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Research

Incomplete erasure of histone marks during epigenetic
reprogramming in medaka early development

Hiroto S. Fukushima, Hiroyuki Takeda, and Ryohei Nakamura
Department of Biological Sciences, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan

Epigenetic modifications undergo drastic erasure and reestablishment after fertilization. This reprogramming is required
for proper embryonic development and cell differentiation. In mammals, some histone modifications are not completely
reprogrammed and play critical roles in later development. In contrast, in nonmammalian vertebrates, most histone mod-
ifications are thought to be more intensively erased and reestablished by the stage of zygotic genome activation (ZGA).
However, histone modifications that escape reprogramming in nonmammalian vertebrates and their potential functional
roles remain unknown. Here, we quantitatively and comprehensively analyzed histone modification dynamics during epi-
genetic reprogramming in Japanese killifish, medaka (Oryzias latipes) embryos. Our data revealed that H3K27ac,
H3K27me3, and H3K9me3 escape complete reprogramming, whereas H3K4 methylation is completely erased during cleav-
age stage. Furthermore, we experimentally showed the functional roles of such retained modifications at early stages: (i)
H3K27ac premarks promoters during the cleavage stage, and inhibition of histone acetyltransferases disrupts proper pat-
terning of H3K4 and H3K27 methylation at CpG-dense promoters, but does not affect chromatin accessibility after ZGA;
(ii) H3K9me3 is globally erased but specifically retained at telomeric regions, which is required for maintenance of genomic
stability during the cleavage stage. These results expand the understanding of diversity and conservation of reprogramming
in vertebrates, and unveil previously uncharacterized functions of histone modifications retained during epigenetic

reprogramming.
[Supplemental material is available for this article.]

After fertilization, the epigenetic landscapes of sperm and oocyte
chromosomes undergo drastic erasure and reestablishment
to ensure totipotency and/or pluripotency in early embryos
(Eckersley-Maslin et al. 2018; Xia and Xie 2020). In mice, DNA
methylation and histone modifications transmitted from parental
germ cells are globally reset in early embryos. However, some mod-
ifications are known to persist and play essential roles in later de-
velopment (Xia and Xie 2020). Such examples include DNA
methylation at specific gene loci passed on to imprinted genes
(Eckersley-Maslin et al. 2018) and the asymmetric pattern of the
heterochromatin mark H3K9me3 retained until the blastocyst
stage (Wang et al. 2018). Furthermore, a noncanonical pattern of
the active mark H3K4me3 established in oocytes is transferred to
the zygote and exists until zygotic genome activation (ZGA)
(Dahl et al. 2016; Zhang et al. 2016). Additionally, the repressive
mark H3K27me3 transmitted from oocytes regulates DNA methyl-
ation-independent imprinting in embryos (Inoue et al. 2017).
Epigenetic reprogramming of nonmammalian vertebrates is
largely distinct from that of mammals. DNA methylation does
not undergo genome-wide demethylation, and is largely main-
tained (Macleod et al. 1999; Veenstra and Wolffe 2001; Jiang
et al. 2013; Potok et al. 2013). In contrast, histone modifications
are more extensively erased in early embryos of nonmammalian
vertebrates (Xia and Xie 2020). Importantly, unlike in mammals,
ZGA and subsequent cell differentiation occur after a number of
cell divisions (e.g., around ten cell cycles in zebrafish and
Xenopus) in nonmammalian vertebrate embryos (Jukam et al.
2017), and the reprogramming of histone modifications takes
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place well before ZGA. For example, in zebrafish and Xenopus,
H3K4me3, H3K27me3, and H3K9me3 were reported to be almost
completely absent before ZGA, but these marks start accumulating
at the onset or shortly before the ZGA (Akkers et al. 2009;
Vastenhouw et al. 2010; Lindeman et al. 2011; Hontelez et al.
2015; Zhang et al. 2018a; Laue et al. 2019). Thus, parental histone
modifications are less likely to be transmitted nor maintained
through cleavage stages, and to affect later development in non-
mammalian vertebrates. However, this notion has been chal-
lenged by recent studies.

In zebrafish, nucleosomes with H3K4mel and H2A.Z (so-
called “Placeholder nucleosomes”) were suggested to persist after
fertilization to premark active and poised promoters (Murphy
et al. 2018; Hickey et al. 2022). Additionally, Zhang et al. revealed
that H3K27ac accumulates in four-cell-stage zebrafish embryos
and could play a role in priming gene promoters for later ZGA
(Zhang et al. 2018a), raising the possibility that some histone mod-
ifications are maintained before ZGA and required for later devel-
opment in nonmammalian vertebrates. However, these studies
relied on immunofluorescence staining or conventional chroma-
tin immunoprecipitation sequencing (ChIP-seq) to show the pres-
ence of histone modifications in early embryos, both of which do
not allow quantitative comparison of histone modifications at
each genomic locus at different developmental stages (Bonhoure
et al. 2014; Li et al. 2014; Orlando et al. 2014). Thus, it
remains to be elucidated exactly to what extent each histone mod-
ification is retained during the epigenetic reprogramming of
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Histone marks escape reprogramming in fish embryos

nonmammalian vertebrates, and if some modifications are re-
tained, whether they affect the phenotype of offspring.
Moreover, recent studies revealed that epigenetic patterns are
very diverse even in mammals (Xia et al. 2019; Lu et al. 2021).
Due to the limited number of studies performed so far, it is not ful-
ly understood to what degree the reprogramming process of his-
tone modifications is conserved or diverse among vertebrates.

To obtain quantitative, comprehensive, and evolutionarily
comparative data, we chose medaka, Japanese killifish (Oryzias lat-
ipes), which has a number of advantages in the study of genome
and epigenome such as small genome size (800 Mb) (Takeda
and Shimada 2010), high-quality reference genome sequence
(Ichikawa et al. 2017), accumulated epigenome data (Nakamura
etal. 2014, 2021; Li et al. 2020), and instances of transgenerational
epigenetic inheritance (Bhandari 2016) with a large evolutional
distance to other vertebrate models (e.g., medaka vs. zebrafish:
~115-200 million years; fish vs. Xenopus: ~450 million years;
Xenopus vs. mammals: ~350 million years; mouse vs. human:
~80 million years) (Furutani-Seiki and Wittbrodt 2004). We quan-
titatively validated the epigenetic reprogramming of histone mod-
ifications in medaka early embryos by conducting quantitative
ChlIP-seq (Bonhoure et al. 2014; Li et al. 2014; Orlando et al.
2014), together with immunofluorescence staining. We also ex-
perimentally examined function of modifications retained during
epigenetic reprogramming.

Results

Erasure and retention of histone modifications before ZGA
in medaka embryos shown by immunofluorescence staining

Like other nonmammalian vertebrates (Jukam et al. 2017), medaka
embryos undergo rapid and synchronous cell cycles after fertiliza-
tion, and cell division gradually becomes longer and asynchro-
nous from the late morula stage (stage 9, 256-512 cells) (Fig. 1A;
Supplemental Fig. S1). ZGA occurs from the early blastula stage
(stage 10, ~1000 cells) (Nakamura et al. 2021). Blastomeres are plu-
ripotent until the late blastula stage (stage 11, 2000-4000 cells)
(Kinoshita et al. 2009), but thereafter cell differentiation begins
and three germ layers emerge from the pre-early gastrula stage on-
wards (stage 12) (Fig. 1A).

As afirst step toward understanding of when and how histone
modifications are reprogrammed in medaka early development,
we performed immunofluorescence staining of embryos using an-
tibodies against various histone modifications (H3K27ac,
H3K27me3, H3K9me3, H3K4mel, H3K4me2, and H3K4me3) at
the 16-cell, 64-cell, late morula, and late blastula stages (Fig. 1B,
C). First, we found that among the active marks, H3K27ac was de-
tected at all four stages examined, but other active marks
(H3K4mel, H3K4me2, and H3K4me3) were not detected until
the late morula stage (Fig. 1B,C). H3K4 methylation became weak-
ly detectable at the late morula stage and clearly accumulated at
the late blastula stage (Fig. 1B,C). The absence of H3K4 methyla-
tion after fertilization is consistent with previous studies in zebra-
fish (Vastenhouw et al. 2010; Lindeman et al. 2011).

Second, the repressive H3K27me3 and H3K9me3 marks were
only detected in mitotic phase chromatin at the 16-cell, 64-cell,
and late morula stages, but detected in both mitotic phase and in-
terphase chromatin at the late blastula stage (Fig. 1B,C). This sug-
gests that H3K27me3 and H3K9me3 mostly accumulate during or
after ZGA, consistent with previous studies in zebrafish and
Xenopus (Akkers et al. 2009; Zhang et al. 2018a; Laue et al. 2019),

but the two modifications exist at low levels before ZGA, so that
they can be detected in compact mitotic chromosome in medaka.
We speculated that chromatin compaction during the mitotic
phase increased the signal intensity, compared to the dispersed sig-
nal observed in interphase nuclei, because the H3K27ac signal in
mitotic phases also tended to be higher than that in interphase
(Fig. 1B,C).

Importantly, the immunofluorescence signals of H3K27ac,
H3K27me3, and H3K9me3 were almost completely eliminated
by treatment with A48S5, a specific inhibitor of H3K27ac histone
acetyltransferases Crebbp and Ep300 (also known as Cbp and
P300, encoded by crebbpa, crebbpb, ep300a, and ep300b genes in
medaka, hereafter we simply referred to them as Crebbp/Ep300)
(Supplemental Fig. S16A,B; Lasko et al. 2017; Hogg et al. 2021;
Narita et al. 2021; Pelham-Webb et al. 2021), overexpression of
a medaka H3K27me3 demethylase kdmé6ba (Oryzias latipes
Kdmeé6ba, olKdméba) (Supplemental Fig. S2A-C; Agger et al.
2007; Inoue et al. 2017; Jullien et al. 2017), and overexpression
of a human H3K9me3 demethylase KDM4D (Homo sapiens
KDM4D, hsKDM4D) (Fig. 4A,B; Supplemental Fig. S11A; Matoba
et al. 2014; Jullien et al. 2017; Zhang et al. 2018b), respectively.
Essentially, no positive signal was observed in immunofluores-
cence staining using IgG as a negative control (Supplemental
Figs. S2D, S10B). These results supported the conclusion that the
immunofluorescence staining signals of histone modifications
during epigenetic reprogramming were specific. Furthermore,
one-cell-stage embryos showed positive signals for all histone
modifications examined in this study (Supplemental Fig. S2E),
and embryos at the two-cell, four-cell, and eight-cell stages showed
positive signals of H3K27ac, H3K27me3, and H3K9me3
(Supplemental Fig. S2F). Taken together, these data suggest that
histone modifications are largely and globally erased before ZGA,
but some histone modifications (H3K27ac, H3K27me3, and
H3K9me3) might escape from complete erasure. Hereafter, we re-
ferred to them as “retained modifications.”

Quantitative ChlP-seq reveals both complete erasure
and retention of histone modifications during reprogramming
in medaka embryos

Immunofluorescence staining is not only nonquantitative, espe-
cially in the case of different nucleus size as observed in medaka
embryos (e.g., the 16-cell stage vs. the late blastula stage) (Fig.
1B; Supplemental Fig. S1), but also does not provide reprogram-
ming dynamics at each genomic region. For this reason, conven-
tional ChIP-seq is frequently used to examine the enrichment of
histone modifications at specific genomic loci, but it does not al-
low comparison of the accumulation levels of modifications be-
tween samples caused by the lack of normalization of samples
(Bonhoure et al. 2014), that is, among different developmental
stages (Li et al. 2014). We thus performed quantitative ChIP-seq
or “spike-in” ChIP-seq (Bonhoure et al. 2014; Li et al. 2014;
Orlando et al. 2014) to investigate the relative amount of each his-
tone modification along the genome among different develop-
mental stages in medaka. We prepared internal reference (or
spike-in) chromatin from zebrafish fibroblast cells (BRF41) and
mixed it with experimental chromatin (medaka embryo chroma-
tin) in the same tube, which was then subjected to ChIP-seq
(Supplemental Fig. S3). Sequenced reads were aligned to the meda-
ka and zebrafish concatenated genome (Supplemental Fig. S3).
Theoretically, the accumulation levels of modifications in the ref-
erence chromatin should be the same in all samples, so that the
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Erasure and retention of histone modifications before ZGA in medaka embryos shown by immunofluorescence staining. (A) A schematic of
medaka development. (B) Immunofluorescence staining of medaka embryos at four stages. The nuclei during mitosis from other embryos are inserted
in white boxes. The scale bar indicates 10 um. (C) Boxplots showing the signal intensities of each histone modification in DAPI-positive regions. Each
dot indicates the average intensity of 1-3, 3-5, ~40, or ~100 cells in a single broad field slice image of 16-cell (16C), 64-cell (64C), late morula (LM),
or late blastula (LB) embryo, respectively. The intensity was normalized by background intensity. Interphase (I) and mitotic phase (M) embryos at the
16-cell and 64-cell stages are separately shown. Phases of cell cycle after the late morula stage are not shown because cells divide asynchronously and
are mostly in interphase from the late morula stage. The number above each plot shows the number of embryos examined here.
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Histone marks escape reprogramming in fish embryos

level of histone modifications in medaka chromatin (experimental
chromatin) could be normalized using the zebrafish chromatin
(reference chromatin) ChIP signal (Supplemental Fig. S3, see also
Methods). We confirmed that the reference chromatin ChIP-seq
pattern was reproducible for all samples (Supplemental Fig. S4),
and spike-in normalization improved the reproducibility of exper-
imental chromatin between two biological replicates, as previously
reported (Supplemental Fig. S5A; Bonhoure et al. 2014). We noted
that sometimes the correlation between replicates was relatively
low (Supplemental Fig. S5A, H3K4 methylations at the 16-cell
and 64-cell stages), but that those samples were derived from stages
when histone modifications were poorly detected by immunoflu-
orescence staining. In addition, the results of late blastula embryos
were very similar to our published data (Supplemental Fig. SSB;
Nakamura et al. 2014). Furthermore, the distribution tendency
of spike-in ChIP-seq peaks in the medaka genome is largely consis-
tent with that in other vertebrates (Supplemental Fig. S5C; Barski
et al. 2007; Zhou et al. 2011). For example, three-quarters of the
H3K4me2 and H3K4me3 peaks are located in promoters, whereas
the heterochromatin mark H3K9me3 tends to be enriched in gene
bodies and intergenic regions (Supplemental Fig. S5C). On the
other hand, ChIP-seq using IgG as a negative control and input
chromatin did not show any specific accumulations (Figs. 24,
3A). These data indicate that our “spike-in” ChIP-seq signals of his-
tone modifications are reproducible and specific. We note that our
data showed the substantial accumulation of H3K9me3 in promot-
ers and exons in medaka, compared to previous data in zebrafish
(Supplemental Fig. S5C,D; Laue et al. 2019). This difference could
be attributed to differences in genome size and/or content of trans-
posable elements (Shao et al. 2019).

We first confirmed that dynamics of global histone modifica-
tion levels in medaka embryos calculated using spike-in ChIP-seq
data (see Methods) were similar to those obtained by immunoflu-
orescence staining (Supplemental Fig. S6A). We then asked how
the pattern of each modification in the genome is reprogrammed
by calculating normalized enrichment levels (termed RPKMspike)
(see Methods) (Figs. 2A,B). H3K27ac accumulation was detected
and showed similar patterns at all stages examined and its levels
gradually increased from the 64-cell stage onward, indicating
that both retention and addition of these modifications indeed
take place (Fig. 2A,B). H3K27me3 also showed dynamics similar
to H3K27ac, but erasure was more intensive (Fig. 2A,B). On the
other hands, H3K4 methylation was almost undetectable before
the late morula, suggesting its complete clearance (Fig. 2A,B).
H3K9me3, the heterochromatin mark, also showed global erasure
for most regions but was retained at specific genomic regions
(described later) (Fig. 2A,B). We note a slight difference between
immunofluorescence staining and spike-in ChIP-seq: H3K4mel
accumulation was low but detected by ChIP-seq at the 16-cell stage
(Fig. 2A,B), whereas not by immunofluorescence staining (Fig. 1A,
B). This could be caused by the technical limitation of immunoflu-
orescence staining against samples with different nuclear size. In
summary, spike-in ChIP-seq revealed that most histone modifica-
tions undergo erasure at early stages, albeit to varying degrees, and
that H3K27ac, H3K27me3, and H3K9me3 are not completely
cleared during epigenetic reprogramming.

It was reported that H3K4me3 primes gene promoters before
ZGA in zebrafish (Lindeman et al. 2011). Similarly, our data before
spike-in normalization showed the accumulation of H3K4me3 at
some promoters in medaka before ZGA (at the late morula stage)
(Supplemental Fig. S7A). However, the accumulation levels of
those modifications before ZGA were found to be much lower

than that after ZGA (at the late blastula stage) by spike-in normal-
ization (Supplemental Fig. S7A,B), suggesting that priming of
H3K4 methylation before ZGA is a rare event in medaka. Only
H3K27ac showed comparable levels of accumulation before and af-
ter ZGA (Fig. 2A,B). Therefore, these data indicate the importance
of quantitative normalization of ChIP-seq and raise the possibility
of a specific role of H3K27ac retention.

Expression of writers and erasers of histone modifications

The two different dynamics of histone modification reprogram-
ming—complete erasure and residual retention—led us to ask
what molecular mechanism underlies this difference. In human
embryos, H3K27me3 is globally lost after fertilization, but the
same does not occur in mouse embryos. This is thought to corre-
late with the fact that Polycomb repressive complex 2 (PRC2, a
writer and reader complex of H3K27me3) core components, EED
and SUZ12, are absent in pre-ZGA human embryos, whereas
they are present in pre-ZGA mouse embryos (Xia et al. 2019). We
thus reanalyzed the expression levels of writers, erasers, and related
proteins of all histone modifications using our published RNA-seq
data (Ichikawa et al. 2017; Nakamura et al. 2021), and confirmed
their presence (at least, mRNAs) at all stages examined
(Supplemental Fig. SSA-E). Therefore, the presence of mRNAs can-
not simply explain the lack or abundance of histone modifications
in medaka embryos although we do not know the levels of their
translated and activated proteins.

H3K9me3 at telomeric regions escapes reprogramming

Although the above spike-in ChIP-seq analysis showed extensive
erasure of H3K9me3 at most genomic regions (Fig. 2A,B), immuno-
fluorescence staining detected weak H3K9me3 signals in early-
stage embryos (Fig. 1B,C). We thus investigated in what specific
regions of the genome H3K9me3 was accumulating at early stages.
Closer scrutiny of ChlIP-seq tracks revealed that H3K9me3 was
broadly and moderately enriched at chromosome ends at all em-
bryonic stages (Fig. 3A,B; Supplemental Fig. S9A), although these
regions were not called by the conventional peak calling method.
This enrichment was observed in most medaka chromosomes
(Supplemental Fig. S9B). In vertebrates, telomeres are located at
the ends of chromosomes, and characterized by the absence of
genes and enrichment of TTAGGG repeats. The regions adjacent
of telomeres are called subtelomeres and characterized by low
gene density and enrichment of repetitive sequences (Blasco
2007). Because H3K9me3 is known to accumulate at both telo-
meres and subtelomeres in somatic cell lines in mouse (Garcia-
Cao et al. 2004; Gonzalo et al. 2006), and mainly at subtelomeres
in human fibroblasts (Rosenfeld et al. 2009), we hypothesized that
H3K9me3 detected at subtelomeres and/or telomeres exceptional-
ly escaped erasure in early-stage medaka embryos. We note that
neither IgG nor input chromatin showed the broad and moderate
accumulation at chromosome ends in the 16-cell stage (Fig. 3A).
Furthermore, we aligned previous zebrafish H3K9me3 ChIP-seq
reads (Laue et al. 2019) to medaka genome, but only very limited
reads (<0.2%) were aligned to medaka genome (Supplemental
Table S5), and there was no specific accumulation at chromosome
ends (Supplemental Fig. S9C). Taken together, these data support
that H3K9me3 accumulation at chromosome ends observed in
ChIP-seq was not caused by the misalignment of zebrafish repeat
sequences.

During the mitotic phase, telomeres are found at the ends of
chromosome arms of separated chromatids (Ohta et al. 2011).
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Figure 2. Erasure and retention of histone modifications in early-stage medaka embryos quantitatively revealed by spike-in ChIP-seq. (A) Track views
showing representative patterns of each histone modification and IgG control. Enrichment levels of histone modifications after spike-in normalization
or that of IgG before spike-in normalization are shown. (B) Genome-wide changes in enrichment of each modification. The average enrichment levels after
spike-in normalization (RPKMspike) around all peaks and randomized peaks at each stage are shown as solid lines and dashed lines, respectively (top).
Heatmaps showing enrichment levels (RPKMspike) around all peaks (+1 kb from peak center).
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Thus, we reanalyzed in detail the immunofluorescence data of
H3K9me3 staining at the mitotic phase, and found that the
H3K9me3 signals tended to locate at chromosome ends during
anaphase (Fig. 3C; Supplemental Fig. S10A). This was also observed
in immunofluorescence staining using the other H3K9me3
antibody, whereas not in IgG immunofluorescence staining
(Supplemental Fig. S10B). To further confirm the specific localiza-
tion of H3K9me3 at telomeres and/or subtelomeres, we examined
the colocalization of telomere repeats and H3K9me3 signals. For
this, we performed fluorescent in situ hybridization (FISH) using
probes targeting telomere repeats, followed by immunofluores-
cence staining of histone modifications, using mitotic chromo-
somes from 64-cell-stage medaka embryos. As expected, whereas
histone H3 signal was globally distributed over whole chromo-
somes, H3K9me3 signal overlapped with telomeres (Fig. 3D;
Supplemental Fig. S10C,D). Because only a few chromosomes
have telomere repeats in the current medaka genome assembly
(Ichikawa et al. 2017), the H3K9me3-enriched regions at chromo-
some ends detected by ChIP-seq are likely to be subtelomeres.
However, because of the limitation of resolution (Fig. 3D;
Supplemental Fig. S10C), we cannot further distinguish telomeres
and subtelomeres, and hereafter we simply referred to them as
“telomeric regions.” Pericentromeres are also known to exhibit
H3K9me3 deposition (Dunleavy et al. 2005). However, in medaka,
H3K9me3 did not appear to accumulate at pericentromeres at early
stages (Fig. 3A). Taken together, these observations show that
H3K9me3 escapes reprogramming in early medaka embryos exclu-
sively at telomeric regions.

Removal of H3K9me3 increases genomic instability before ZGA

Next, we addressed the biological significance of H3K9me3 reten-
tion at telomeric regions during reprogramming of medaka embry-
os. We depleted H3K9me3 from early-stage embryos by
overexpression of human H3K9me3 demethylase KDM4D
(hsKDM4D) and examined its effect (Fig. 4A). We first confirmed
that overexpression of hsKkDM4D greatly reduced the H3K9me3
signals from the 64-cell stage to the late blastula stage both in mi-
totic cells and interphase cells (Fig. 4B; Supplemental Fig. S11A-C),
without affecting the proportion of mitotic cells (Supplemental
Fig. S11D). Injected embryos showed impaired gastrulation and
severe malformation (Supplemental Fig. S11E,F). We found at ear-
lier stages that H3K9me3 depletion increased the proportion of
embryos that showed abnormal chromosome segregation repre-
sented by misaligned chromosomes, lagging chromosomes,
DNA-bridge formation, and fusion of nuclei, whereas control em-
bryos without injection or injected with a catalytically inactive
mutant hsKkDM4D(H192A) did not show such tendency (Fig. 4C,
D; Supplemental Fig. S11G). Importantly, the increased rate in
chromosome-segregation error was observed even at the 64-cell
stage, when H3K9me3 accumulates only at telomeric regions in
normal embryos (Fig. 3A-D). These data suggest that the residual
H3K9me3 at telomeric regions is required for maintenance of chro-
mosome stability during cleavage stages.

H3K27ac premarks active and poised promoters

In contrast to the restricted accumulation of H3K9me3 at telo-
meric regions, H3K27ac marks were globally deposited at promot-
ers and enhancers at all stages examined (Fig. 2A; Supplemental
Fig. S12A). To investigate the developmental changes in
H3K27ac accumulation, we first grouped H3K27ac-marked pro-
moters (n=12,015) into five clusters (Fig. SA-C; Supplemental

Fig. S12B,C; see Methods). In cluster 1, 2, and 3, H3K27ac was
accumulated at the 16-cell stage, then its levels decreased at the
64-cell stage, and increased again from the late morula stage on-
wards (Fig. 5A-C). The dynamics were similar to each other, but
the enrichment level was different among these three clusters:
cluster 1, “premarked, high”; cluster 2, “premarked, middle”;
and cluster 3, “premarked, low,” according to their levels at the
16-cell stage. Cluster 4 also exhibits a similar tendency until the
late morula stage, but H3K27ac decreased again at the late blastula
stage (termed “premarked, decreasing”) (Fig. 5A-C). Only cluster 5
promoters did not possess H3K27ac at early stages, and H3K27ac
started to accumulate from the late morula stage (“Late H3K27
acetylation”) (Fig. SA-C).

Cluster 4 was unique in that H3K27me3 accumulation levels
increased at the late blastula stage whereas H3K27ac decreased (Fig.
5A-C; Supplemental Fig. S13A). H3K4me2 and H3K4me3 also ac-
cumulated at the promoters in cluster 4 from the late blastula stage,
thus they are poised promoters (Zhou et al. 2011). Importantly, the
reciprocal change in H3K27ac and H3K27me3 was more evident
after the onset of differentiation (at the pre-early gastrula stage)
in cluster 4 (Supplemental Fig. S13A). Gene Ontology (GO) analy-
sis showed that enrichment of terms in cluster 4 is related to devel-
opmental genes and transcription factors, which are known
targets of PRC2 (Supplemental Fig. S13C). These findings are con-
sistent with the previously described antagonism between
H3K27ac and H3K27me3 (Tie et al. 2009) and the switch from
H3K27ac to H3K27me3 at developmental gene promoters on
ZGA in zebrafish (Zhang et al. 2018a). Taken together, these data
suggest that, in cluster 4, the induction of silencing mediated by
H3K27me3 proceeds after ZGA.

Inhibition of Crebbp/Ep300 from cleavage stages attenuates
accumulation of H3K4 methylation at CpG-dense promoters
in the late blastula embryos

We then addressed the functional role of H3K27ac premarking at
promoters in early-stage embryos. Importantly, H3K27ac pre-
marking is well correlated with the accumulation of H3K4 meth-
ylation at the late blastula, that is, just after ZGA (Fig. 5A-C;
Supplemental Fig. S13A,B). Moreover, the analysis of our pub-
lished ATAC-seq data (assay for transposase accessible chromatin
followed by high-throughput sequencing) (Nakamura et al. 2021)
showed that the promoters premarked by H3K27ac (clusters 1-4)
become accessible earlier than those without H3K27ac premark-
ing (cluster 5); the promoters of clusters 1-4 tended to be open
at the early blastula stage and those of cluster 5 become accessi-
ble at the late blastula stage (Fig. 5A,B,D; Supplemental Fig.
S13B). As described above, the switch from H3K27ac to
H3K27me3 occurs in cluster 4 promoters (Fig. SA-C;
Supplemental Fig. S13A). Taken together, these observations
raised the possibility that H3K27ac premarking in promoters at
early stages contributes to a later gain of accessibility and subse-
quent accumulation of H3K4 methylation (in clusters 1-4) and
H3K27me3 (in cluster 4). Among H3K4 methylation types, we
hereafter focus on H3K4me2, because H3K27ac premarking at
the 16-cell stage most highly correlated with H3K4me2 after
ZGA (the late blastula stage) (Supplemental Fig. S13A,B). As for
enhancers, the correlation between H3K27ac premarking and
rapid gain of H3K4me2 or chromatin accessibility was not so ev-
ident (Supplemental Figs. S14A-C, S15A,B).

To examine if histone acetylation is required for the later es-
tablishment of H3K4me2, H3K27me3 deposition, and chromatin
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accessibility at promoters, we treated embryos with the A485, a
specific and catalytic inhibitor of Crebbp/Ep300 (Lasko et al.
2017; Hogg et al. 2021; Narita et al. 2021; Pelham-Webb et al.
2021). When embryos were incubated with A485 from the two-
cell stage, the H3K27ac level was globally reduced as shown by im-
munofluorescence staining (Supplemental Fig. S16A,B). This treat-
ment drastically impaired gastrulation (Supplemental Fig. S16C,
D), consistent with a previous study showing gastrulation arrest af-
ter global H3K27ac reduction in zebrafish (Chan et al. 2019). In ad-
dition, in line with previous zebrafish studies (Zhang et al. 2018a;
Chan et al. 2019), the inhibition of Crebbp/Ep300 impaired ZGA
in medaka (Supplemental Fig. S18F).

Next, the effects of Crebbp/Ep300 inhibition were examined
by spike-in ChIP-seq using DMSO- or A485-treated late blastula
embryos. After validating the reproducibility of experiments
(Supplemental Fig. S17A), we first confirmed that the global
H3K27ac level was significantly reduced after A485 treatment
(Fig. 6A,B). We next compared the H3K4me2 levels at H3K27ac
promoter peaks, and found that about 16% of H3K27ac promoter
peaks showed significant reduction in H3K4me?2 level after A485
treatment (“H3K4me2 down,” n=1578 vs. “H3K4me2 nonsensi-
tive,” n=8344 in Fig. 6A,B).

We then sought to identify certain genetic and/or epigenetic
factors which could explain the sensitivity of H3K4me2 to the loss
of H3K27ac. Based on the aforementioned correlation between
H3K27ac, H3K4me2, and H3K27me3 at some promoters in nor-
mal development (cluster 4 in Fig. SA-C), we first compared
H3K27me3 levels at H3K27ac peaks. However, only a portion
(19.6%) of “H3K4me2 down” peaks showed an increase in
H3K27me3 level (“H3K4me2 down H3K27me3 up,” n=309)
(Fig. 6A,B; Supplemental Fig. S17B), suggesting that the gain of
H3K27me3 alone cannot explain the sensitivity of H3K4me2 to
A485 treatment. We next focused on CpG density and DNA meth-
ylation, because the H3K4 methylation writer complexes
COMPASS and COMPASS-like are known to bind to hypometh-
ylated CpGs (Macrae et al. 2022). We found that the CpG densities
of “H3K4me2 down” and “H3K4me2 down H3K27me3 up” peaks
were significantly higher than those of “H3K4me2 nonsensitive”
peaks (Fig. 6C; Supplemental Fig. S17C-E). On the other hand, re-
analysis of DNA methylation in normal blastula embryos (Qu et al.
2012) revealed that DNA methylation levels in both “H3K4me2
down” and “H3K4me2 nonsensitive” peaks were almost compara-
bly low, excluding the possibility that original DNA methylation
levels affect the sensitivity of H3K4me2 to the loss of histone
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acetylation (Supplemental Fig. S17C,D). Taken together, these re-
sults suggest that H3K4me2 at CpG-dense promoters is vulnerable
to the inhibition of Crebbp/Ep300 (Supplemental Fig. S20C).

Next, we examined chromatin accessibility at the late blastula
stage by performing ATAC-seq using DMSO- or A485-treated late
blastula embryos. After validating the reproducibility and quality
of ATAC-seq (Supplemental Fig. S18A,B), we found that global re-
duction of H3K27ac had only minor effects on the ATAC-seq pat-
tern at the late blastula stage (“ATAC nonsensitive” = 6234, “ATAC
up” =16, “ATAC down” =24) (Fig. 6A,D). Although some H3K27ac
peaks were associated with reduced chromatin accessibility after
A48S5 treatment (Fig. 6A; Supplemental Fig. S18C), the number
of such changes were very limited (Supplemental Fig. S18D).
Consistently, recent studies in zebrafish embryos, mouse embry-
onic stem cells, and a human cell line revealed that H3K27ac is dis-
pensable for chromatin opening (Martire et al. 2019; Hunt et al.
2022; Miao et al. 2022). Therefore, we concluded that the gain of
chromatin accessibility at the late blastula stage is largely indepen-
dent of H3K27ac accumulation.

Finally, we assessed the specificity of the effect of A485 treat-
ment on H3K4me?2. First, we found that a reduction in H3K4me2
occurred exclusively within H3K27ac peaks; the number of regions
where H3K4me2 level was reduced was 1040 in the H3K27ac-pos-
itive regions, whereas only 160 in the H3K27ac-negative regions

(Supplemental Fig. S18E). Second, none of the genes directly in-
volved in deposition and erasure of H3K4me2 or H3K27me3
showed significant changes in expression levels after A485 treat-
ment (Supplemental Fig. S18F,G). Third, H3K4me2 accumulated
to comparable levels to normal embryos at the majority of promot-
ers in A485-treated embryos (Fig. 6A,B). These data suggest that the
dysregulations of H3K4me2 and H3K27me3 in A485-treated em-
bryos were not caused by improper gene expressions or develop-
mental delay.

For technical reasons, we were unable to deplete H3K27ac
specifically and transiently before the late blastula stage, and
thus we could not distinguish between the requirement of pre-
marking before ZGA or H3K27ac at the late blastula stage.
Nevertheless, our data suggest that Crebbp/Ep300 induces
H3K27ac premarking and that its activity is required for proper ac-
cumulation of H3K4me?2 at CpG-dense promoters, but is dispensa-
ble for the gain of chromatin accessibility at the late blastula stage.

Polycomb high-affinity regions escape complete erasure
of H3K27me3 during reprogramming
We found weak retention of H3K27me3 at specific sites during re-

programming, although H3K27me3 is extensively erased through-
out the genome (Fig. 2A,B). We classified the H3K27me3 marked
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regions into three groups (“Erasure,” “Low retention,” and “Mild
retention”) by the accumulation levels of H3K27me3 at the 64-
cell stage, a stage when H3K27me3 enrichment was at the lowest
level during reprogramming (Supplemental Fig. S19A). We found
that the retained region is associated with the following genetic
and epigenetic features of Polycomb high-affinity sequences: (i)
high CpG density (Ku et al. 2008; Mendenhall et al. 2010; van
Mierlo et al. 2019) and high GCG density (Supplemental Fig.
S19B; Perino et al. 2018, 2020); (i) DNA hypomethylation
(Nakamura et al. 2014) at the blastula stage (Supplemental Fig.
S19C; Qu et al. 2012); (iii) transcription factors and genes related
to developmental processes such as Homeobox (Supplemental
Fig. S19D-F; Schuettengruber et al. 2017). Importantly, the analysis
of maternally derived transcripts showed that the genes with mild
retention are more strongly suppressed in oocytes (Supplemental
Fig. S19G), suggesting maternal inheritance of H3K27me3 like in
mouse (Inoue et al. 2017), in Drosophila (Zenk et al. 2017), and in
Arabidopsis thaliana (Luo et al. 2020).

Discussion

Reprogramming of epigenetic modification is a critical process dur-
ing early development. However, the dynamics of histone modifi-
cation reprogramming and the function of retained modifications
had not been fully understood in vertebrates. Here, our genome-
wide and time-course quantitative analyses revealed that not all
histone modifications are subject to complete erasure in medaka
embryos. Among the major histone modifications we examined,
H3K4 methylation and H3K9me3 are completely erased during re-
programming but H3K27ac, H3K27me3, and telomeric H3K9me3
are not (Fig. 6E). With this comprehensive and quantitative data-
set in hand, we experimentally revealed the essential roles of the
retained histone modifications in medaka early development.

The difference between retained modifications and erased
modifications

What mechanism determines whether a modification is retained
or erased? At present, these differences cannot simply be explained
by the lack or abundance of writers and erasers, as transcripts of all
of these are present at all stages (Supplemental Fig. S8).

Because new and free histones are incorporated into chroma-
tin during DNA replication (Stewart-Morgan et al. 2020), the rapid
cell cycle in fish early development (Fig. 1A; Jukam et al. 2017) ac-
celerates dilution of all histone modifications. This passive erasure
could explain the massive reduction of all histone modifications
during reprogramming. In contrast, active maintenance should
work at least for “retained modifications.” In particular, H3K27ac
maintains a comparable level of accumulation during epigenetic
reprogramming under rapid cell-cycling (Fig. 2A,B), and this may
require strong de novo deposition during cleavage stages. Future
investigations are warranted to elucidate molecular mechanisms
that enable well-balanced erasure and writing of modifications
during early development.

H3K9me3 protects telomeres

One of the interesting and novel findings of our study is the reten-
tion of H3K9me3 at telomeric regions during early development
and its role in chromosome stability during cleavage stages. How
is abnormal chromosome segregation induced when telomeric
H3K9me3 is removed in early embryos? In general, because of
the 3’ overhang of telomere repeats, telomeres can be targeted by

DNA damage sensing machinery or DNA repair machinery
(O’Sullivan and Karlseder 2010). To avoid this situation, telomeres
are protected by a special protein complex called shelterin, and dis-
ruption of shelterin complex results in an increase in genomic in-
stability, which is frequently correlated with cancer development
(O’Sullivan and Karlseder 2010). Notably, the representative phe-
notypes caused by the failure of telomere protection (telomere dys-
function) are DNA-bridge formation and fusion of two interphase
nuclei (Maciejowski et al. 2015; Umbreit et al. 2020), which are
similar to those observed in H3K9me3-depleted embryos in this
study (Fig. 4D; Supplemental Fig. S11D). Thus, although we can-
not exclude the possibility that a demethylation of nonhistone tar-
gets causes the genomic instability in hsKDM4D-overexpressed
embryos, our results suggest that the exceptional retention of
H3K9me3 at telomeric regions are involved in telomere protection
during early development (Supplemental Fig. S20A).

In cultured cells, accumulation of H3K9me3 is broadly ob-
served in heterochromatic regions including telomeres or subtelo-
meres (Garcia-Cao et al. 2004; Gonzalo et al. 2006; Rosenfeld et al.
2009). A previous study using cultured fibroblast and embryonic
stem cells reported that global depletion of H3K9me3, achieved
by knocking out H3K9 methyltransferases, resulted in abnormal
telomere elongation but did not show telomere dysfunction phe-
notypes with genome instability observed in our study, such as
chromosome fusions (Garcia-Cao et al. 2004). Given that cultured
cells are slow-growing, it is possible that cleavage-stage embryos re-
quire H3K9me3-dependent telomere protection in addition to a
shelterin-mediated one to achieve stable chromosomal segrega-
tion in rapid cell-cycling.

The function and molecular mechanisms of H3K27ac premarking

Previous studies showed that H3K27ac accumulates from the four-
cell stage in zebrafish embryos (Zhang et al. 2018a), and that inhi-
bition of histone acetyltransferase or acetylation reader disrupted
proper ZGA in zebrafish embryos (Zhang et al. 2018a; Chan et al.
2019; Sato et al. 2019). Consistent with these studies, H3K27ac
marking is present in medaka embryos before ZGA (Fig. 2A,B).
However, there was no experimental data that explains how
H3K27ac contributes to the epigenetic landscape during ZGA. In
this study, we experimentally showed that Crebbp/Ep300 induces
H3K27ac premarking and that its activity is required for proper ac-
cumulation of H3K4me2 at CpG-dense promoters (Fig. 6A-D). Our
data is largely consistent with a model previously proposed in
zebrafish, based on the correlation of histone modification pat-
terns, that H3K27ac at promoters primes the future accumulation
of H3K4me3 (Zhang et al. 2018a).

The molecular mechanism underlying the H3K27ac premark-
ing and later gain of H3K4me?2 is still unknown. However, it is
worth noting that in mammalian cell lines, H3K27ac reader
BRD4 was shown to interact with Mediator (Jang et al. 2005),
and also that H3K4 methylation writer COMPASS complex is
known to interact with Mediator (Quevedo et al. 2019).
Furthermore, it was reported that H3K27ac at promoters is recog-
nized by BRD2, another reader of H3K27ac, which in turn medi-
ates H3K4me3 installation and gene activation (Zhao et al.
2021). Thus, induction of H3K4 methylation by H3K27ac in the
early medaka embryos may also be mediated by Brd2/4
(Supplemental Fig. S20B). Importantly, our analysis further
showed that H3K4me2 at CpG-dense promoters is vulnerable to
inhibition of Crebbp/Ep300. We also found that H3K27me3 was
increased at a fraction of promoters. CpG islands are subject to
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not only the binding of COMPASS/COMPASS-like but also PRC1/2
(van Mierlo et al. 2019; Macrae et al. 2022), and the antagonistic
activity of COMPASS/COMPASS-like and PRC1/2 has been shown
(Piunti and Shilatifard 2016; Macrae et al. 2022). Thus, it is likely
that H3K27ac serves as a safeguard for accumulation of
H3K4me?2 after ZGA by impeding PRC1 and/or PRC2 binding at
the CpG-dense promoters (Supplemental Fig. S20C). Importantly,
it was reported in zebrafish that silencing by PRC1 precedes that of
PRC2 around ZGA (Hickey et al. 2022). This may account for our
data that only a portion of H3K4me2 reduction correlated with
an increased PRC2 activity (i.e., increased H3K27me3 accumula-
tion) (Fig. 6A,B). At the moment, however, we cannot exclude
the possibility that other Crebbp/Ep300-dependent histone acety-
lations such as H3K18ac and H3K36ac (Shvedunova and Akhtar
2022) are also involved in this scenario.

We also showed that the global reduction in H3K27ac by in-
hibition of Crebbp/Ep300 did not cause loss of chromatin accessi-
bility at promoters (Fig. 6A,D), in spite of the strong correlation
between H3K27ac premarking and gain of chromatin accessibility
after ZGA (Fig. 5A,B). This is largely consistent with recent studies
in zebrafish embryos (Miao et al. 2022), mouse embryonic stem
cells (Martire et al. 2019), and a human cell line (Hunt et al.
2022). These facts suggest the presence of a Crebbp/Ep300-inde-
pendent mechanism to regulate chromatin accessibility such as
H2A.Z (Murphy et al. 2020).

Retention of H3K27me3 during reprogramming

Residual H3K27me3 was observed in early medaka embryos
(Supplemental Fig. S19A), and genes with H3K27me3 retention
were strongly repressed in oocytes (Supplemental Fig. S19G).
However, the H3K27me3 level at the 64-cell stage (middle of repro-
gramming) was much lower than that at later gastrulation stage
(Supplemental Fig. S6A,B). Furthermore, unlike mouse and
Drosophila, loss of maternally supplied H3K27me3 by maternal
ezh2 knockout did not affect zebrafish development as long as
ezh2 was zygotically expressed (Rougeot et al. 2019). Thus, the bi-
ological significance of the retained H3K27me3 for later develop-
ment in teleosts remains unclear.

In summary, the present study quantitatively determined
reprogramming dynamics of histone modifications and ex-
perimentally showed previously unknown roles of retained his-
tone modifications in early nonmammalian embryos, providing
novel insights into epigenetic reprogramming during early
embryogenesis.

Methods

Fish strains and handling

In this study, medaka d-rR strain was used for all experiments.
Medaka fish were maintained and raised according to standard
protocols (Kinoshita et al. 2009). Fertilized embryos were raised
under standard protocols (Kinoshita et al. 2009) at 28°C.
Developmental stages were determined based on previously pub-
lished guidelines (Iwamatsu 2004). All experimental procedures
and animal care were performed according to the animal ethics
committee of the University of Tokyo (Approval No. 20-2).

Cell lines

In this study, BRF41 (zebrafish fibroblast cell line) and HEK293
were used. BRF41 was cultured with L-15 medium supplemented

with 15% FBS and 1% Penicillin Streptomycin at 33°C. HEK293
was cultured with DMEM.

Immunofluorescence staining and imaging

Fertilized eggs were manually collected and incubated at 28°C.
Medaka embryos at appropriate stages were fixed with 4% PFA/
PBS for 4 h at room temperature and overnight at 4°C. After wash-
ing and manual dechorionation, embryos were permeabilized
with 0.5% Triton X-100/1 x PBS for 30 min, washed with PBS for
5 min at room temperature 3 times, blocked with blocking buffer
(2% BSA, 1% DMSO, 0.2% Triton X-100, 1 x PBS) for 1 h at room
temperature. The primary antibody (Supplemental Table S1) was
added, and samples were incubated at 4°C overnight. Samples
were washed with PBSDT (1 xPBS, 1% DMSO, 0.1% Triton X-
100) for 15 min 5 times at 4°C, blocked again with blocking buffer
at room temperature for 1 h, incubated with blocking buffer in-
cluding DAPI and secondary antibody (Supplemental Tables S1,
S2) for 4 h at 4°C, washed with PBSDT for 15 min at 4°C 5 times,
and finally buffer was replaced by PBS. Blastomeres were isolated
from yolk and mounted on slide glasses with 50% glycerol/PBS.
Imaging was performed using Zeiss LSM710. All imaging data us-
ing the same antibody were taken under the same conditions.
The images in Figures 3C, 4D, Supplemental Figures S2E, S10A,B,
and S11G are the maximum intensity projection of z-stack images,
and others are single slice images. Quantifications were performed
using Fiji (Supplemental Methods; Schindelin et al. 2012).

Wild-type and catalytically inactive mutant hsKkDM4D expression
vector cloning

Total RNA from 2 d-post-fertilization medaka embryos and
HEK293 were reverse transcribed to cDNA mix using SuperScript
III First-Strand Synthesis SuperMix (Invitrogen 18080400) for
cloning of olKdmé6ba and hsKDM4D, respectively. olKdmé6ba
was amplified from the cDNA mix using cloning primers (forward:
GAGAGAAGAAGGACCGCATG, reverse: TCGGAGAGTCACAGC
AGGA). hsKDM4D was amplified from the cDNA mix using clon-
ing primers (forward: GTACGCTGGTAGATCCTGCT, reverse:
GCATGCCTAGAGTCCTGCAA). PCR products were cloned into
the pCRII-TOPO vector (Invitrogen K465001). The olKdmé6ba
and hsKDM4D sequences were amplified using primers including
3xFLAG and NLS sequences, and assembled into BamHI and
Xhol-linearized pCS2+ vector using NEBuilder HiFi DNA
Assembly Master Mix (NEB E2621). The H377A mutation in
olKdmeéba and the H192A mutation in hsKkDM4D were induced
by PrimeSTAR Mutagenesis Basal Kit (Takara RO46A) using the
following primer pairs (forward: GCCGGGTGCCCAGGAGAAC
AATAATTT, reverse: TCCTGGGCACCCGGCGTCCGGCTCCC)
and (forward: TGCTTGGGCTACAGAGGACATGGAC, reverse: TC
TGTAGCCCAAGCAAACGTGGTT), respectively. The H377A mu-
tation in olKdméba corresponds to a catalytically inactive point
mutant of mouse Kdm6b [Kdm6b(H1390A)] in previous studies
(Xiang et al. 2007; Inoue et al. 2017). The H192A mutation in
hsKDM4D corresponds to the catalytically inactive point mutant
of mouse Kdm4d [Kdm4d(H189A)] in a previous study (Matoba
et al. 2014).

In vitro transcription

The templates of olKdméba, olKdméba(H377A), hsKkDM4D, and
hsKDM4D (H192A) mRNA for in vitro transcription were gen-
erated by PCR from pCS2+ vectors using the following primers
(forward: TGACGTAAATGGGCGGTAGG, reverse: CAGGAAAC
AGCTATGAC). mRNA was synthesized using mMESSAGE
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mMACHINE SP6 Transcription Kit. RNeasy Mini Kit was used to
purify RNAs (Supplemental Table S2).

RNA injection

294 ng/uL (400 nM) of olKdméba or olKdméba(H377A), or 514
ng/uL (800 nM) of hsKDM4D or hsKkDM4D(H192A) mRNAs was
injected into one-cell-stage (stage 2) embryos.

Spike-in ChIP-seq library preparation and sequencing

ChIP experiment was performed as previously described
(Fukushima et al. 2019) with modifications. Briefly, medaka em-
bryos or zebrafish fibroblast cells were fixed and sonicated inde-
pendently, assembled into same tube, and incubated overnight
with beads-antibody premix (Supplemental Table S1). DNA was
purified by phenol: chloroform: isoamyl alcohol method and eth-
anol purification. ChIP-seq libraries were prepared using KAPA
Hyper Prep Kit. All ChIP-seq libraries were sequenced using the
[llumina HiSeq 1500 system. Details of the ChIP procedure are in
Supplemental Methods.

After sequencing, raw reads were aligned to the medaka
(HdrR) and zebrafish (Zv9) concatenated genome, processed as
previously described (Fukushima et al. 2019), normalized (spike-
in normalization) as previously described (Supplemental
Methods; Li et al. 2014). Mapping information is shown in
Supplemental Table S4. Peak calling, peak annotation, and Gene
Ontology analysis were performed using MACS2 (Zhang et al.
2008), HOMER annotatePeaks.pl (Heinz et al. 2010), and
PANTHER (Mi et al. 2019), respectively (Supplemental Methods).
k-means clustering was performed for H3K27ac peaks
(Supplemental Methods). For A485-treatment analysis, the chang-
es in enrichment larger than thresholds were defined as significant
ones (Supplemental Methods).

A485 treatment and ATAC-seq

Fertilized eggs were dechorionated and incubated with 20 pM
A485 or DMSO (Supplemental Table S2) from the two-cell stage
to the late blastula stage. These embryos were used for subsequent
immunofluorescence staining, or spike-in ChIP-seq as described
above. ATAC-seq using A485-treated or DMSO-treated embryos
were conducted as previously described (Nakamura et al. 2021)
with modification (Supplemental Methods).

RNA-seq

RNA-seq using A485-treated late blastula embryos was conducted
as previously described (Nakamura et al. 2021). Briefly, A485-treat-
ed embryos were homogenized in 1 mL of ISOGEN, 200 pL of chlo-
roform was added, and total RNA was purified using RNeasy mini
kit. tRNA was depleted using RiboMinus Eukaryote System v2 us-
ing 1 pg of total-RNA as input (Supplemental Table S2). After
rRNA depletion, RNA-seq libraries were generated using a KAPA
RNA HyperPrep kit. All RNA-seq libraries were sequenced using
the Illumina HiSeq 1500 system. RNA-seq data were processed as
previously described (Nakamura et al. 2021) and FPKM, RPKM,
and adjusted P-value were generated by R library DESeq2
(Supplemental Methods; Love et al. 2014).

FISH and immunofluorescence of chromosome spreads

Dechorionated embryos were homogenized at the 64-cell stage by
pipetting up and down in 1x PBS. After centrifugation, the pellet
was dissolved with fixative (1% PFA with 0.2% Triton X-100, pH
9.2), cells were spread on glass slides, and incubated overnight at
4°C in a humid chamber. After washing, hybridization solution

(50% formamide, 5x SSC, 50 pg/mL heparin, 500 pg/mL tRNA,
0.1% Tween 20, 1.35 mg/mL BSA, 0.2 pM TelC-Cy3, pH ~6) was
placed on a slide. After denaturing at 80°C for 10 min, slides
were placed in a humid chamber and incubated at 37°C overnight.
The slides were washed, blocked with blocking buffer (same as for
immunofluorescence staining), and incubated with primary anti-
body at 4°C overnight. After washing, slides were incubated with
secondary antibody at 37°C for an hour. Finally, slides were
washed, VECTASHIELD Mounting Medium with DAPI was added
to slides, and coverslips were placed on slides. Imaging was per-
formed using Zeiss LSM710. Fractions of TelC and H3K9me3/H3
particles overlapping with others were calculated using a Fiji plu-
gin, JACoP (Pearson’s correlation & Objects based method)
(Bolte and Cordelieres 2006). The fractions were shown in
Supplemental Figure S10D.

Whole genome bisulfite-seq data processing

Briefly, the whole genome bisulfite-seq data (Supplemental Table
S3; Qu et al. 2012) was processed using Trimmomatic (Bolger
et al. 2014) and Bismark (Krueger and Andrews 2011), and DNA
methylation levels around peak centers were calculated
(Supplemental Methods).

Data access

The ChIP-seq, ATAC-seq, and RNA-seq data generated in this study
have been submitted to the NCBI BioProject database (https://
www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJDB13204 (Supplemental Table S3).
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