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ABSTRACT

During spermatogenesis, germ cells undergo mas-
sive cellular reconstruction and dynamic chromatin
remodeling to facilitate highly diverse transcrip-
tomes, which are required for the production of
functional sperm. However, it remains unknown how
germline chromatin is organized to promote the dy-
namic, complex transcriptomes of spermatogenesis.
Here, using ATAC-seq, we establish the varied land-
scape of open chromatin during spermatogenesis.
We identify the reorganization of accessible chro-
matin in intergenic and intronic regions during the
mitosis-to-meiosis transition. During the transition,
mitotic-type open chromatin is closed while the de
novo formation of meiotic-type open chromatin takes
place. Contrastingly, differentiation processes such
as spermatogonial differentiation and the meiosis-
to-postmeiosis transition involve chromatin closure
without the de novo formation of accessible chro-
matin. In spermiogenesis, the germline-specific Poly-
comb protein SCML2 promotes the closure of open
chromatin at autosomes for gene suppression. Para-
doxically, we identify the massive de novo formation
of accessible chromatin when the sex chromosomes
undergo meiotic sex chromosome inactivation, and
this is also mediated by SCML2. These results reveal
meiotic sex chromosome inactivation as an active
process for chromatin organization. Together, our re-
sults unravel the genome-wide, dynamic reorganiza-
tion of open chromatin and reveal mechanisms that
underlie diverse transcriptomes during spermatoge-
nesis.

INTRODUCTION

The testis has the most diverse transcriptome, enriched
with protein-coding and non-coding transcripts that are ex-
pressed in no other organs (1–3). Due to this diversity, the
testis transcriptome is the most complex in comparison to
the transcriptomes of other organs, even more complicated
than that of the brain or cerebellum (3). This complexity
is driven, in large part, by the expression of vast portions
of the genome that are largely dormant in somatic cell lin-
eages. Furthermore, this unique expression is functional,
shaping the unique purpose of the germline to propagate
life. However, it remains unknown how germ-cell chromatin
is organized to facilitate the diverse transcriptomes of sper-
matogenesis. Elucidation of chromatin organization dur-
ing spermatogenesis will unravel how extensive tracts of the
genome, dormant in most cells, are poised for functions that
ensure the continuity of life.

To prepare functional sperm, germ cells undergo progres-
sive morphological changes and differentiation beginning
in a stem cell phase (4–7). While some male germ cells self-
renew to support a stem cell pool during adult life, others
differentiate, undergoing serial mitotic proliferation that re-
sults in massive numbers of germ cells. Then, upon entry
into meiosis, male germ cells begin a process of differentia-
tion to become haploid spermatids. The differentiation pro-
cesses that comprise spermatogenesis are accompanied by
large-scale events in cellular reconstruction and chromatin
remodeling (5–7).

A growing literature indicates that genome-wide gene ex-
pression is altered by the activation of germline-specific
genes during meiosis, a process that continues in post-
meiotic spermatids (8–18). These genes, numbering several
thousand, form a class termed late spermatogenesis genes
(14,15). A separate class of genes, numbering several thou-
sand and expressed in somatic lineages and the progenitors
of spermatogenic cells, is largely suppressed during meiosis
and in postmeiotic spermatids (14,15). These genes, termed
somatic/progenitor genes, are commonly expressed in cells
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undergoing mitotic proliferation. Concurrent with changes
in gene expression, chromatin immunoprecipitation with
sequencing (ChIP-seq) assays reveal a genome-wide alter-
ation of histone tail modifications during spermatogenesis
(15,19). However, in the context of such changes, a cen-
tral question remains: How are the dynamic gene expres-
sion changes of spermatogenesis regulated at the chromatin
level?

To determine the genome-wide organization of chro-
matin at nucleosome resolution, we establish the landscape
of open chromatin during spermatogenesis through the
Assay for Transposase-Accessible Chromatin with high-
throughput sequencing (ATAC-seq) (20). ATAC-seq de-
tects and details regions of open chromatin based on their
accessibility to the Tn5 transposase. Our results unravel
the dynamic reorganization of accessible chromatin in in-
tergenic and intronic regions during the mitosis-to-meiosis
transition. In addition to chromatin reorganization at au-
tosomes, we also identify the de novo formation of accessi-
ble chromatin at the sex chromosomes during meiosis, when
the unsynapsed X and Y chromosomes undergo meiotic
sex chromosome inactivation (MSCI). We identify mecha-
nisms that underlie the accessibility of chromatin. We show
that the germline-specific Polycomb protein SCML2, which
suppresses somatic/progenitor genes in the later stages of
spermatogenesis (14), has distinct functions in the regula-
tion of open chromatin both at autosomes and sex chro-
mosomes. These results reveal mechanisms for the organi-
zation of germline chromatin associated with diverse tran-
scriptomes during spermatogenesis.

MATERIALS AND METHODS

Animals

Scml2-KO mice were previously reported (14).

Immunohistochemistry

For preparation of testicular paraffin blocks, testes were
fixed with 4% paraformaldehyde (PFA) at 4◦C overnight.
Testes were dehydrated and embedded in paraffin. Paraffin
sections at 7 �m thick were deparaffinized and autoclaved in
Target Retrieval Solution (DAKO) at 121◦C for 10 min. The
sections were blocked with Blocking One Histo (Nacalai
USA) for 1 h at room temperature, and then incubated with
primary antibodies (rabbit anti-PLZF antibody from Santa
Cruz, and goat anti-KIT antibody from R&D Systems) at
4◦C overnight. The resulting signals were detected by in-
cubation with secondary antibodies conjugated to Alexa
555 or Alexa 647 (Thermo Fisher Scientific). Sections were
counterstained with DAPI. Images were obtained by confo-
cal laser scanning microscope (A1R, Nikon) and processed
with NIS-Elements (Nikon), and Image J (National Insti-
tutes of Health).

Germ cell fractionation

Spermatogonia were isolated as described previously (14)
and collected from C57BL/6N mice aged 6–8 days. Testes
were collected in a 24-well plate of Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with Gluta-
Max (Thermo Fisher Scientific), non-essential amino acids

(NEAA) (Thermo Fisher Scientific), and penicillin and
streptomycin (Thermo Fisher Scientific). After removing
the tunica albuginea membrane, testes were digested with
collagenase (1 mg/ml) at 34◦C for 20 min to remove in-
terstitial cells and then centrifuged at 188 × g for 5 min.
Tubules were washed with the medium and then digested
with trypsin (2.5 mg/ml) at 34◦C for 20 min to obtain a sin-
gle cell suspension. Cells were filtered with a 40-�m strainer
to remove Sertoli cells, and the cell suspension was plated in
a 24-well plate for 1 h in the medium supplemented with
10% fetal bovine serum, which promotes adhesion of re-
maining somatic cells. Cells were washed with magnetic cell-
sorting (MACS) buffer (PBS supplemented with 0.5% BSA
and 5 mM EDTA) and incubated with CD117 (KIT) Mi-
croBeads (Miltenyi Biotec) on ice for 20 min. Cells were
washed and resuspended with MACS buffer, and filtered
with a 40-�m strainer. Cells were separated by autoMACS
Pro Separator (Miltenyi Biotec) with the program ‘possel’.
Cells in the flow-through fraction were washed with MACS
buffer and incubated with CD90.2 (THY1) MicroBeads
(Miltenyi Biotec) on ice for 20 min. Cells were washed and
resuspended with MACS buffer and filtered with a 40-�m
strainer. Cells were separated by autoMACS Pro Separator
(Miltenyi Biotec) with the program ‘posseld’. The purity of
islolated spermtogonia was confirmed by immunostaining
(Supplementary Figure S1A and B). More than 95% pu-
rity was confirmed for all purifications of THY1+ and KIT+

spermatogonia.
Pachytene spermatocytes (PS) and round spermatids

(RS) were isolated via BSA gravity sedimentation as pre-
viously described (21) and collected from C57BL/6N mice
aged 90–120 days. Purity was confirmed by nuclear staining
with Hoechst 33342 using fluorescence microscopy (Supple-
mentary Figure S1C and D). More than 90% purity was
confirmed for all purifications of PS and RS.

Immunocytochemistry

Cells (1–3 × 105) were washed with germline stem (GS) cell
culture medium (14), and then resuspended with 10 �l of
the medium. Cell suspension was spotted on a CELLView
Cell Culture Dish (greiner bio-one), which was pre-coated
with 0.01% Poly-L-lysine solution (Sigma), and incubated
at 34◦C for 20 min to promote adhesion. Cells were fixed
with 4% PFA for 20 min at 34◦C, permeabilized with 0.05%
TritonX-100 for 10 min at room temperature, blocked with
Blocking One Histo (Nacalai USA) for 20 min at room
temperature, and then incubated with primary antibodies
(rabbit anti-PLZF antibody from Santa Cruz, goat anti-
KIT antibody from R&D Systems and anti-GCNA anti-
body from Abcam) at 4◦C over night. The resulting sig-
nals were detected by incubation with secondary antibod-
ies conjugated to fluorophores (Thermo Fisher, Biotium
or Jackson ImmunoResearch). Nuclei were counterstained
with DAPI. Images were obtained by an ECLIPSE Ti-E mi-
croscope (Nikon) equipped with a Zyla 5.5 sCMOS camera
(Andor Technology) and 100× CFI Apochromat TIRF oil
immersion objective NA 1.4 (Nikon), and processed with
NIS-Elements (Nikon) and Image J.
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ATAC-seq library preparation and sequencing

ATAC-seq libraries were prepared as previously described
(20). Approximately 500 000 THY1+ or KIT+ spermatogo-
nia, 250 000 PS and 1 000 000 RS were used. Briefly, sam-
ples were lysed in 50 �l of lysis buffer (10 mM Tris–HCl (pH
7.4), 10 mM NaCl, 3 mM MgCl2 and 0.1% NP-40). Imme-
diately after lysis, nuclei were spun at 500 × g for 5 min to re-
move the supernatant. Nuclei were then incubated with Tn5
transposase and tagmentation buffer (Illumina) at 37◦C for
30 min. After tagmentation, the transposed DNA was pu-
rified with a MinElute kit (Qiagen). Polymerase chain reac-
tion (PCR) was performed to amplify the library using the
following conditions: 72◦C for 5 min; 98◦C for 30 s; ther-
mocycling at 98◦C for 10 s, 63◦C for 30 s and 72◦C for 1
min; and 72◦C for 5 min as the final elongation. qPCR was
used to estimate the number of additional cycles needed
to generate products at 25% saturation. Typically, two to
five additional PCR cycles were added to the initial set of
five cycles. The library was purified by AMPure XP beads
(Beckman). Size selection of library pools was achieved by
agarose gel electrophoresis, excising gel slices in the 250- to
500-bp range. Pools purified from gel slices were analyzed
on an Agilent Bioanalyzer, and 75-bp single-read sequenc-
ing was performed using an Illumina HiSeq 2500 platform
per standard operating procedures.

Code availability: ChIP-seq and RNA-seq data

RNA-seq data from THY1+ spermatogonia, PS and RS
were downloaded from the Gene Expression Omnibus
(accession number: GSE55060) (14). ChIP-seq data for
RNAPII in GS cells were downloaded from the Gene
Expression Omnibus (accession number: GSE69949) (15).
ChIP-seq data for RNAPII in PS and RS were down-
loaded from the Gene Expression Omnibus (accession num-
ber: GSE45441) (22). ChIP-seq data for DMC1-ssDNA
were downloaded from the Gene Expression Omnibus (ac-
cession number: GSE75419) (23). Affinity-seq data for
PRDM9-binding sites were downloaded from the Gene
Expression Omnibus (accession number: GSE61613) (24).
ChIP-seq data for H3K4me3, H3K4me2 and H3K27me3,
and RNA-seq data from KIT+ spermatogonia were down-
loaded from the Gene Expression Omnibus (accession num-
ber: GSE59502) (manuscript submitted). ChIP-seq data for
H3K4me3 and H3K27me3 from sperm were downloaded
from the Gene Expression Omnibus (accession number:
GSE42629) (25).

ATAC-seq and ChIP-seq data analysis

Data analyses for ATAC-seq and ChIP-seq were performed
in the Wardrobe Experiment Management System (https://
code.google.com/p/genome-tools/, (26)). Briefly, reads were
aligned to the mouse genome (mm10) with Bowtie (version
1.0.0 (27)) with a maximum of one allowed error in a se-
quence and no more than one hit allowed, assigned to Ref-
Seq genes (or isoforms) using the Wardrobe algorithm, and
displayed on a local mirror of the UCSC genome browser
as coverage. We analyzed the confidence peaks present in
one of the representative replicates for analyses. ATAC-
seq peaks and ChIP-seq peaks for H3K27me3, H3K4me2,

H3K4me3 and RNAPII were identified using MACS2 (ver-
sion 2.1.0.20140616 (28)). MACS2 was used to estimate
fragment size and to find islands of enrichment, and with
a q-value threshold <0.2. For data visualization, data were
uploaded to UCSC genome browser, and fragment coverage
was determined by estimated fragment sizes from MACS2
output. MAnorm, software designed for quantitative com-
parison of ChIP-seq datasets (29), was applied to compare
the genome-wide ATAC-seq peaks among stages in sper-
matogenesis. Unique peaks were defined using the follow-
ing criteria: (i) defined as ‘unique’ by the MAnorm algo-
rithm, (ii) P-value < 0.01 and (iii) raw read counts of unique
peaks > 10. Common peaks between two stages were de-
fined using the following criteria: (i) defined as ‘common’ by
the MAnorm algorithm and (ii) raw read counts for both
stages >10. Average tag density profiles were calculated
around RefSeq transcription start sites (TSSs) for gene sets
of somatic/progenitor genes, late spermatogenesis genes,
constitutive active genes and constitutive inactive genes as
described previously (15). Resulting graphs were smoothed
in 200-bp windows. Enrichment levels for ChIP-seq exper-
iments were calculated for 4-kb windows around promoter
regions of RefSeq genes (±2 kb surrounding TSSs). To nor-
malize tag values, read counts were multiplied by 1 000 000
and then divided by the total number of reads at each nu-
cleotide position. Total amounts of tag values in promoter
regions were calculated as enrichment. MEME-ChIP (30)
was used for motif discovery as described in the text. For all
motif analyses, only peak regions (±250 bp from the peak
summit) outside ±1 kb of TSSs (termed distal peaks) were
used, and a maximum of 3000 peak regions from the low-
est P-values (P < 0.01) were chosen via MAnorm analy-
sis. These sequences were extracted using the Table Browser
(31). Relative locations of peak regions were analyzed using
GREAT with default settings (32).

RNA-seq data analysis

Data analysis for RNA-seq was performed in the Wardrobe
Experiment Management System. (26). FASTQ files from
the Illumina pipeline were aligned via the Spliced Tran-
scripts Alignment to a Reference (STAR) software (version
STAR 2.4.2a) (33) with the following parameters: –
outFilterMultimapNmax 1 –outFilterMismatchNmax 2
(to see the full manual, go to this STAR GitHub page:
https://github.com/alexdobin/STAR/blob/master/doc/
STARmanual.pdf?raw=true). RefSeq annotation from
the UCSC genome browser (11/2012) (34) for the mm10
genome was used. The –outFilterMultimapNmax param-
eter was used to allow unique alignment only, and the
–outFilterMismatchNmax parameter was used to allow a
maximum of only two errors. All reads from resulting bam
files were split for related isoforms with respect to RefSeq
annotation. Then, the EM algorithm was used to estimate
appropriate numbers of reads for each isoform (26). To
estimate differences between experiments, the DESeq2
package (35) was used.

https://code.google.com/p/genome-tools/
https://github.com/alexdobin/STAR/blob/master/doc/STARmanual.pdf?raw=true
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RESULTS

The accessible chromatin landscape in spermatogenesis

During spermatogenesis, the nuclear architecture of germ
cells undergoes extensive remodeling. Undifferentiated
spermatogonia progress into and through mitotic differ-
entiation, meiosis and postmeiotic differentiation to fi-
nally produce haploid sperm (Figure 1A). This progression
through spermatogenesis is discernible by the changing,
stage-specific organization of heterochromatin. In undiffer-
entiated spermatogonia, detected with the marker ZBTB16
(also known as PLZF), DAPI-discernible heterochromatin
is largely absent and the nucleus is almost uniformly stained
with DAPI (Figure 1B, #1), suggesting that the nuclei of
undifferentiated spermatogonia are largely euchromatic. In
differentiating spermatogonia, detected with the marker
KIT (also known as c-Kit), several clusters of DAPI-dense
heterochromatin become discernible (Figure 1B, #2). Af-
ter entry into meiosis, more heterochromatin clusters are
observed in PS, and the overall chromatin organization is
distinct from previous mitotic stages (Figure 1B, #3). Fol-
lowing meiotic division, the heterochromatin of RS is clus-
tered in a central region of the nucleus to form a chromocen-
ter (Figure 1B, #4). Because heterochromatin organization
(i.e. closed chromatin) changes through progressive stages
of spermatogenesis, we anticipated that open chromatin is
also altered during spermatogenesis to ensure the genome-
wide gene expression changes of spermatogenesis.

To determine the genome-wide chromatin organization
of spermatogenesis at nucleosome resolution, we performed
ATAC-seq, detecting genomic regions of Tn5 transposase-
accessible chromatin (20). We analyzed four representative
stages of spermatogenesis: THY1+ undifferentiated sper-
matogonia, which contain spermatogonial stem cells and
progenitor cells; KIT+ differentiating spermatogonia from
postnatal day 7 (P7) testes; purified PS undergoing meio-
sis; and postmeiotic RS from adult testes (Figure 1A). We
used P7 spermatogonia because our optimized protocol
allows us to isolate highly purified spermatogonia at this
stage without contamination from differentiated germ cells
(14) (Supplementary Figure S1). We carried out ATAC-
seq for two independent biological replicates to confirm
that the signals from ATAC-seq are consistently detected
at the same genomic loci (Supplementary Figure S2A) and
are highly correlated between the replicates (Supplemen-
tary Figure S2B). The total number of ATAC peaks de-
tected with MACS2, a peak detection program (28), de-
creased from THY1+ spermatogonia to RS (Figure 1C).
During this process, the number of ATAC peaks greatly de-
creased in intergenic and intron regions (48 068, 25 585, 31
072, 17 220 from THY1+ to RS in intergenic regions; 53
605, 27 975, 26 515, 13 753 from THY1+ to RS in intron re-
gions), yet the number of ATAC peaks in promoters under-
went only a modest decrease (43 298, 33 704, 28 868, 27 927
from THY1+ to RS in promoters). From a chromosome-
wide view, ATAC signals were enriched at gene-rich re-
gions throughout spermatogenesis (Supplementary Figure
S2C). Overall, the enrichment of accessible chromatin in-
versely correlates with the presence of DAPI-discernible

heterochromatin, and chromatin accessibility gradually de-
creases over the course of spermatogenic differentiation.

Notably, ATAC peaks at the sex chromosomes greatly in-
creased in PS, when sex chromosomes undergo the tran-
scriptional silencing of MSCI (Figure 1C and D). At this
stage, ATAC signals were increased at largely intergenic
and intronic regions of the sex chromosomes (Figure 1C).
RNA-seq analysis confirmed the transcriptional suppres-
sion of the sex chromosomes in spite of PS-specific chro-
matin opening (Figure 1E). After meiotic divisions, ATAC
peaks at the sex chromosomes were diminished in RS (Fig-
ure 1C and D), where chromosome-wide silencing of the
sex chromosomes is largely maintained (11,36) (Figure 1E).
These results suggest that, due to MSCI, the chromatin ac-
cessibility of the sex chromosomes is differentially regulated
from that of autosomes during late spermatogenesis.

To determine whether the chromatin accessibility de-
tected by ATAC-seq is associated with gene expression dur-
ing spermatogenesis, we analyzed the enrichment of ATAC
signals around TSSs of RefSeq genes as detected by RNA-
seq (14). Although the enrichment of ATAC signals typi-
cally correlates with gene expression during spermatogene-
sis, there are a large number of unexpressed genes enriched
with ATAC signals (the dashed rectangle in Figure 2A and
Supplementary Figure S3). Genes with this feature become
evident in PS and RS, suggesting that gene expression is
not necessarily predictive of accessible chromatin during
late spermatogenesis. Next, we examined the correlation
between ATAC signals, active histone epigenetic modifica-
tions and RNA polymerase II (RNAPII). Genome-wide,
TSSs enriched with ATAC signals were highly correlated
with TSSs enriched with the active marks H3K4me3 and
H3K4me2, and RNAPII (Figure 2A and Supplementary
Figure S3).

In contrast, the repressive mark H3K27me3 showed a
characteristic distribution during spermatogenesis: while
many TSSs enriched with ATAC signals were devoid of
H3K27me3, we observed one group of TSSs enriched
with ATAC signals and H3K27me3 (Figure 2A). These
TSSs feature bivalent domains that retain both repressive
H3K27me3 and active H3K4me2/3. During spermatogen-
esis, most of the TSSs enriched with H3K27me3 form biva-
lent domains (Maezawa et al., submitted), which are consid-
ered to be a molecular hallmark of developmental potential
(37–39). Our recent study defined two classes of bivalent do-
main genes. Class I bivalent domains comprise somatic de-
velopmental regulator genes that are not expressed in sper-
matogenesis, and Class I bivalent domains are maintained
throughout spermatogenesis (19,25,40–43). Class II biva-
lent domains comprise somatic and progenitor genes that
are silenced in late spermatogenesis, are not initially biva-
lent in spermatogonia, and are later established during mei-
otic prophase (15) (Maezawa et al., submitted). Genes with
these two classes of bivalent domains are largely repressed
in gene expression but are modestly enriched with ATAC
signals (Figure 2B). These results indicate that TSSs with
bivalent domains have repressed gene expression yet retain
accessible chromatin, supporting the notion that these genes
can be reactivated after fertilization to recover totipotency
(15,44,45). This feature also explains why there is a large
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Figure 1. Global characteristics of accessible chromatin during spermatogenesis. (A) Schematic of spermatogenesis and the four representative stages
analyzed in this study. (B) Immunostaining of testicular paraffin sections with anti-ZBTB16 and anti-KIT antibodies. Slides were counterstained with
DAPI. Images were acquired with a confocal microscope. Regions bordered by dashed yellow squares are magnified in the right panels. Bar in left panel:
20 �m; bars in right panels: 5 �m. (C) Numbers of ATAC peaks during spermatogenesis detected by MACS2 analysis. The analysis was performed for
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ATAC peaks at the X and Y chromosomes, and autosomes. (E) Relative gene expression levels of the X and Y chromosomes, and autosomes. The mean
expression level of each chromosome was normalized to the mean of all genes as 1.

number of unexpressed genes enriched with ATAC signals
(Figure 2A).

Next, we sought to determine whether the chromatin
states of RS are retained prior to fertilization. We ana-
lyzed published ChIP-seq data in sperm for H3K27me3
and H3K4me3––histone modifications that are retained in
TSSs and not replaced with protamines (25)––along with
ATAC signals at these sites in RS. In sperm, we found three
classes of promoters dependent on the accumulation status
of H3K27me3 and H3K4me3 (Figure 2C). The first class
is depleted of H3K4me3 (enrichment of H3K4me3 < 1;
blue area in Figure 2C), the second class is enriched with
H3K4me3 but not H3K27me3 (H3K4me3 > 1, H3K27me3
< 1; pink area in Figure 2C) and the third class is en-
riched with both H3K4me3 and H3K27me3 (H3K4me3 >
1, H3K27me3 > 1; green area in Figure 2C), thereby con-
taining bivalent promoters. ATAC signals in RS were en-
riched at the second and third classes of promoters (right-
hand panel in Figure 2C). Thus, we conclude that, from
RS to sperm, open chromatin is maintained on H3K4me3-
enriched promoters.

Dynamic change of accessible chromatin during the mitosis-
to-meiosis transition

To elucidate how chromatin accessibility changes during
spermatogenesis, we examined the dynamics of chromatin
accessibility at the transitions from one stage of spermato-
genesis into the next. For the quantitative analyses of ATAC
peaks at each transition, we used MAnorm, peak analy-
sis software that is more stringent than MACS2, to quan-
titatively compare peaks derived from two pairwise next-
generation sequencing datasets (29). Between ATAC peaks
from THY1+ and KIT+ spermatogonia, a large fraction
were defined as common and peaks unique to KIT+ were
scarce (Figure 3A). This result suggests that most peaks
in spermatogonia are present early in the THY1+ stage,
and accessible chromatin unique to THY1+ is closed as
spermatogonia differentiate from THY1+ to KIT+. Fur-
thermore, the de novo formation of accessible chromatin is
scarce during spermatogonial differentiation from THY1+

to KIT+.
MAnorm analysis between KIT+ spermatogonia and PS

revealed a dynamic change in chromatin accessibility dur-
ing the mitosis-to-meiosis transition. Between ATAC peaks
from KIT+ spermatogonia and PS, 32 158 peaks were de-
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Figure 2. Accessible chromatin in relation to gene expression and histone modifications during spermatogenesis. (A) Enrichment analysis of accessible
chromatin (ATAC-seq) around TSSs (±2 kb) with gene expression (RNA-seq), H3K4me3, H3K4me2, RNAPII and H3K27me3 (ChIP-seq). Upper panels
show the correlation in THY1+ spermatogonia; bottom panels show the correlation in PS. Pearson correlation values are shown. ATAC-seq of THY1+

spermatogonia was analyzed through the use of RNAPII in cultured GS cells (15). In the RNA-seq panels, dashed rectangles represent the genes enriched
with ATAC signals (ATAC-seq enrichment > 2) that lack gene expression (RNA-seq: RPKM < 2) (B) Enrichment analysis of accessible chromatin (ATAC-
seq) with H3K27me3 (ChIP-seq) around TSSs (±2 kb) for each class of bivalent domains. (C) Enrichment analysis of H3K27me3 and H3K4me3 around
TSSs (±2 kb) in sperm (left panel). Enrichment analysis of RS ATAC signals at the classes of TSSs (±2 kb) defined in the left panel (right panel). *** P <

0.0001, Mann–Whitney U test.

fined as unique to KIT+, 28 796 peaks were defined as
unique to PS and 19 594 peaks were common to both
KIT+ and PS (Figure 3A). This result suggests that acces-
sible chromatin in KIT+ spermatogonia are largely closed
prior to meiosis, and de novo formation of accessible chro-
matin takes place in meiotic prophase. These changes oc-
curred mostly in intergenic and intronic regions, while ac-
cessible chromatin in promoter regions was relatively stable
during the mitosis-to-meiosis transition. We confirmed the
dynamic change in chromatin accessibility of the mitosis-
to-meiosis transition by comparing THY1+ spermatogonia
and PS (Supplementary Figure S4). Since there is a mas-
sive change in transcription during the mitosis-to-meiosis
transition, it is conceivable that the chromatin accessibility
of regulatory elements in intergenic and intronic regions is
reorganized at the transition to facilitate the change in tran-
scription.

Furthermore, we found that chromatin accessibility is
largely reduced during the divisions and differentiation of

meiotic PS into postmeiotic RS. By comparing ATAC peaks
between PS and RS, we identified 13 424 peaks unique to PS
and 27 593 peaks common to both PS and RS. However, we
found only 1524 peaks unique to RS, indicating that 65%
of accessible chromatin is maintained after meiotic cell di-
visions and the remaining 35% is closed off (Figure 3A).
During this step, accessible chromatin in promoter regions
is relatively stable compared to chromatin in other regions.

Taken together, our analysis reveal massive reprogram-
ming and de novo formation of accessible chromatin in
intergenic and intronic regions during the mitosis-to-
meiosis transition. On the other hand, during spermatogo-
nial differentiation (THY1+ to KIT+) and the meiosis-to-
postmeiosis transition (PS to RS), open chromatin tends to
close without de novo formation of accessible chromatin.

During meiosis, recombination between homologous
chromosomes is an essential chromatin event that facili-
tates genetic diversity in offspring. Because recombination
occurs through the leptotene to zygotene stages of meiotic
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prophase, it is possible that chromatin accessibility in PS
is associated with the remnants of recombination hotspots.
In previous genome-scale analyses, meiotic recombination
hotspots were detected by the presence of single-stranded
DNA (ssDNA) bound to the meiosis-specific recombi-
nase DMC1 (46) and also by PRDM9-binding sites, which
are major determinants of meiotic recombination (24).
To determine the relationship between sites of accessible
chromatin and recombination hotspots, we analyzed our
ATAC-seq data along with two published datasets: ss-
DNA sequencing data that detects DMC1-bound ssDNA
at DSB ends (23), and affinity sequencing data that de-
tects PRDM9-binding sites from in vitro purified DNA (24).
For the most part, the regions of DMC1-bound ssDNA

and PRDM9-binding sites were in intergenic and intronic
regions; however, in KIT+ spermatogonia and PS, we did
not observe a large overlap between the regions of DMC1-
bound ssDNA and accessible chromatin, nor did we ob-
serve a large overlap between PRDM9-binding sites and
accessible chromatin (Supplementary Figure S5A and B).
The regions of DMC1-bound ssDNA and PRDM9-binding
sites were largely devoid of ATAC signals in KIT+ sper-
matogonia and PS (Supplementary Figure S5C). Notably,
the peaks of DMC1-bound ssDNA and PRDM9-binding
sites overlap (Supplementary Figure S5C). Although we
were not able to perform ATAC-seq of the spermatocytes
in the leptotene and zygotene stages of meiotic prophase,
which are undergoing initial and intermediate events in mei-
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otic recombination, it is possible that DMC1-bound ss-
DNA and PRDM9-binding sites are temporarily regulated
in the leptotene and zygotene stages. These results suggest
that transposase-accessible chromatin established in PS is
associated with unique gene expression rather than the rem-
nants of recombination hotspots.

To further elucidate the varieties of accessible chro-
matin in spermatogenesis, we compared chromatin acces-
sibility around TSSs between two stages through scat-
ter plots of ATAC-seq read enrichment. Consistent with
MAnorm analysis, chromatin accessibility around TSSs
during spermatogonial differentiation (THY1+ to KIT+)
and the meiosis-to-postmeiosis transition (PS to RS) were
highly correlated (Figure 3B). The mitosis-to-meiosis tran-
sition (KIT+ to PS) evinced a decreased, yet still high, cor-
relation compared to the other transitions (Figure 3B), sug-
gesting a moderate change in chromatin accessibility. There-
fore, in addition to a change in chromatin accessibility in in-
tergenic and intronic regions, there is a change around TSSs
during the mitosis-to-meiosis transition, when a broad and
dynamic change in transcription takes place.

Next, we sought to understand how chromatin accessibil-
ity around TSSs regulates the expression of stage-specific
genes in spermatogenesis. We analyzed the chromatin ac-
cessibility around TSSs of somatic/progenitor genes (2000
genes that are active in spermatogonia but are suppressed in
PS and RS by at least a 4-fold change) and late spermato-
genesis genes (2164 genes that are unexpressed or expressed
at a low level in spermatogonia, but are active in PS and
RS by at least a 4-fold change). Somatic/progenitor genes
retain a high level of chromatin accessibility around TSSs
in THY1+ and KIT+ spermatogonia, and maintain a rel-
atively high level of chromatin accessibility in meiotic PS
and post-meiotic RS (Figure 3C). Interestingly, late sper-
matogenesis genes have a high level of chromatin accessibil-
ity around TSSs in THY1+ and KIT+ spermatogonia prior
to activation (Figure 3C). Therefore, chromatin accessibility
around the TSSs of both gene sets was largely maintained
throughout spermatogenesis. This raises the possibility that
chromatin accessibility in regulatory regions is dynamically
reprogrammed to ensure the change in gene expression dur-
ing the mitosis-to-meiosis transition.

Identification of distal gene regulatory regions during sper-
matogenesis

To determine the distal regulatory regions outside of TSSs,
we analyzed the gain or loss of distal ATAC peaks located
outside ±1 kb of TSSs (defined as ‘distal ATAC peaks’ here-
after). Because of the significant change in chromatin ac-
cessibility during the mitosis-to-meiosis transition, we fo-
cused our investigations on MAnorm results between KIT+

spermatogonia and PS. Among the total distal ATAC peaks
identified by MAnorm analysis, 7527 peaks were found to
neighbor somatic/progenitor genes (i.e. the genes closest to
these peaks are somatic/progenitor genes) and these peaks
were enriched with KIT+-unique peaks (Figure 4A). On the
other hand, 5773 peaks were found to neighbor late sper-
matogenesis genes, and these peaks were enriched with PS-
unique peaks (Figure 4A). To further verify the relation-
ship between distal ATAC peaks and stage-specific gene

expression, we performed hypergeometric probability tests
with stringent criteria (>2-fold enrichment, P-value < 1 ×
10−5). We confirmed that peaks unique to KIT+ spermato-
gonia are significantly enriched in somatic/progenitor genes
(1502 peaks, P-value = 2 × 10−42, hypergeometric probabil-
ity test), and peaks unique to PS are significantly enriched in
late spermatogenesis genes (864 peaks, P-value = 2 × 10−10,
hypergeometric probability test) (Figure 4B). These results
suggest that distal ATAC peaks are associated with stage-
specific gene expression during the mitosis-to-meiosis tran-
sition.

In distal regulatory regions, accessible chromatin often
contains transcription factor (TF)-binding sites (20,47).
Therefore, we hypothesized that distal accessible chromatin
harbors TF-binding motifs that facilitate the unique gene
expression programs of spermatogenesis. By using the mo-
tif analysis program MEME-ChIP (48), we identified con-
sensus motifs similar to known TF-binding motifs in dis-
tal accessible chromatin. These motifs include those unique
to KIT+ spermatogonia and those unique to PS (Figure
4C). Among the accessible chromatin unique to KIT+,
the TF-binding motif with the lowest E-value (E-value =
4.8 × 10−57, expected value from the MEME expectation
maximization algorithm) (49) contained motifs for SOX10.
SOX10 is an SRY-related HMG box (SOX) family TF impli-
cated in the male differentiation of embryonic gonads (50),
but the function of SOX10 in spermatogonia remains un-
determined. Consistent with this finding, a similar SOX10
motif was found in differential methylated regions (DMRs),
tracts of hypo-methylated DNA in spermatogonia that are
hyper-methylated in sperm (51). The motif with the second
lowest E-value (E-value = 1.5 × 10−32) contains a common
binding motif for FOS, FOSL2 and JUND. These factors
hold potential to promote the cell proliferation of KIT+

spermatogonia, as the FOS family of transcription factors
(FOS, FOSL2) are known to work with JUN family mem-
bers (JUND) for cell proliferation (52). RNA-seq analysis
revealed that these TFs are highly expressed in THY1+ and
KIT+ spermatogonia (Supplementary Figure S6A). We also
identified other consensus motifs, including NR5a2, a TF
implicated in germ cell development (53) and the retinoid
receptors RXRA and RXRB, which are binding targets for
retinoic acids and essential for spermatogonia (54). RNA-
seq analysis revealed that expression of these factors tends
to be high in KIT+ spermatogonia (Supplementary Figure
S6A). Therefore, in KIT+ spermatogonia, distal accessible
chromatin harbors regulatory elements that are related to
spermatogonial functions.

During our analyses of TF motifs found in accessible
chromatin unique to PS, we identified relatively long and
common consensus sequences (14–30 nt in length; Figure
4C). The sequence with the lowest E-value (E-value = 3.2
× 10−220) contains the motif CCAAT(ATTGG), a binding
site for Nuclear Factor Y (NFYA and NFYB). Since NFYA
and NFYB regulate meiosis-specific expression of Miwi
(55), this motif is likely to be involved in meiosis-specific
gene regulation. Furthermore, we identified motifs contain-
ing binding sites for POU family TFs that have impor-
tant functions in spermatogenesis: POU3F1 (also known
as Oct6) is required for spermatogonial stem cells (56),
while POU5F2 (also known as Sprm-1) is expressed imme-
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Figure 4. Identification of distal gene regulatory regions during the mitosis-to-meiosis transition. (A) Percentage distribution of distal ATAC peaks outside
±1 kb of TSSs detected by MAnorm between KIT+ spermatogonia and PS. (B) Volcano plot for enrichment and P-values of distal ATAC peaks outside
±1 kb of TSSs during the transition from KIT+ spermatogonia to PS. Peaks were detected by MAnorm, shown for those neighboring somatic/progenitor
genes (left panel) and for those neighboring late spermatogenesis genes (right panel). Differential regions (P < 1 × 10−5, hypergeometric probability test;
fold changes >2) are shown in green or red along with P-values from hypergeometric probability tests. (C) Motif analysis of ATAC peaks for putative
transcription factor (TF)-binding sites. A total of 3000 peaks (±250 bp from summit) were selected from the lowest P-values for KIT+ spermatogonia-
and PS-unique peaks and analyzed by MEME-ChIP. (D) Heatmap of TF gene expression during spermatogenesis detected by RNA-seq. All TF genes
categorized in the Gene Ontology (GO) database were analyzed. TF genes expressed in least at one of the four stages were included.

diately before meiosis and is involved in spermatogenesis
(57,58). RNA-seq analysis revealed that POU family TF ex-
pression changes radically during spermatogenesis: While
Pou2f1 (Oct1), Pou3f1 (Oct6), Pou4f1 and Pou5f1 (Oct3/4)
are highly expressed in THY1+ and KIT+ spermatogonia,
Pou2f2 (Oct2), Pou5f2, and Pou6f1 are highly expressed in
PS (Supplementary Figure S6B). These results suggest that
distal accessible chromatin is temporarily formed in PS to
facilitate the recruitment of TFs that facilitate a gene ex-
pression program specific to meiosis.

Additional analyses of distal accessible chromatin re-
vealed unique regulatory elements in the other critical tran-
sitions of spermatogenesis. Because chromatin compaction
occurs during spermatogonial differentiation (THY1+ to

KIT+ spermatogonia) and the meiosis-to-postmeiosis tran-
sition (PS to RS), we identified regions associated with
TF-binding motifs in accessible chromatin that are sub-
sequently closed during spermatogenesis. In THY1+ sper-
matogonia, motifs for the FOX, FOS and JUN family TFs
are open. Although many motifs remain accessible in KIT+

spermatogonia and are closed off in PS (Figure 4C), a small
portion is closed off in KIT+ spermatogonia (Supplemen-
tary Figure S7A). Likewise, we detected accessible chro-
matin in PS that is subsequently closed in RS; associated
motifs tend to be long and include binding sites for POU
and FOX family TFs (Supplementary Figure S7B).

Because genome-wide gene expression changes dynam-
ically during spermatogenesis, we predicted that expres-
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sion changes in TF genes occur during spermatogenesis.
Through RNA-seq analysis, we found that 1322 TF genes
were expressed during spermatogenesis in at least one of
the following stages: THY1+ spermatogonia, KIT+ sper-
matogonia, PS and RS; we categorized these TF genes into
five clusters by k-means clustering (Figure 4D). Aside from
the TF genes of Cluster 1 (171 genes), which are down-
regulated in RS, all TF genes demonstrate a notable ex-
pression change in the mitosis-to-meiosis transition (i.e. be-
tween KIT+ spermatogonia and PS). TF genes in Cluster 2
(386 genes) and Cluster 3 (400 genes) are highly expressed
in spermatogonia, but are downregulated in PS. TF genes
in Cluster 4 (238 genes) and Cluster 5 (127 genes) are not
highly expressed in spermatogonia, but are highly expressed
in PS. These results suggest that, as genome-wide gene ex-
pression changes are taking place, a large and shifting reper-
toire of TFs are expressed during spermatogenesis.

Since distal ATAC peaks contain TF-binding sites, we
reasoned that the distribution of these TF-binding sites, and
thus accessible chromatin, is critical for spermatogenesis-
specific gene regulation. Therefore, we sought to determine
the positions of accessible chromatin relative to TSSs. To
this end, we analyzed our ATAC-seq datasets with the Ge-
nomic Regions Enrichment of Annotations Tool (GREAT),
which assigns biological meaning to a set of non-coding ge-
nomic regions by analyzing the annotations of nearby genes
(32). We found that most accessible chromatin is located
in the range of 5–500 kb from TSSs in KIT+ spermatogo-
nia and PS (Supplementary Figure S7C and D). Accessible
chromatin common to KIT+ spermatogonia and PS tended
to be closer to TSSs, with a majority of sites in the range of
5–50 kb. Accessible chromatin unique to either KIT+ sper-
matogonia or PS tended to be found in the range of 50–
500 kb from TSSs. Therefore, it is conceivable that tran-
scriptional changes during spermatogenesis are regulated
by long-range cis regulatory elements.

SCML2 regulates genome-wide chromatin compaction in
round spermatids

Next, we sought to determine the regulatory mechanisms
for accessible chromatin during spermatogenesis. During
stages of late spermatogenesis, such as PS and RS, SCML2,
a germline-specific Polycomb protein, suppresses expres-
sion of somatic/progenitor genes and activates late sper-
matogenesis genes (14). In general, Polycomb proteins reg-
ulate heritable gene silencing and define cell-type specific
gene expression, thereby defining cellular identity (59–61).
Accordingly, SCML2 has vital functions for the unique, dy-
namic gene expression programs of spermatogenesis. There-
fore, we hypothesized that SCML2 regulates chromatin ac-
cessibility during spermatogenesis to facilitate germline-
specific gene expression. To test this hypothesis, we per-
formed ATAC-seq of germ cells from each representative
stage of spermatogenesis using Scml2 knockout (KO) mice,
and we compared ATAC-seq peaks between that of wild-
type and Scml2-KO mice by MAnorm analysis (Figure 5A).
Following the approach we used with wild-type samples,
we carried out ATAC-seq for two independent biological
replicates for each stage of spermatogenesis in Scml2-KO
testes. In THY1+ and KIT+ spermatogonia, we detected

little change in chromatin accessibility between wild-type
and Scml2-KO. However, we identified 7942 peaks unique
to wild-type PS, suggesting that SCML2 promotes the for-
mation of open chromatin in PS. By comparison, we de-
tected 2959 peaks unique to PS of Scml2-KO, indicating
that SCML2 is also associated with the compaction/closure
of accessible chromatin.

Remarkably, in RS of the Scml2-KO, we identified 34 407
unique peaks in intergenic or intronic regions (Figure 5A).
Because a large amount of accessible chromatin in inter-
genic and intronic regions is closed during the transition
from wild-type PS to RS (Figure 3A), we sought to deter-
mine whether SCML2 is involved in this step. We found
that, among the 13 424 ATAC peaks unique to PS detected
by MAnorm analysis of wild-type PS and RS (Figure 3A),
most of these peaks remained open in RS of Scml2-KO mice
while, for the most part, these peaks did not change in PS
of Scml2-KO mice (Figure 5B). Therefore, we conclude that
SCML2 is involved in the compaction/closure of accessible
chromatin in the transition from PS to RS.

De novo formation of accessible chromatin during meiotic sex
chromosome inactivation

Unique within the genome-wide dynamics of chromatin
accessibility, we observed that accessible chromatin is in-
creased at the transcriptionally silenced sex chromosomes
in PS (Figure 1). The sex chromosomes are silenced dur-
ing meiosis in a process known as meiotic sex chromo-
some inactivation (MSCI). MSCI is directed by DNA dam-
age response pathways (62–64), which subject the sex chro-
mosomes to epigenetic regulation distinct from autosomes.
Therefore, we sought to elucidate the dynamics of accessible
chromatin at the sex chromosomes before and after MSCI.

In spermatogonia, accessible chromatin at the sex chro-
mosomes was modestly reduced from THY1+ to KIT+ sper-
matogonia (Figure 6A). This decrease is similar to that at
autosomes from THY1+ to KIT+ spermatogonia, suggest-
ing that autosomes and sex chromosomes are subject to
similar forms of regulation during spermatogonial differ-
entiation. Strikingly, we observed an extensive change in
chromatin accessibility at the sex chromosomes from KIT+

spermatogonia to PS (Figure 6A). While accessible chro-
matin in promoters was largely consistent from KIT+ sper-
matogonia to PS at the sex chromosomes, a majority of
accessible chromatin in intronic and intergenic regions of
KIT+ spermatogonia was closed in PS as is the case with
the autosomes. Notably, in spite of the transcriptional si-
lencing associated with MSCI, a large number of unique
ATAC peaks appeared at the sex chromosomes. Therefore,
MSCI does not accompany chromatin compaction, a form
of chromatin regulation typically associated with transcrip-
tional silencing, and instead promotes the de novo forma-
tion of accessible chromatin in intergenic and intronic re-
gions. Indeed, this is consistent with previous cytological
observations: Although the sex chromosomes form a sub-
nuclear, transcriptionally silent compartment in the mid
pachytene stage––termed the XY body––the initial stage of
the XY body is not DAPI-dense. The XY body becomes a
DAPI-dense heterochromatin compartment after the tran-
sition of the pachytene stage into the subsequent diplotene
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stage (11). Notably, this PS-specific accessible chromatin
was closed in RS (Figure 6A). Therefore, PS-specific acces-
sible chromatin is a unique feature of the sex chromosomes
during meiosis.

Since open chromatin contains regulatory elements, we
sought to determine if PS-specific peaks of accessible chro-
matin at the sex chromosomes have common motifs for
TF binding. To this end, we performed motif analysis with
MEME-ChIP (48). We identified consensus sequences for
TF binding at the sex chromosomes in PS (Figure 6B).
These consensus sequences are distinct from those found in
genome-wide accessible chromatin (Figure 4C). The motif
with the lowest E-value (E-value = 4.3 × 10−209) contains
binding sites for NFYA and NFYB, which are likely to be
involved in meiosis-specific gene regulation (55). In addi-
tion to relatively long motifs, we also found the short mo-
tifs ATATGxA and CCTATxGG, which contain binding
sites for MTF1, TBX1 and GCM1; however, the functions
of these TFs in spermatogenesis are unknown. Since near-
complete transcriptional silencing occurs in MSCI, the spe-
cific functions of exposed TF-binding motifs at the sex chro-
mosome are enigmatic. It is possible that the motifs have
functions for gene activation in later stages. Following meio-
sis, sex chromosome inactivation is largely maintained into
RS via a heterochromatic, subnuclear compartment termed
postmeiotic sex chromatin (PMSC) (11); however, a subset
of genes required for male reproduction escape silencing for
specific activation in RS (65–67). Therefore, these consensus
sequences could function to prepare gene activation in later
stages.

SCML2 is required for de novo formation of accessible chro-
matin during meiotic sex chromosome inactivation

During meiosis, SCML2 accumulates on the sex chromo-
somes downstream of DNA damage response pathways
(14). In spermatogenesis, SCML2 has a role on sex chromo-
somes distinct from its role on autosomes (14), so we sought
to determine the function of SCML2 in the regulation of ac-
cessible chromatin at sex chromosomes (Figure 7A). There
was almost no change in accessible chromatin in THY1+

and KIT+ spermatogonia between wild-type and Scml2-
KO mice. However, the PS-specific accessible chromatin of
wild-type mice was not detected in PS of Scml2-KO. Fur-
thermore, there was no significant change in RS between
wild-type and Scml2-KO mice, consistent with the closure
of accessible chromatin at the sex chromosomes in wild-
type RS. To independently confirm the SCML2-dependent
formation of PS-specific accessible chromatin, we tested
the function of SCML2 on chromatin accessibility in the
mitosis-to-meiosis transition. We identified 28 796 ATAC
peaks unique to PS by MAnorm analysis between wild-
type KIT+ spermatogonia and wild-type PS (Figure 3A).
Among them, 2003 peaks were sex chromosome-specific
ATAC peaks. These peaks are detected exclusively in wild-
type, but not Scml2-KO, mice (Figure 7B). These results in-
dicate that SCML2 is required for the de novo formation of
PS-specific accessible chromatin at the sex chromosomes.

DISCUSSION

In this study, we describe the genome-wide landscape of
accessible chromatin during spermatogenesis, and we re-
veal the dynamic reorganization of open chromatin dur-
ing spermatogenesis. Chromatin reorganization underlies
genome-wide gene expression changes, which in turn influ-
ence the production of functional sperm. The most strik-
ing change in accessible chromatin occurs in intergenic and
intronic regions at the mitosis-to-meiosis transition (KIT+

spermatogonia to PS). At that time, the vast majority of
accessible chromatin in intergenic and intronic regions in
KIT+ spermatogonia are closed in PS, while a large amount
of accessible chromatin in intergenic and intronic regions
is established de novo in PS. We also show that this dy-
namic reorganization of open chromatin accompanies a
genome-wide transcriptional change, when thousands of
somatic/progenitor genes are suppressed and thousands of
late spermatogenesis genes are activated (14,15), leading to
high transcriptome complexity in spermatogenesis (3). Fur-
thermore, our work supports the association of open chro-
matin with transcription, as opposed to other events in male
germ cells, in the following ways: (i) accessible chromatin
is largely independent of recombination hotspot remnants,
and (ii) accessible chromatin contains stage-specific puta-
tive TF-binding motifs. Therefore, our data unravel the ex-
istence of two major types of open chromatin during sper-
matogenesis: (i) open chromatin that represents a gene ex-
pression program unique to mitotically proliferating pro-
genitor cells (somatic/progenitor types, i.e. mitotic type),
and (ii) open chromatin that represents a gene expression
program specific to the stages of late spermatogenesis, in-
cluding PS and RS (late spermatogenesis types, i.e. meiosis
type) (Figure 7C).

Differentiation processes, such as spermatogonial dif-
ferentiation (THY1+ to KIT+ spermatogonia) and the
meiosis-to-postmeiosis transition (PS to RS), involve chro-
matin closure without the de novo formation of accessible
chromatin. Therefore, open chromatin in KIT+ is a remnant
of that in THY1+, and open chromatin in RS is a remnant
of that in PS. These findings distinguish two types of chro-
matin arrangement during spermatogenesis: (i) chromatin
reorganization via the de novo formation of open chromatin
during the mitosis-to-meiosis transition, and (ii) differen-
tiation marked by chromatin closure. Of particular inter-
est, we have revealed genome-wide changes in chromatin
structure during the mitosis-to-meiosis transition at both
autosomes and the sex chromosomes, which facilitate the
gene expression programs of spermatogenesis (Figure 7C).
Because post-transcriptional regulation is a unique feature
of late spermatogenesis, facilitating the storage of mRNAs
that ensure the timely expression of proteins (68), an impor-
tant future direction is to unravel how dynamic changes in
open chromatin prepare a repertoire of stored RNAs and
influence their post-transcriptional regulation.

An intriguing feature of accessible chromatin dur-
ing spermatogenesis is its relative stability in promoter
regions despite the global reorganization of accessible
chromatin in intergenic and intronic regions. Although
there is a modest reorganization during spermatogenesis,
somatic/progenitor genes retain accessible chromatin in
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promoter regions after suppression in PS and RS, while late
spermatogenesis genes already have accessible chromatin
in promoter regions in spermatogonia. This feature may
reflect the unipotent nature of male germ cells. Our pre-
vious study demonstrated that late spermatogenesis genes
are poised for activation in the spermatogonial stem cell
stage, while somatic/progenitor genes retain bivalent do-
mains (H3K4me2/3 and H3K27me3) in late spermatoge-
nesis, presumably to recover totipotency after fertilization
(15). Because open chromatin at TSSs in RS is maintained
at H3K4me3-enriched promoters in sperm, the stable open
chromatin at TSSs potentially persists into early embryos.
Therefore, germ cells are ready to facilitate the shifting, es-
sential gene expression programs of various stages while still
guarding the ability to recover totipotency after fertiliza-
tion. The relative stability of accessible chromatin in pro-
moter regions may be related to the unidirectional differ-
entiation of germ cells. In turn, we infer that the accessi-
ble chromatin in intergenic and intronic regions functions in
gene expression changes due to its dynamic reorganization.
Curiously, the histone variant H3.3 was found to predomi-
nate sites of histone retention in sperm (25). Furthermore,
testis-specific H3T, another variant of H3, is required for
spermatogenesis (69). Therefore, it is an interesting possi-

bility that these histone variants underlie unique chromatin
features such as stable open chromatin in promoter regions
to ensure the unidirectional differentiation of spermatoge-
nesis.

In addition to these features, we identified a distinct fea-
ture of the sex chromosomes: the de novo formation of
accessible chromatin in MSCI, suggesting that chromatin
events are highly dynamic in spite of the transcriptional
silencing of MSCI. In agreement with this dynamic chro-
matin feature, histone modifications are progressively estab-
lished on the sex chromosomes during meiosis (11,70). Of
note, a cascade of active epigenetic modifications, such as
H4K20me1 and H3K4me2, are established on the sex chro-
mosome during meiosis by the DNA damage response pro-
tein RNF8 (66), leading to the activation of male reproduc-
tion genes from the largely silent sex chromosomes, found
within the heterochromatic PMSC structure in postmeiotic
spermatids. Because the establishment of these active mod-
ifications in meiosis precedes gene activation, MSCI must
prepare for gene activation in the postmeiotic stage. There-
fore, one possible function of open chromatin in MSCI is
to prepare gene activation for postmeiotic stages. Another
possibility is that open chromatin at the sex chromosomes
have meiotic functions per se, such as the establishment of
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gene silencing. Further investigation is warranted to deter-
mine the functional roles of open chromatin in MSCI for
gene activation from the heterochromatic PMSC structure
in postmeiotic spermatids.

Finally, our study revealed distinct mechanisms for the
regulation of chromatin accessibility between autosomes
and sex chromosomes. While SCML2 promotes the de novo
formation of accessible chromatin at the sex chromosomes
during meiosis, SCML2 also promotes the closure of acces-
sible chromatin at autosomes in RS (Figure 7C). This differ-
ence likely reflects two distinct functions for SCML2 that we
previously described (14): on the sex chromosomes during
meiosis, SCML2 removes ubiquitination of histone H2A at
Lysine 119, a repressive modification mediated by PRC1,
while also promoting the ubiquitination of histone H2A
at Lysine 119 on autosomes. Because SCML2 is responsi-
ble for the suppression of somatic/progenitor genes, the ac-
tivation of late spermatogenesis genes and efficient MSCI
(14), the SCML2-dependent regulation of accessible chro-
matin is likely related to SCML2-dependent transcriptional
regulation. Although we cannot exclude a possibility that
SCML2’s functions in earlier stages may indirectly influ-
ence the distribution of open chromatin that was observed
in later postmeiotic spermatids, our results reveal critical
functions of SCML2 for the organization of germline chro-
matin.

Together, our study presents a framework for chromatin
dynamics at four representative stages of spermatogenesis.
Datasets for these representative stages define the overall
dynamics of open chromatin in spermatogenesis and detect
possible regulatory elements for spermatogenesis-specific
gene expression. This work will enable the further determi-
nation of chromatin mechanisms that facilitate spermato-
genesis, a complex developmental process comprising many
different substages, including those of spermatogonia, mei-
otic spermatocytes and postmeiotic spermatids. In addi-
tion, mitotic chromosomes undergo cycles of expansion
and contraction with each mitotic division (71), and mei-
otic chromosomes undergo dynamic movement, including
recombination, pairing and synapsis (72). Therefore, to
capture chromosome movement and cell-to-cell variation
during spermatogenesis, further characterizations of open
chromatin in each substage, along with analyses of individ-
ual cells through single cell ATAC-seq (73), are warranted
for future investigation.
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