or repeats, only overlapped with
PS-specific domains were defined as PS-specific genes or
repeats, only overlapped with sperm-specific domains were
defined as sperm-specific genes or repeats, only overlapped
with THY1 " -specific domains were defined as THY1 " -specific
genes or repeats, and only overlapped with THY1" and KIT -
specific domains were defined as THY1" and KIT *-specific
genes or repeats. The input normalized H3K9me3 signal was
calculated for the promoter of each gene on chromosome X.
We then performed k-means clustering on each gene, setting
k = 4. We obtained 128 RS-specific genes (19) and applied
Fisher’s exact test to calculate the enrichment score (ES-score)
between the gene list and each cluster. The ES-score was
defined as the odds ratio. We downloaded the repeat anno-
tations of mm9 genome from the UCSC Table Browser (35).
Normalized H3K9me3 signals were calculated for each
repeat annotation, and values of the same repeat class were
summed and then averaged by the number of copies in the
genome. We performed k-means clustering on each LINE
class, setting k = 4.

Gene ontology analysis

Functional annotation was performed using the Database for
Annotation, Visualization and Integrated Discovery (DAVID)
Bioinformatics Resource (36). Gene ontology terms for each
functional cluster were summarized to a representative term,
and p values were plotted to show the significance.

Bisulfite-Seq data processing

All the bisulfite-Seq reads were first processed using Trim
Galore (version 0.4.2) to trim adapters and low-quality reads.
Adapter-trimmed reads were then mapped to a combined
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genome with mm9 and lambda sequence using bsmap (v2.89)
(37). The methylation level of each CpG site was estimated
using mcall (version 1.3.0). The methylation level of specific
genomic region in each sample was measured as the sum of the
methylation level of every CpG site divided by the total number
of the CpG sites that covered in the given region. Only CpG
sites with no less than 3X coverage in the data sets were used.
We first divided the mouse genome into 1-kb nonoverlapping
bins and calculated the methylation ratio for each bin. Alluvial
diagrams of methylation were plotted using the ggalluvial pack-
age in ggplot2 to show the methylation transitions of 1-kb non-
overlapping bins. DNA methylation level was calculated for
each repeat annotation, and values of the same repeat class were
summed and then averaged by the number of copies in the
genome.

RNA-Seq data processing

RNA-Seq raw reads were removed adapters and trim low-
quality reads. These processed reads were then mapped to the
mouse genome (mm9) using STAR (version 0.6.0) (38) with the
default parameters. Expression levels for all Ref-Seq genes were
quantified to FPKM using Stringtie (version 1.3.3b) (39), and
FPKM values of replicates were averaged. To quantify the
expression of repeats, RNA-Seq raw data were re-mapped to
the mm9 genome using STAR with the parameters “— outFil-
terMultimapNmax 500 -outFilterMismatchNmax 3.” The
makeTagDirectory algorithm with the -keepOne option of
HOMER (40) were applied to get the tag directories of the
mapped sam files. We calculated the read counts and expres-
sion level of the repeat class using the analyzeRepeats.pl script
of HOMER with the options of -noadj.

Analysis of H3K9me3 and methylation level on repeats

We performed association analysis between DNA methyl-
ation level and input normalized H3K9me3 signal on sam-
ples from THY1™ stage to sperm stage. Pearson’s correlation
was calculated for DNA methylation and input normalized
H3K9me3 signal on LTRs or LINEs, and association tests were
performed based on weighted Pearson’s correlation coefficient
(41). LTRs with negative correlation and significant associa-
tions (p value < = 0.05) were defined as H3K9me3-decreased
LTRs. LTRs with positive correlation and significant associa-
tions (p value< = 0.05) were defined as H3K9me3-increased
LTRs.
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