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The placenta is a highly evolved, specialized organ inmammals. It differs from other organs in that it functions only
for fetal maintenance during gestation. Therefore, there must be intrinsic mechanisms that guarantee its unique
functions. To address this question, we comprehensively analyzed epigenomic features of mouse trophoblast
stem cells (TSCs). Our genome-wide, high-throughput analyses revealed that the TSC genome contains large-scale
(>1-Mb) rigid heterochromatin architectures with a high degree of histoneH3.1/3.2–H3K9me3 accumulation, which
we termed TSC-defined highly heterochromatinized domains (THDs). Importantly, depletion of THDs by knock-
down of CAF1, an H3.1/3.2 chaperone, resulted in down-regulation of TSCmarkers, such as Cdx2 and Elf5, and up-
regulation of the pluripotent marker Oct3/4, indicating that THDs maintain the trophoblastic nature of TSCs.
Furthermore, our nuclear transfer technique revealed that THDs are highly resistant to genomic reprogramming.
However, when H3K9me3 was removed, the TSC genome was fully reprogrammed, giving rise to the first TSC
cloned offspring. Interestingly, THD-like domains are also present in mouse and human placental cells in vivo, but
not in other cell types. Thus, THDs are genomic architectures uniquely developed in placental lineage cells, which
serve to protect them from fate reprogramming to stably maintain placental function.
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In eutherian mammals, the separation and formation of
the inner cell mass (ICM) and the trophectoderm (TE) rep-
resent the first lineage specification event in embryogen-
esis. After implantation, the ICM and TE develop into
embryonic and extraembryonic lineages, respectively.
The embryonic lineage can be divided into epiblast and
primitive endoderm cells, and the former further differen-
tiate into the three primary germ layers (ectoderm, meso-
derm, and endoderm), a process termed pluripotent
differentiation ability (Rossant andTam2009). The under-
lying epigenetic mechanisms that ensure the pluripo-
tency of epiblast cells have been studied extensively

thanks to the availability of embryonic stem cells
(ESCs), especially inmice and humans. In contrast, the ex-
traembryonic lineage differentiates exclusively into tro-
phoblastic cells that go on to constitute the placental
tissues. Furthermore, this terminates their ability to sup-
port fetal development at parturition. For this reason, ex-
traembryonic cells have received less attention than those
from the ICM as a research target, and information on
their epigenetic features is much more limited than for
the embryonic lineage. However, the extraembryonic
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cells or trophoblasts represent a cell lineage that has de-
veloped specifically in mammals and is likely to harbor
special epigenetic features.
Trophoblast stem cells (TSCs), the first extraembryonic

stem cells that were established from mouse embryos
(Tanaka et al. 1998), have excellent properties; they can
proliferate indefinitely while remaining undifferentiated
in vitro and can be induced to differentiate into all the tro-
phoblast lineage cells in the placenta in vivo. Therefore, by
comparing the epigenetic features of TSCs with those of
their embryonic counterparts, ESCs, we expect that the
characteristics of extraembryonic cells can be clarified.
The major genome-wide epigenetic dynamics in pre-
implantation mammalian embryos include the accumula-
tion of epigenetic repressive histone marks, including
H3K9me3, H3K27me3, and H4K20me3, along with exten-
sive DNA demethylation (Xu et al. 2021). The chromatin
assembly factor-1 (CAF1) complex, anH3.1/H3.2–H4chap-
erone, is responsible for this accumulation of histone
marks into the genome (Hake and Allis 2006; Hatanaka
et al. 2015). One of the roles of these repressive histone
marks is the suppression of harmful retrotransposon ex-
pressions in a low DNA methylation environment (Sharif
et al. 2016). Indeed, many types of retrotransposons are ex-
pressed ectopically when CAF1 is diminished by knock-
down using specific small interfering RNA (siRNA)
sequences (Hatanaka et al. 2015). Therefore, itwill be inter-
esting to identify the dynamics and functions of these his-
tone variants and histonemodifications after implantation.
In this study, we focused on modifications to histones
H3.1/H3.2 and H3 using TSCs as models to clarify the epi-
genetic features of extraembryonic cells. By combining ge-
nome-wide sequencing and biochemical analyses, we
identified that H3.1/H3.2 and H3K9me3 form large-scale
(>1-Mb) rigid heterochromatinized domains inTSCs to sus-
tain their phenotype as cells of the placental lineage.
Cloning animals by somatic cell nuclear transfer (SCNT)

is a reproductive technology that produces animals from
single-donor cells. Until now, cloned mice have been pro-
duced using many cell types composing the animal body,
but extraembryonic cells including TSCs have never been
cloned successfully by SCNT. This is most likely because
of the poor development of the resulting reconstructed em-
bryos (Ogawa et al. 2015). As the TSC genome is highly en-
riched with the H3K9me3 histone, we hypothesized that
this excess may inhibit reprogramming of the TSC ge-
nome. Here, following demethylation of H3K9me3, we
have successfully produced the first mice cloned from
TSCs. This result further supports our notion that the
TSC genome is protected from fate reprogramming to sta-
blymaintain placental function through highly rigid heter-
ochromatinized domains.

Results

TheTSC genome contains largeH3K9me3 andH3.1/H3.2
domains

Previous studies have identified that H3 histone variants
and theirmodifications change dynamically inmouse em-

bryos shortly before implantation (Hatanaka et al. 2015;
Wang et al. 2018). However, how these epigenetic changes
are transmitted to the postimplantation embryonic and
extraembryonic lineages is unknown. We performed
Western blot analysis for the global abundance of histone
H3 variants and their modifications using ESC and TSC
lines with the same mouse genetic background ([C57BL/
6NCrSlc ×DBA/2CrSlc] F1, BDF1). The TSC lines we
used were confirmed as being largely composed of normal
diploid cells (Supplemental Fig. S1A). The global abun-
dances of H3K4me3, H3K9me3, and H3.3 were indistin-
guishable between ESCs and TSCs (Fig. 1A). The
H3K27me3 level was lower in TSCs than in ESCs, consis-
tent with a previous report (Rugg-Gunn et al. 2010). Im-
portantly, the H3.1/H3.2 level was significantly higher
in TSCs, suggesting that these H3 variants might deter-
mine the epigenetic feature of TSCs by providing a scaf-
fold for specific histone modifications and interacting
proteins. However, because of the high similarity of their
amino acid sequences, H3.1 and H3.2 cannot be distin-
guished using existing antibodies (Hake and Allis 2006;
Harada et al. 2012; Hatanaka et al. 2015).
Next, we addressed the genome-wide differences in the

H3.1/H3.2 and H3.3 distributions between ESCs and
TSCs by chromatin immunoprecipitation sequencing
(ChIP-seq) analysis. We also obtained data for H3K9me3,
which showed a slightly higher abundance in TSCs than
in ESCs (Fig. 1A). We found that H3.1/H3.2 was well colo-
calized with H3K9me3 in the TSC genome, constructing
large domains on the order of megabases in size (Fig. 1B).
These large H3.1/H3.2–H3K9me3 domains were rarely
observed in ESCs (Fig. 1B) or any othermouse cell lines ex-
amined, including mesenchymal stem cells (MSCs), prea-
dipocytes (PAds), and mouse embryonic fibroblast cells
(MEFs) (Supplemental Fig. S1B). In contrast, H3.3 was
not enriched at these regions, suggesting an exclusive
H3.1/H3.2 distribution (Fig. 1B). To gain more precise in-
sight into the H3.1/H3.2 and H3K9me3 localizations,
their domains (>0.1 Mb) were defined computationally
based on the degree of enrichment (green and magenta
rectangles in Fig. 1B; see theMaterials andMethods for de-
tails). We found that the ESC-defined and TSC-defined
H3K9me3 domains were distinct from each other (Supple-
mental Fig. S1C). H3.1/H3.2 also showed cell type-specif-
ic enrichment (Supplemental Fig. S1D). Thus, ESCs and
TSCs formed distinct H3.1/H3.2 and H3K9me3 domains
in their genomes. This differential distribution of
H3K9me3 domains was further confirmed by clustering
analysis (Fig. 1C). Cluster 1 displayed higher enrichment
of H3K9me3 in ESCs as well as in MSCs, PAds, and
MEFs comparedwithTSCs, indicating that these domains
are embryonic lineage-specific (31.3% of all clusters). On
the other hand, clusters 3 and 4 (in total, 56.3%) were
TSC-specific enriched with both H3K9me3 and H3.1/
H3.2. As revealed by an assay for transposase-accessible
chromatin and sequencing (ATAC-seq) analysis, the
chromatin accessibility of clusters 3 and 4 was signifi-
cantly lower than that of cluster 1, indicating that TSCs
acquired a more closed chromatin status than ESCs in
their H3K9me3 domains (Supplemental Fig. S1E). We
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could further characterize the TSC-specific H3.1/H3.2-
H3K9me3 domains by the Jaccard index (a statistical in-
dex used to describe the similarity between data sets); in
TSCs, the Jaccard index of H3K9me3 domains versus
H3.1/H3.2 domains was 0.64, while in ESCs it was 0.32,
indicating a more extensive colocalization of H3K9me3
and H3.1/H3.2 in TSCs than in ESCs (Supplemental Fig.
S1F). Consistent with these findings, immunostaining
for H3K9me3 and H3.1/H3.2 revealed their colocalization
in the TSC nuclear foci, but not in the ESCs (Fig. 1D).

We then undertook detailed comparisons of H3.1/H3.2–
H3K9me3 domains in ESCs and TSCs based on their sizes

and genomic coverage. A size-dependent classification re-
vealed that TSCs contain more of the larger (>1-Mb)
H3K9me3 and H3.1/H3.2 domains than ESCs do (80 and
102 vs. four and four, respectively) (Fig. 1E). Notably,
most (801 out of 920; 87.1%) of the H3K9me3 domains
in ESCs were <0.2Mb in size. Moreover, the genomic cov-
erages of the H3K9me3 and H3.1/H3.2 domains in TSCs
were larger than those in ESCs (Fig. 1F). These data
indicate that theH3K9me3 andH3.1/H3.2 domains devel-
oped more extensively in TSCs than in ESCs in terms of
their size and genomic coverage. However, the
H3K9me3 domains, rather than the H3.1/H3.2 domains,

A
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Figure 1. TheTSC genomeuniquely contains largeH3K9me3- andH3.1/H3.2-enriched domains. (A) Western blot analysis of histoneH3
variants andmodifications. Representative images (left) and the relative signal levels (right) are shown. Signal intensities were normalized
toH3 and are presented as levels relative to ESC (set as 1.0). Data are presented as themean± SD (n =3). P-values from two-tailed, unpaired
Student’s t-tests are indicated. (B) Integrative genomics viewer (IGV) snapshot of ChIP-seq data shown by log2 transformed enrichment
(ChIP/input). Light-magenta areas correspond to largeH3K9me3 andH3.1/H3.2 domains specifically formed in TSCs. (C ) Heatmap show-
ing the enrichment of H3K9me3 and H3.1/H3.2 within H3K9me3 domains in ESCs and TSCs. The numbers and percentages of bins in-
cluded are indicated for each cluster. (D) Immunostaining for H3K9me3, H3.1/H3.2, and H3.3 in ESCs and TSCs. White boxes show
magnified images. There was an extensive overlap of H3K9me3 and H3.1/H3.2 in TSCs, but not in ESCs. (E) The numbers of
H3K9me3 and H3.1/H3.2 domains classified by the domain length. (F ) Genomic coverage of H3K9me3 and H3.1/H3.2 domains. White
dots indicate the genomic coverage of each replicate.

Hada et al.

86 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1


might better characterize TSCs because these cells also
contained many small (<0.2-Mb) H3.1/H3.2 domains, as
did ESCs (Fig. 1E).
To determine whether genes related to H3K9me3,

H3.1/H3.2, or heterochromatin formation showed any
TSC-specific expression patterns, we performed RNA se-
quencing (RNA-seq) analysis using TSCs, ESCs, and
MEFs. As expected, TSCs displayed higher expressions of
the genes encoding H3K9me3 methyltransferases Setdb1
and Suv39h2, and lower expressions for H3K9me3 deme-
thylases Kdm4b/c/d, when compared with ESCs and
MEFs (Supplemental Fig. S1G). However, histone H3.1/
H3.2 chaperone (CAF1 complex; P150, P60, and P48) and
heterochromatin proteins (HP1α, HP1β, and HP1γ) did
not show any TSC-specific expression patterns (Supple-
mental Fig. S1G). Therefore, it is probable that more un-
identified factors could be involved in the formation of
these TSC-specific heterochromatinized structures in a
complicated manner. Thus, H3K9me3 and H3.1/H3.2
were preferentially colocalized inTSCs to form large geno-
mic domains, which appear to endow the TSC genome
with highly heterochromatinized structures.

H3K9me3 domains in TSCs are preferentially localized
in LINE/L1-rich regions

As mentioned above, we found that TSCs showed a
high colocalization of H3K9me3 and H3.1/H3.2, but in
terms of the length distribution, H3K9me3 rather than
H3.1/H3.2 is more characteristic of TSCs. Therefore, we
focused on theH3K9me3 domains for subsequent compre-
hensive analyses using TSCs and ESCs. These TSC-de-
fined domains are referred to here as TSC-defined highly
heterochromatinized domains (THDs). We then investi-
gated which types of genomic elements harbored THDs.
When the mouse genome was divided into four elements
—transcriptional start sites (TSSs), transcriptional end
sites (TESs), genic regions, and intergenic regions—the
H3K9me3domains of bothTSCs andESCswere largely lo-
calized to the intergenic regions (Fig. 2A). However, as
most of the mouse genome is comprised of intergenic re-
gions (Francis and Wörheide 2017), this result might
have simply reflected the proportion of intergenic regions
in the entire genome. To test this assumption,we random-
lymapped THDs against the mouse genome and analyzed
their distribution to each element (see the Materials and
Methods). As a result, randomly mapped THDs showed a
lower localization to intergenic regions (59.4%) compared
with the real TSC localization (84.5%), indicating that the
THDs are preferentially distributed to the intergenic re-
gions (Fig. 2A).
It is known that intergenic regions are frequently occu-

pied by repetitive sequences including retrotransposons
and are the major targets of repressive histone marks in-
cluding H3K9me3 (Hatanaka et al. 2015; Sharif et al.
2016; Kato et al. 2018). We then compared the numbers
of retrotransposons—ERV1, ERVK, ERVL, LINE/L1, and
SINE/Alu—distributed within the THDs. There was a rel-
atively higher enrichment of LINE/L1 and ERVK than oth-
er retrotransposons (Fig. 2B,C). It has been reported that

the ERVK retrotransposons including IAPs are silenced
in ESCs by H3K9me3 (Sharif et al. 2016; Kato et al.
2018). Therefore, we next compared ESCs and TSCs for
the enrichment of H3K9me3 in these two classes of retro-
transposons. As revealed by scatter plots, the TSC-domi-
nant H3K9me3 enrichment in LINE/L1 was 35.3% (42
of 119 subclasses) while that in ERVK was only 13.1%
(32 of 244) (Fig. 2D). This was further confirmed by the
density of each repeat within the H3K9me3 domains;
thus, the number of LINE/L1 in TSC-defined H3K9me3
domains was significantly higher than in ESC-defined do-
mains, but the distribution of ERVK showed the opposite
tendency (Fig. 2E). These data indicate that the THDs are
distributed predominantly in intergenic regions, especial-
ly LINE/L1-rich regions.

THDs mark stable B compartments

Given that theTHDsizeswereon the order of severalmeg-
abases, it is likely that they are involved in the organiza-
tion of higher-order chromatin structure, rather than in
regulating gene repression directly. Mammalian genomic
architecture can be divided roughly into two genomic
compartments—A (active) and B (inactive)—depending
on their transcriptional status (Dixon et al. 2012, 2015).
These A and B compartments arewell correlatedwith ear-
ly and late DNA replication timing, respectively (Gilbert
et al. 2010; Ryba et al. 2010). To investigate the relation-
ship between the THDs and higher-order chromatin
structure, TSCs were subjected to high-throughput chro-
mosome conformation capture (Hi-C) analysis and DNA
replication timing sequencing (Repli-seq) analysis
(Marchal et al. 2018). The THDs were well localized with
the B compartment and with late replication timing (Fig.
3A). However, these features did not seem to be TSC-spe-
cific, because ESCs also displayed B compartments in the
same regions. This implies that, although H3K9me3 en-
richment was relatively weak in ESCs, these regions
were able to construct the B compartment as defined by
Hi-C. However, we noted that the THDs overlapped well
with the lowest 20 percentile of theHi-C principal compo-
nent 1 (Hi-CPC1) value, indicating that these regionswere
included in an extremely strong B compartment (light-ma-
genta areas in Fig. 3A).Wenext analyzed the compartment
interaction strength to investigate how the H3K9me3 do-
mains can affect chromatin stability. Focusing on the low-
est 20 percentile of Hi-C PC1 values, TSCs displayed
strong B-to-B compartment interactions, as did differenti-
ated ESCs andMEFs (Fig. 3B,C;Miura et al. 2019). Interest-
ingly, TSCs also showed a high A-to-A interaction, while
differentiated ESCs and MEFs did not (Fig. 3B,C). These
results suggest thatmouseTSCsmaintain a specific “biva-
lent” chromatin architecture that combines the properties
of both undifferentiated and differentiated cells.

H3.1/H3.2 are responsible for maintenance of H3K9me3
in THDs

That H3K9me3 andH3.1/H3.2 are colocalized in the large
domains of the TSC genome prompted us to investigate
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their functional relationships at the molecular level. To
this end, we attempted to diminish H3.1/H3.2 from TSC
chromatin by knocking down P150, the large subunit of
the CAF1 complex responsible for H3.1/H3.2 deposition
(Fig. 4A; Hake and Allis 2006). We introduced two differ-
ent short hairpin (sh) RNA sequences targeting P150
(shP150#1 and shP150##2) into TSCs using a lentivirus
vector. Based on the knockdown efficiencies of these
two shRNAs, we used shP150#1 for further experiments
(Fig. 4B). Depletion of P150 successfully decreased the
amounts of H3.1/H3.2 proteins (Fig. 4C). The P150 knock-
down did not induce any apparent changes in the mor-
phology of TSC colonies (Supplemental Fig. S3A).
Consistent with previous studies, depletion of H3.1/
H3.2 triggered the accumulation ofH3.3, probably to com-
pensate for the loss of H3.1/H3.2 (Fig. 4C; Hatanaka et al.
2015; Gomes et al. 2019). Our ChIP-seq analysis further
confirmed the reciprocal behaviors of H3.1/H3.2 and
H3.3 (Fig. 4D,E). Importantly, it was apparent that the en-
richment ofH3.1/H3.2 andH3K9me3 in the THDswas at-

tenuated by P150 knockdown (Fig. 4D,E). These data
indicate that H3.1/H3.2 play an important role in main-
taining the H3K9me3 domains. Unexpectedly, the global
amount of H3K9me3 was slightly increased by P150
knockdown (Fig. 4B), perhaps reflecting the abundant
H3K9me3 modification on the H3.3 region, as reported
for mouse ESCs (Elsässer et al. 2015). To investigate the
possibility of regulating H3K9me3 levels by H3.1/H3.2,
we examined the expression levels of H3K9me3-related
genes in P150 knockdown TSCs. We found that the ex-
pression levels of genes encoding H3K9me3 methyltrans-
ferases (Setdb1 and Suv39h1/2) and demethylases
(Kdem4a/b/c/d) were largely unaffected by P150 knock-
down (Supplemental Fig. S2A). These results are consis-
tent with our finding that the global H3K9me3 level was
not decreased following P150 knockdown treatment
(Fig. 4C).

Based on our findings above, we hypothesized that
THDs might be responsible for silencing repetitive ele-
ments, especially LINE/L1. Therefore, we next addressed

A

B
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C

Figure 2. The H3K9me3 domains in TSCs (THDs) are preferentially localized in LINE/L1-rich regions. (A) Distributions of H3K9me3
domains in ESCs and TSCs (THDs). The THDs are preferentially distributed in intergenic regions as compared with the distribution
by random mapping. (B) IGV snapshot of repeat elements and log2 transformed ChIP-seq data. Gray areas indicate the overlaps of TSC-
defined H3K9me3 domains (THDs) and LINE/L1-rich regions. (C ) Bar plot showing the enrichment of repetitive elements within the
THDs in TSCs. Expected values represent the number of repetitive elements within randomly extracted regions. (D) Scatter plot showing
the enrichment of H3K9me3 in ESCs and TSCs to LINE/L1 and ERVK. Each dot represents a subclass of retrotransposons. Red and blue
dots indicate the specifically enriched subclasses in TSCs and ESCs, respectively, among subclasses with log2 enrichment >0. (E) Box plots
showing the numbers of LINE/L1 and ERVKwithin H3K9me3 domains in ESCs and TSCs. P-values from theWilcoxon rank sum test are
indicated. There were 1517 bins analyzed for ESCs and 2281 bins analyzed for TSCs.
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whether P150 knockdown could derepress LINE/L1 ex-
pression. Knockdown of P150 in TSCs resulted in signifi-
cant up-regulation of 15 repeats (Supplemental Fig. S2B),
but they did not contain any LINE/L1 family repeats (Sup-
plemental Fig. S2C). One possible explanation for this
might be the involvement of DNA methylation in the re-

pression of repetitive elements in TSCs, as reported for
ESCs and germ cells (Hatanaka et al. 2015; Sharif et al.
2016; Yang and Wang 2016). To test this, we treated
TSCs with 5-aza-2′-deoxycytidine (5-AZA-CdR), a DNA
methylation inhibitor. Treatment with 5-AZA-CdR in-
duced significantly higher expression of not only LINE

A

B

C

Figure 3. TheTHDs construct stable B compartment domains. (A) IGV snapshot showing the A/B compartments fromHi-C analysis and
early/late replication timing fromRepli-seq. Light-magenta areas indicate overlapped regions of THDs and the lowest 20 percentile of Hi-
C PC1 values in TSCs. d0 and d7 CBMS1 ESCs represent the statuses of undifferentiated ESCs and differentiated ESCs for neurectoderm
(7 d after differentiation), respectively. Hi-C and Repli-seq data for ESCs were obtained from Miura et al. (2019). (B) Heat map showing
average contact enrichment between pairs of 200-kb bins sorted by their Hi-C PC1 values, from the lowest (the most extreme B) to the
highest (the most extreme A). Names of cells, time points of ESC differentiation, and the scale bar of observed/expected ratio are as in-
dicated. (C ) Bar plots showing the differential ratio of B–B/A–B (left) and A–A/A–B (right) interactions between each cell and d0 ESCs.
Note that TSCs show strong B–B compartment interaction as well as A–A compartment interaction.
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but also SINE, IAP, and MERVL (Supplemental Fig. S2D).
As the toxic effect of 5-AZA-CdR might have damaged
TSCs, we also attempted to down-regulate DNA methyl-
ation by Dnmt1 knockdown. This significantly increased
the expression of all the repetitive elements examined
(LINE, SINE, IAP, and MERVL) (Supplemental Fig. S2E).
In addition, we also found that, when combined with
P150 knockdown, DNMT1 knockdown further increased

the expression levels of LINE and SINE, indicating that
H3.1/H3.2–H3K9me3 and DNA methylation cooperate
in silencing these retrotransposons (Supplemental Fig.
S2E). These data indicate that DNA methylation plays a
major role in silencing repetitive elements in TSCs, and
that H3.1/H3.2–H3K9me3 may play a minor role.

We also noted that P150 knockdownTSCs displayed de-
creased expression levels of TSC marker genes (Cdx2,
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Figure 4. H3.1/H3.2 regulates the THDs, as revealed by P150 knockdown. (A) Illustration of theCAF1 complex. P150 is a large subunit of
the CAF1 complex and is responsible for H3.1/H3.2 assembly. (B) The effectiveness of knockdown of P150 in TSCs by RT-qPCR analysis.
Two different shRNAs (shP150#1 and shP150#2) were used for the knockdown. (C ) Western blot analysis of P150 knockdown TSCs. Rep-
resentative images (left) and the relative signal levels (right) are shown. Signal intensities were normalized to H3 and are presented as lev-
els relative to ESCs (set as 1.0). Data are presented as the mean±SD. P-values were calculated from two-tailed, unpaired Student’s t-tests.
(D) IGV snapshots of largeH3K9me3 (THDs) andH3.1/H3.2 domains in TSCs following P150 knockdown. The THDs, as well as theH3.1/
H3.2 domains, were diminished by P150 knockdown. (E) Box plots showing enrichment of H3K9me3, H3.1/H3.2, and H3.3 within the
THDs. P-values from the Wilcoxon rank sum test are indicated. There were 3434 bins analyzed. (F ) Differential expression analysis of
P150 knockdown TSCs. Significantly up-regulated (475) and down-regulated (155) genes in P150 knockdown TSCs are highlighted byma-
genta and blue, respectively. Up-regulated ESC marker gene (Oct3/4) and down-regulated TSC marker genes (Cdx2, Sox2, Elf5, Id2,
Eomes, and Esrrb) are indicated. Genes with a Padj-value < 0.01 were extracted as differentially expressed genes (DEGs). (G) Gene set en-
richment analysis using down-regulated genes in P150 knockdownTSCs.Down-regulated geneswere subjected to JensenTissues through
the Enrichr website. The combined score was calculated from the P-value and the z-score.
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Sox2, Elf5, Id2, Esrrb, and Eomes) (Fig. 4F; Supplemental
Fig. S3B). Consistent with this, gene ontology (GO) analy-
sis using 155 down-regulated genes in P150 knockdown
TSCs revealed that the down-regulated differentially ex-
pressed genes (DEGs) were enriched for the GO terms
“trophoblast stem cell” and “extraembryonic tissue,” in-
dicating that TSCs’ character was compromised by the
depletion of P150 (Fig. 4G). However, this was not caused
by TSC differentiation because differentiation marker
genes including Hand1, ASCl2, Tpbpa, and Gcm1 were
not up-regulated by P150 knockdown (Supplemental Fig.
S3B). We confirmed that the TSC linewe used had normal
differentiation ability from changes in colonymorphology
and increased expressions ofmarker genes for differentiat-
ed TSCs such as Hand1 and Mash2 (Supplemental Fig.
S3A–C). Therefore, we speculate that TSCs might have
lost their identity as the trophoblast lineage by P150
knockdown. Indeed, we also found that P150 knockdown
TSCs showed increased expression of Oct3/4, one of the
major undifferentiated markers of ESCs, although the lev-
els of other pluripotency markers such as Nanog, Gdf3,
and Eras were unchanged (Fig. 4F; Supplemental Fig.
S3B,D). We also confirmed the protein expression of
Oct3/4 in P150 knockdown TSCs by immunostaining
(Supplemental Fig. S3F). To determine whether Oct3/4
expression was the direct consequence of H3.1/H3.2
depletion, we examined the enrichment of H3.1/H3.2
around the Oct3/4 locus in TSCs. However, there was
no such accumulation of H3.1/H3.2, indicating that the
up-regulation of Oct3/4 by P150 knockdown was not
the direct consequence of H3.1/H3.2 depletion, but rather
ectopic activation following the decay of the TSC-specific
gene network (Supplemental Fig. S3G). Taken together,
these data suggest that TSCs require the H3.1/H3.2
groundwork to maintain their identity as the trophoblast
lineage through the formation of THDs. However, it will
be important to identify the mechanisms by which
THDs maintain the expressions of TSC marker genes
because THDs represent repressive chromatin structures
that do not play active roles in gene expression.

Extraembryonic cells share the H3K9me3 domains
in vivo

The existence of THDs in the TSC genome raises two im-
portant questions: Are they also observed in extraembry-
onic cells in vivo? If so, when are they established
during embryonic development? To address these ques-
tions, we analyzed published H3K9me3 ChIP-seq data
from zygotes to embryonic day 7.5 (E7.5) postimplanta-
tion mouse embryos consisting of the epiblast (Epi) and
extraembryonic ectoderm (ExE) (Wang et al. 2018). Of
note, embryos from the two-cell stage to blastocysts (the
ICM and TE) displayed H3K9me3-enriched regions that
appeared to be slightly broader than those of TSCs
(light-magenta area in Fig. 5A). Importantly, we found
that some H3K9me3 domains were maintained in both
ExE and Epi cell lines while others were found only in
the ExE after implantation. This prompted us to investi-
gate the lineage-specific dynamics of H3K9me3 domains

during development. The H3K9me3 domains in E7.5 Epi
and ExE were defined in the same way for ESCs and
TSCs (above) and subjected to k-means clustering. About
half of the domains were inherited from preimplantation
embryos (clusters 1 and 2 [442 of 895]) while the rest
were newly established around the time of implantation
(clusters 3–5 [453 of 895]) (Fig. 5B). Clusters 2 and 5 were
specifically maintained in extraembryonic cells, while
others were maintained in both lineages. Cluster 2 con-
tained a higher percentage of large H3K9me3 domains
(>0.3 Mb) than the other clusters did, suggesting that the
large H3K9me3 domains for themost part are constructed
during preimplantation development and tend to be inher-
ited by the extraembryonic lineage (Fig. 5C). Finally, we
computed the LINE/L1 density within each cluster and
found that the ExE-specific clusters (clusters 2 and 5)
showed significantly higher LINE/L1 densities than other
clusters did (Fig. 5D). These data indicate that in vivo ex-
traembryonic cells possess the H3K9me3 domains prefer-
entially covering the LINE/L1-rich regions, as also seen in
TSCs.

Human placental cells also develop large H3K9me3
domains in their intergenic regions

We next sought to evaluate whether the extraembryonic
lineage-specific H3K9me3 domains are also conserved in
human cells. The human placenta is composed of three
major types of trophoblast cells: cytotrophoblast (CT)
cells, extravillous cytotrophoblast (EVT) cells, and syncy-
tiotrophoblast (ST) cells. CT cells are undifferentiated
cells that can differentiate into EVT and ST cells (Knöfler
and Pollheimer 2013). EVT cells are invasive cells that
serve to anchor the chorioallantoic placenta to the uterine
wall (Chang et al. 2018). Multinucleated ST cells provide
the main site for placental functions such as gas exchange
(Knöfler and Pollheimer 2013).The ChIP-seq data for
H3K9me3 in these trophoblast cells and two human TSC
lines established from blastocyst cells and CT cells, re-
spectively, are available at the InternationalHumanEpige-
nome Consortium site (http://ihec-epigenomes.org/
about), so we compared the enrichment of H3K9me3 in
these human placental cells with that of human ESCs,
IMR90 cells (human fetal lung fibroblasts) (Soufi et al.
2012), and stroma cells isolated from the uterine endome-
trium. As shown in Supplemental Figure S4A, human pla-
cental cells had distinct H3K9me3 domains regardless of
cell type anddevelopmental stage. IMR90and stromacells
also had H3K9me3-enriched regions, but they were char-
acterized by broader, less dense distributions compared
with those of placental trophoblast cells (Supplemental
Fig. S4A). Unexpectedly, human TSCs—whether derived
from blastocyst cells or CT cells—showed an H3K9me3
distribution pattern similar to that of human ESCs, indi-
cating that human TSCsmost likely lose trophoblast-spe-
cific H3K9me3 enrichment during their establishment,
unlike mouse TSCs (see Fig. 1B). The H3K9me3 domains
in human placental cells were predominantly distributed
in intergenic regions, as found in mouse TSCs (Fig. 2A;
Supplemental Fig. S4B). To determine the specificity of
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H3K9me3distributionamong the cell types tested,weper-
formed hierarchical clustering analysis using the Jaccard
index based on the H3K9me3 domains. Importantly, hu-
man placental trophoblast cells were categorized into a
close cluster, whereas IMR90 cells, stroma cells, ESCs,
andTSCswere outside this cluster, indicating that human
placental trophoblast cells also construct specific
H3K9me3 domains in their genome (Supplemental Fig.
S4C). Two human TSC lines were classified into the
same cluster as ESCs (Supplemental Fig. S4C).

H3K9me3 in the TSC genome is the major barrier
to genomic reprogramming by SCNT

Genomic reprogramming by SCNT is a powerful tech-
nology used to produce cloned animals from somatic
cells and for assessment of the genomic plasticity of cells
of interest. As far as we know, there is no report on the
production of offspring by nuclear transfer using TSCs
or extraembryonic cells, while many other cell types
have been cloned successfully by SCNT (Loi et al.
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Figure 5. TSCs and the extraembryonic linage share the H3K9me3 domains, which originate from preimplantation embryos. (A) IGV
snapshots showing enrichment of H3K9me3 in ESCs, TSCs, preimplantation embryos, and postimplantation embryos. H3K9me3
ChIP-seq data against preimplantation and postimplantation embryos were obtained fromWang et al. (2018). The light-magenta area in-
dicates a THD that seems to be inherited from preimplantation embryos by the extraembryonic tissues (ExE). (TE) Trophectoderm, (ICM)
inner cell mass, (Epi) epiblast, (ExE) extraembryonic ectoderm. (B) Heat map showing H3K9me3 dynamics of the H3K9me3 domains de-
fined by either E7.5 Epi or ExE. The domains are classified into five clusters by their pattern before and after implantation. The number of
domains in each cluster is indicated in parenthesis. (C ) Bar plot showing the distribution of the domains over 0.3 Mb among the clusters.
(D) Violin plot showing the LINE/L1 density in each cluster. P-values from the Wilcoxon rank-sum test are indicated.
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2016; Matoba and Zhang 2018; Wakayama et al. 2019;
Ogura et al. 2021). Indeed, when we examined the in vi-
tro development of embryos cloned from mouse TSCs,
most of them showed arrested development before the
morula/blastocyst stages (Fig. 6A; Supplemental Table
S1). Previous studies have shown that H3K9me3-en-
riched regions in donor somatic cells are prone to persist
after genomic reprogramming by SCNT (reprogramming-
resistant regions [RRRs]) and strongly interfere with the
development of cloned embryos (Matoba et al. 2014). In-
deed, the removal of H3K9me3 from RRRs in the donor
genome by the overexpression of H3K9me3 demethylase
Kdm4d significantly improved the cloning efficiency.
Therefore, we hypothesized that the high H3K9me3
contents of the TSC genome might have hampered effi-
cient reprogramming. We confirmed that, as with other
somatic cells, more H3K9me3 was enriched in the
RRRs than in fully reprogrammed regions (FRRs) or par-
tially reprogrammed regions (PRRs) (Matoba et al. 2014)
in TSCs (Fig. 6B). Furthermore, RRRs were preferentially
overlapped with THDs (Fig. 6C). To investigate the effect
of H3K9me3 removal on the development of TSC cloned
embryos, we introduced Kdm4d mRNA into recon-
structed oocytes after activation (Fig. 6D). In the nuclei
of the reconstructed oocytes treated with Kdm4d,
H3K9me3 and H3K9me2 were diminished because
Kdm4d has a demethylase activity for both H3K9me3
and H3K9me2 (Supplemental Fig. S5A; Whetstine et al.
2006). The developmental ability of TSC cloned embryos
was greatly improved by the Kdm4d treatment: Approx-
imately 60% of these embryos reached the blastocyst
stage (Fig. 6A; Supplemental Table S1).
To confirm the improved developmental efficiency of

these Kdm4d-treated cloned embryos at the transcrip-
tomic level, we analyzed them at the late two-cell stage
by RNA-seq. It is known that major zygotic gene activa-
tion (ZGA) occurs at the late two-cell stage in mice and
that SCNT embryos frequently fail to induce major
ZGA (Inoue et al. 2015; Yang et al. 2021). Differential ex-
pression analysis revealed that 3166 genes were signifi-
cantly suppressed in TSC cloned embryos compared
with in vitro fertilization (IVF)-derived embryos, whereas
2274 genes (71.8% of them) were recovered by Kdm4d
treatment (Fig. 6E). We next tested how much major
ZGA was improved in TSC cloned embryos following
the Kdm4d treatment. Hierarchical clustering analysis
revealed that 2993 reported major ZGA genes could be di-
vided into two groups based on their differential expres-
sion levels in TSC cloned embryos compared with IVF-
derived embryos; group 1 (G1) genes were repressed in
TSC cloned embryos while group 2 (G2) genes were
hyperactivated in these embryos (Abe et al. 2018). Fol-
lowing Kdm4d treatment, the expression levels of G1
genes recovered to the IVF-derived embryo level, whereas
G2 genes largely remained hyperactivated (Supplemental
Fig. S5B). We also analyzed the reprogramming efficiency
of RRRs and found that the gene expression levels within
RRRs were at least partially restored by Kdm4d treat-
ment (Fig. 6F). Furthermore, genes within THDs, which
were suppressed in TSC cloned embryos, were activated

by Kdm4d treatment (Supplemental Fig. S5C). Collec-
tively, our transcriptome analysis confirmed that the re-
programming efficiency of the TSC genome by nuclear
transfer was strongly impeded by H3K9me3 enrichment
but could be largely ameliorated by Kdm4d treatment
leading to activation of developmentally important
genes.
However, asmentioned above, it is true that Kdm4d can

also demethylate H3K9me2, another strong repressive
histone mark (Supplemental Fig. S5A). To further evalu-
ate the major involvement of H3K9me3 in the genomic
stability of TSCs, we next examined the developmental
ability of TSC cloned embryos treated with Kdm4b, a
more specific demethylase for H3K9me3. As expected,
H3K9me3was diminished in the nuclei ofKdm4b-treated
TSC cloned embryos, whereas H3K9me2 remained posi-
tive to various extents in these nuclei (Supplemental
Fig. S5D). Importantly, the Kdm4b-treated TSC cloned
embryos developed into blastocysts at a rate similar to,
or even higher than, those treated with Kdm4d (73% vs.
59%, P> 0.05) (Fig. 6A; Supplemental Table S1). These
findings further support the notion that H3K9me3 plays
the major role in the genomic stability of TSCs.
Because we found that P150 knockdown in TSCs led to

a decrease of H3K9me3 within THDs, we next sought to
investigate the effect of P150 knockdown on SCNT clon-
ing efficiency. However, the blastocyst formation rates of
embryos cloned from P150 knockdown and from control
TSCswere indistinguishable (Supplemental Fig. S5E; Sup-
plemental Table S1). Consistent with this result, our
RNA-seq analysis revealed that among the 3166 genes re-
pressed in TSC cloned embryos, only two (0.01%) had
their expression restored by P150 knockdown in the donor
TSCs (Supplemental Fig. S5F). Taken together, P150
knockdown in the donor TSCs did not improve repro-
gramming efficiency by SCNT, unlike the pronounced ef-
fects of Kdm4d or Kdm4b treatment (see Fig. 6A,E). The
inability of P150 knockdown to improve reprogramming
efficiency might have been caused by the slight increase
in genome-wide H3K9me3 in TSCs following P150
knockdown (Fig. 4C). In contrast, Kdm4d and Kdm4b tar-
get H3K9me3 directly and remove it from the genome
(Supplemental Fig. S5A).
Finally, we transferred Kdm4d-treated TSC cloned em-

bryos into recipient females to determine their develop-
mental ability in vivo. Following transfer of 37 embryos,
two live cloned pups were born (5%) (Fig. 6G). Their
body and placental weights were slightly greater than
those of other cloned pups (Fig. 6H,I). This result indicates
that TSC clones also develop SCNT-specific large placen-
tas (Matoba et al. 2018; Matoba and Zhang 2018; Wakaya-
ma et al. 2019). Their placentas also showed SCNT-
specific histology with an enlarged PAS-positive spongio-
trophoblast layer (Fig. 6J). Unfortunately, two TSC-de-
rived pups did not survive until weaning for unknown
causes, although such neonatal deaths are common in
SCNT-derived newborn cloned mice. Thus, our embryo
transfer experiments confirmed that the TSC genome
can be fully reprogrammed to the totipotent state by the
removal of high H3K9me3 contents.

H3.1/H3.2–H3K9me3 in trophoblast stem cells

GENES & DEVELOPMENT 93

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348782.121/-/DC1


Discussion

Here, we show that THDs are broadly deposited in the
TSC genome, predominantly within intergenic regions.

One of the important features of THDs is the coexistence
of H3K9me3 with H3.1/H3.2. This clearly distinguishes
TSCs from ESCs, which showed only weak association
of the large H3K9me3 domains with H3.1/H3.2, as
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Figure 6. H3K9me3 strongly impaired the developmental efficiency of TSC cloned embryos. (A) In vitro development of SCNT embryos
derived fromTSCs and cumulus cells. Injection ofKdm4d orKdm4bmRNAgreatly improved the blastocyst formation rate of TSC cloned
embryos. P-values were calculated using Fisher’s exact test. (B) Box plot showing H3K9me3 enrichment within FRRs, PRRs, and RRRs in
TSCs. These regions are referred fromMatoba et al. (2014). P-values were calculated using theWilcoxon rank sum test. (C ) Bar plot show-
ing the percentage of overlapped regions between THDs and FRRs, PRRs, or RRRs. (D) Schematic illustration of SCNT procedure.Kdm4d
mRNAwas injected to eraseH3K9me3 from the genome of TSC cloned embryos. (E) Venn diagram showing the overlap between the genes
that failed to be activated in TSC cloned embryos and those derepressed in Kdm4d-treated TSC cloned embryos. Genes with Padj < 0.01
and fold change> 1.5were classed as DEGs. (F ) Heatmap showing relative gene expression levels of the RRRs at the late two-cell stage. (G)
A pup and a placenta derived by cloning fromTSCswithKdm4dmRNA injection. (H,I ) Scatter plots showing theweight of the body (H) or
the placenta (I ) at birth (E19.5). Each dot represents a sample. Data for IVF-derived embryos, cumulus cell cloned embryos, and Sertoli cell
cloned embryos are from Matoba et al. (2018). (J) Representative images of histological sections of term placentas stained with periodic
acid Schiff (PAS). The TSC cloned placenta shows an expansion of the PAS-positive spongiotrophoblast layer and an irregular boundary
with the PAS-negative labyrinthine layer.
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revealed by ChIP-seq analysis and immunostaining (Fig.
1). Clustering analysis based on the distribution of the
H3K9me3 domains also showed that TSCs are clearly dis-
tinct from ESCs and other somatic cells (Fig. 1C). In addi-
tion, the ATAC-seq data showed that the TSC-specific
clusters (clusters 3 and 4) have lower chromatin accessi-
bility than the embryonic lineage-specific cluster (cluster
1). These findings indicate that the THDs in TSCs consist
of a distinctively closed chromatin state that is not found
in other cell types.
We then testedwhy the THDs are formed specifically in

TSCs. They largely overlapped with the LINE/L1 regions,
suggesting that theymight be responsible for silencing en-
dogenous retrotransposons. Indeed, we and others have
found previously that knockdown of P150, the large sub-
unit of the CAF1 complex, led to ectopic derepression of
different classes of retrotransposons in preimplantation
embryos, in association with reduced repressive histone
marks including H3K9me3 (Hatanaka et al. 2015; Wang
et al. 2018). This adverse phenotype occurs because the ge-
nomes of late preimplantation embryos are largely devoid
of DNAmethylation, and thus the silencing of the endog-
enous retrotransposons is dependent on repressive histone
marks deposited by CAF1. In contrast, in the present
study, depletion of P150 from the TSC genome led to
very limited up-regulation of retrotransposons. The most
probable cause of this discrepancy is the presence of
DNA methylation because inhibition of DNA methyla-
tion by 5-AZA-CdR and Dnmt1 knockdown resulted
in ectopic expression of endogenous retrotransposons in
TSCs (Supplemental Fig. S2D,E). Importantly, Dnmt1
knockdown combined with P150 knockdown further de-
repressed some retrotransposons (LINE, SINE, and
MERVL) (Supplemental Fig. S2E). Thus, repression of ret-
rotransposons in trophoblast cells can be achieved by
two layers of repressive systems, DNA methylation, and
H3.1/H3.2–H3K9me3, which act synergistically depend-
ing on the type of retrotransposon.
Knockdown of P150 also resulted in down-regulation of

major TSC marker genes including Cdx2, Sox2, and Elf5.
As their down-regulation was not associated with the up-
regulation of differentiated trophoblast genes such as
Hand1 and Ascl2, this phenomenon might reflect devia-
tion from the extraembryonic lineage, rather than differ-
entiation from the stem cell state. Consistent with this,
Oct3/4, a marker of pluripotent stem cells such as ESCs,
was expressed ectopically, probably from dysregulation
of the TSC gene network. Thus, CAF1 contributes to
the establishment of the epigenetic basis of the extraem-
bryonic lineage by providing specific histone molecules
including H3K9me3. In contrast, in ESCs, P150 knock-
down resulted in the increase of “two-cell embryo-like”
cells while maintaining the ESC characteristics (Ishiuchi
et al. 2015). Thus, it is interesting to note that H3.1/
H3.2 in ESCs and TSCs play such diverse roles in relation
to their stem cell characteristics.
We found that large H3K9me3 domains were also estab-

lished in the intergenic regions of different trophoblast
types from human tissues, indicating that the acquisition
of this large-scale intergenic H3K9me3 enrichmentmight

have been coincidentwith the evolution of the placenta in
mammals. Therefore, we assume that this epigenetic fea-
ture of extraembryonic cells is related to the special fea-
tures of the placenta—specifically, to its restricted
ability to differentiate only into placental cells (tropho-
blasts) and its gestation-limited function. H3K9me3 is
generally considered to be responsible for the formation
of closed chromatin regions and may act as a barrier to
cell fate changes by occluding the DNA from transcrip-
tion factor binding (Burton and Torres-Padilla 2014; Beck-
er et al. 2016). Indeed, THDs involve a distinctively closed
chromatin state as revealed by our Hi-C and ATAC-seq
analyses (Figs. 1C, 3A,B). Thus, we postulate that the rigid
THDs in extraembryonic cells may serve to protect their
genomic architecture from unnecessary rearrangements
during placental development and steer differentiation
in the correct direction. Importantly, Hi-C analysis used
to identify A/B compartments revealed that the genomic
architecture of TSCs possesses characteristics not only
of undifferentiated ESCs (high A-to-A interaction) but
also of differentiated ESCs (high B-to-B interaction) (Fig.
3B,C). It is known that in mouse ESCs, high A-to-A inter-
actions involve large chromatin loops bound by Poly-
comb-related proteins and pluripotency transcription
factors such as Nanog. During neuronal differentiation,
B-to-B interactions appear gradually in association with
disruption of the A-to-A-specific networks and newly
formed loop contacts within neural genes (Bonev et al.
2017). Thus, for better understanding of the bivalent prop-
erty of TSCs (both A-to-A and B-to-B interactions), it will
be necessary to know what transcription factors are in-
volved in the A-to-A interactions and what genes occupy
the B-to-B-interacting regions. This should be the subject
of future studies. Taken together, in TSCs, and perhaps
among mammalian placental cell lineages in general,
such lineage-specific differentiation ability may rely on
THDs in their genome. However, the THDs in TSCs
and the H3K9me3 regions in extraembryonic tissues are
not always matched exactly. Therefore, to make this
idea more plausible, we should identify how H3K9me3,
a repressive histone mark, ensures the epigenetic status
of trophoblast cells.
In this context, the loss of large H3K9me3 domains in

the human TSCs was unexpected. Human TSCs should
have lost these domains during their establishment as
cell lines. Our hierarchical clustering analysis revealed
that human TSCs are very similar to human ESCs. Con-
sistent with this, it was reported that human TSCs can
be established easily from human ESCs or iPSCs (Zhou
et al. 2021). It is possible that the barrier between embry-
onic and extraembryonic lineages might be lower in hu-
mans than that in mice.
Finally, we aimed to determine the genomic plasticity

of TSCs by transferring their nuclei into enucleated oo-
cytes using SCNT technology. At present, >15 cell types
can be used for SCNT cloning in >20 mammalian species
(Loi et al. 2016; Matoba and Zhang 2018; Wakayama et al.
2019; Ogura et al. 2021). However, there has been no re-
port on the birth of clones from extraembryonic cells in-
cluding TSCs (Ogawa et al. 2015). We also confirmed
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that the developmental ability of TSC cloned embryos in
vitro was worse than we had ever experienced using >10
cell types (Fig. 6A; Ogura et al. 2013; Mizutani et al.
2015). However, whenwe removedH3K9me3 from the ge-
nome of TSC cloned embryos by Kdm4d mRNA injec-
tion, their developmental ability was greatly improved,
and two live pups were born following embryo transfer.
As far as we know, these are the first cloned animals de-
rived from extraembryonic cells. We identified that the
THDs largely overlapped with the RRRs reported previ-
ously (Matoba et al. 2014). These findings further support
our hypothesis that H3K9me3 in the TSC genome acts as
a safeguard against undesirable cell fate transitions dis-
cussed above.

The SCNT-specific placental enlargement (placento-
megaly) is known to be caused by the loss of H3K27me3-
dependent imprinting (noncanonical imprinting) (Inoue
et al. 2017, 2020;Wang et al. 2020). This noncanonical im-
printing is erased in the embryonic lineage but remains in
the extraembryonic lineage (Inoue et al. 2017). Therefore,
the finding that cloned pups derived from TSCs had en-
larged placentas was unexpected. One possibility is that
the epigenetic status of a subset of DNA methylation-de-
pendent canonical imprinted genes had been compro-
mised in TSCs during culture and led to placental
enlargement. This might also explain the overweight of
TSC-derived pups. Similar adverse effects of imprinting
disorders in donor ESCs on the phenotypes of the ESC-de-
rived cloned pups and placentas have been documented
(Eggan et al. 2001; Humpherys et al. 2001).

In conclusion, the TSC genome is characterized by
abundant H3.1/H3.2–H3K9me3 sequences, forming large
domains in the intergenic regions. These genomic do-
mains are responsible for the formation of a specific geno-
mic architecture that ensures the restricted differentiation
of TSCs into placental cells, rather than the repression of
the endogenous retrotransposons. This epigenetic feature
and its role might be shared with extraembryonic cells
across mammalian species. The abundance of H3K9me3
in the TSC genome is a strong barrier to reprogramming
by SCNT, but following removal of this barrier, the first
TSC-derived cloned mice were born, indicating that the
TSC genome can indeed be fully reprogrammed.

Materials and methods

Animal experimentation

Experiments using mice were approved by the institutional ani-
mal care and use committee of RIKEN Tsukuba Branch and
were performed in accordancewith the committee’s guiding prin-
ciples. Mice were housed under controlled lighting conditions
(daily light, 07:00–21:00) and were maintained under specific
pathogen-free conditions.

Establishment of ESC and TSC lines

ESCandTSC lineswere established fromblastocysts generatedby
IVF using oocytes fromC57BL/6NCrSlc femalemice and sperma-
tozoa from DBA/2 or JF1/Ms male mice. For establishment of
ESCs, developing IVF-derived blastocystswere treatedwith acidic

Tyrode’s solution (MerkMilliporeMR-004-D) to remove the zona
pellucida, and then transferred to ESCmediumcontaining knock-
outDMEM (Gibco 10829018), 15%knockout serum replacement
(KSR; Thermo Fisher 10828028), MEM nonessential amino acid
solution (Gibco 1140050), GlutaMAX supplement (Gibco
35050061), 100 μM 2-mercaptoethanol (2-ME; Merk Millipore
M-7522), ESGROrecombinantmouseLIFprotein (MerkMillipore
ESG1107), 1 μM PD0325901 (Stemgent 04-0006), and 1 μM
CHIR99021 (Stemgent 04-0004). Blastocystswereplaced onto lay-
ers of primarymouse embryonic fibroblasts treatedwithmitomy-
cin C (MMCMEFs). After several passages, cell lines with typical
ESC colonies were selected and used for further analysis. For
TSCs,developingblastocystswere transferreddirectly toTSCme-
dium containing the same amount of neurobasal medium (Gibco
21103049) and Dulbecco’s modified Eagle’s medium/F12 (Ham’s;
1:1; Gibco 11320033), N2 supplement (Gibco 17502048), B27 sup-
plement (Gibco 17504044), GlutaMAX supplement, 150 μM 2-
ME, 1 μg/mL heparin (Merk Millipore H3149), 0.05% bovine
serum albumin (Merk Millipore 12657), 1% KSR, 50 ng/mL re-
combinantmouse basic FGF (Wako 062-05181), 20 ng/mL recom-
binant human activin A (R&D Systems 338-AC), 10 μM XAV939
(Calbiochem 575545), and 5 μM Y27632 (Wako 036-24023) (Ohi-
nata andTsukiyama2014;Hirose et al. 2018).After several passag-
es, cell lines with typical TSC colony morphology and normal
karyotypes were selected for further experiments (Supplemental
Fig. S1A).

Maintenance of ESCs and TSCs

Established ESC and TSC lines were adapted for feeder-free con-
ditions. Briefly, ESCs were placed onto gelatin-coated dishes
with ESC medium lacking PD0325901 and CHIR99021, and 1
μM GSK-3 inhibitor IX (Merk Millipore 361550) was added.
TSCswere placed onto dishes coatedwith 15mg/mLhumanplas-
ma fibronectin (Merk Millipore FC010) (Ohinata and Tsukiyama
2014; Hirose et al. 2018). Medium was replaced every day and
cells were passaged every 2 d.

Western blot analyses

Collected cell pellets were suspended in lysis buffer (20mMTris-
HCl at pH 7.4, 500 mMNaCl, 5 mMMgCl2, 0.1%NP-40, 1 mM
DTT, plus a protease inhibitor cocktail [Roche 11873580001]) and
then incubated for 5min on ice. Chromatin pelletswere collected
by centrifugation at 20,400g for 5 min at 4°C and then suspended
in SDS sampling buffer (50 mM Tris-HCl at pH 6.8, 2% SDS,
0.01% bromophenol blue, 10% glycerol, 5% 2-mercaptoethanol)
for boiling at 95°C. Protein sampleswere resolvedwith 12%TGX
FastCast acrylamide kits (Bio-Rad 1610175) and then transferred
to PVDF membranes (Amersham 10600057). Membranes were
blocked using 5% skim milk (BD 232100) in PBST (0.1% Tween
20 in phosphate-buffered saline [PBS]) for 30 min and then incu-
bated with primary antibodies (Supplemental Table S3) diluted
in 5% skim milk in PBST. Membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(Supplemental Table S3), and then chemiluminometric signals
were detected using ECL (Amersham RPN2232) and C-Digit
(Li-cor 3600). Acquired imageswere processed using Image Studio
(Li-cor) and ImageJ software (https://imagej.net/Welcome).

Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

RT-qPCRwas performed as described (Hirose et al. 2018). Briefly,
RNAs extracted using RNeasymini kits were reverse-transcribed
using the SuperScript III first strand synthesis system for RT-
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qPCR with oligo(dT) 20 primers (Invitrogen 18080051). Expres-
sion levels were quantified using a QuantStudio 7 Flex real-
time PCR system with a PowerUp SYBR Green master mix (Ap-
plied Biosystems A25742) and normalized against the level of
mouse Gapdh protein (NM_001289726).

Immunostaining of ESCs and TSCs

Cells were seeded into eight-well coverglass chambers (Iwaki
5232-008) and then cultured for 2 or 3 d. For fixation, 4% parafor-
maldehyde (PFA) in PBSwas added and then incubated for 10min
at room temperature. Fixed cells were washed using PBST and
then permeabilized using 1% Triton X-100 in PBS for 15 min.
The cells were blocked using 1% bovine serum albumin (BSA)
in PBST for 30 min and then incubated with primary antibodies
(Supplemental Table S3) overnight at 4°C. After washing, second-
ary antibodies conjugated with Alexa fluor dyes (1:500) were add-
ed and incubated for 1 h at room temperature. DNA was stained
by Hoechst 33342 (Dojindo 346-07951). Images were acquired us-
ing a BZ9000 (Keyence) or C-2 confocal laser scanning micro-
scope (Nikon). Data were processed using ImageJ software.

Immunostaining of SCNT-derived embryos

Immunostaining of IVF and TSC cloned embryos was performed
as described previously (Matoba et al. 2014). Briefly, one-cell-
stage embryos were fixed with 4% PFA/0.1% Triton X-100 in
PBS for 20min at room temperature.Washed embryos were incu-
bated in 1% BSA/PBS for 1 h for blocking and then stained with
the primary antibodies (Supplemental Table S3) overnight at 4°
C. After washing, the embryos were incubated for 1 h in 1%
BSA/PBS containing secondary antibodies conjugated with Alexa
fluor dyes (1:500). DNA was stained by mounting medium with
DAPI (VectaShield H-1200). Images were acquired using a Nikon
C-2 confocal laser scanning microscope. The obtained fluores-
cent intensity data were quantified using ImageJ software.

Lentiviral vector construction

The lentiviral vectors (CS-RfA-EVBsd), the packaging plasmids
(pCAG-HIVgp and pCMV-VSV-G-RSV-Rev), and aGateway entry
vector pENTR4-H1tetOx1 were purchased from RIKEN Biore-
source Research Center (BRC). The shRNA target sequences for
genes encoding LacZ as well as and mouse P150 (NM_013733)
are summarized in Supplemental Table S3. The annealed DNA
oligos targeting each gene were inserted into pENTR4-H1tetOx1
at BglII/XbaI sites. The pENTR4-H1tetOx1 plasmids andCS-RfA-
EVBsd were then recombined with LR clonase (Invitrogen 11791-
020). In the case of shDnmt1, the blasticidin S resistance genewas
replacedwith the hygromycin resistance gene using a seamless li-
gation cloning extract (SLiCE) reaction (Motohashi 2015, 2017;
Okegawa and Motohashi 2015a,b).

Lentivirus infection

Lentiviral vectors were cotransfected with the packaging plas-
mids into HEK293T cells purchased from RIKEN BRC
(RCB2202). After incubation, the supernatants were collected
twice at days 2 and 3, passed through a 0.45-μm filter, and centri-
fuged at 8000g for at least 14 h at 4°C. The virus pellets were sus-
pended in TSC medium and mixed with the single-cell
suspensions of TSCs derived by crossing C57BL/6NCrSlc female
mice with JF1 male mice. After incubation for 4 h, the cells were
washed and seeded onto fibronectin-coated dishes.

Doxycycline (DOX)-inducible knockdown

To establish stable TSC lines that express shRNA for LacZ and
P150 in a DOX-dependent manner, 10 μg/mL blasticidin S (Fuji-
film 026-18711) was added the next day after lentiviral infection,
and cells were then cultured for at least 1 wk. In the Dnmt1
knockdown experiment, 150 μg/mL hygromycin B (Nakalai Tes-
que 02987-84) was added for 1 wk and then reduced to 50 μg/mL.
To start knockdown, 2 μg/mL DOX was added to the cultures.

ChIP-seq library preparation

ChIP experiments were performed as described (Harada et al.
2012). Briefly, 1 × 107 ESCs or TSCs were collected by trypsiniza-
tion and fixed using truChIP chromatin shearing kits (Covaris
520154). Aliquots of 2 × 107 cells were suspended in 2 mL of
ChIP buffer (10 mM Tris-HCL at pH 8.0, 200 mM KCL, 1 mM
CaCl2, 0.5% NP40, protease inhibitor cocktail) and incubated
for 5 min on ice. Cells were sonicated using Handy Sonic
(Tomy Seiko UR-20P) with 5-sec sonication (intensity 7) and
15-sec intervals three times and then incubatedwithmicrococcal
nuclease (NEB M0247) for 25 min at 37°C. Reaction was stopped
by EDTA, and then lysates were centrifuged at 20,400g for 15min
at 4°C. Aliquots of the supernatantswere kept for input. Antibod-
ies were prebound to Dynabeads Protein G or Protein A (Invitro-
gen 10001D and 10004D) for at least 2 h at 4°C with rotation.
Supernatants were incubated with bead complexes at 4°C with
rotation, and then the immunocomplexes were washed twice us-
ing ChIP buffer, twice using wash buffer (10 mM Tris-HCL at pH
8.0, 500 mM KCL, 1 mM CaCl2, 0.5% NP40, protease inhibitor
cocktail), and once using TE buffer. These complexes were eluted
with elution buffer (10 mMTris-HCl, 1% SDS, 5 mM EDTA, 300
mM NaCl) for 30 min at 65°C. Cross-linking was reversed by in-
cubation for 6 h at 65°C, after which RNAs and proteins were de-
graded by adding RNase (Ambion AM2286) for 30 min at 37°C
and Proteinase K (Zymo Research D3001-2) for 2 h at 55°C, re-
spectively. chromatin-immunoprecipitated DNAs were purified
using QIAquick PCR purification kits (Qiagen 28106). ChIP-seq
libraries were prepared usingNEBNext Ultra II DNA library prep-
aration kits for Illumina (NEB E7645) according to the manufac-
turer’s instructions. Single-end 65-bp sequencing was performed
on an Illumina HiSeq 2500 platform.

RNA-seq library preparation for cultured cells

RNeasy mini kits (Qiagen 74134) were used for RNA extraction
according to the manufacturer’s instructions. RNA-seq library
preparation and sequencing were performed at Macrogen Japan
Corporation. Briefly, libraries were prepared using TruSeq strand-
ed mRNA library (Illumina 20020594) and then sequenced by
NovaSeq6000 for paired-end 100 bp.

RNA-seq library preparation for embryos

SMART-seq v4 Plus kits (Takara R400752) were used to con-
struct RNA-seq libraries from late two-cell embryos. We used
five embryos per reaction and subjected them to construction of
libraries according to the manufacturer’s instructions. Next-seq
was used for sequencing in a 75-bp single-end mode.

Hi-C library preparation

Libraries for Hi-C were generated as described (Kadota et al.
2020). The detailed protocol for Hi-C library preparation is avail-
able at Protocols.io (https://www.protocols.io/view/iconhi-c-
protocol-ver-1-0-4mjgu4n). Briefly, collected cells were washed
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with 5% FBS/PBS and then fixed with 1% formaldehyde (Poly-
science 18814-10) in 5% FBS/PBS for 10 min. To stop fixation,
2.5M glycinewas added and then incubated for 5min. Fixed cells
were washed and stored at –80°C. In total, 2 × 106 fixed cells were
lysed, permeabilized, and then digested with DpnII enzyme (4-bp
cutter). Digested fragment endswere next filledwith biotinylated
nucleotides, and the resulting blunt-end fragments were ligated.
After reverse cross-linking, ligation products were purified to ob-
tainHi-CDNA.Onemicrogram of Hi-CDNAwas fragmented by
sonication, and the biotinylated ligation junctions were pulled
down with streptavidin beads. Then, library preparation was per-
formed on beads, and Hi-C libraries were sequenced by HiSeq X
Ten for 150-bp paired-end reads.

Repli-seq library preparation

We followed the BrdU immunoprecipitation (IP)-based protocol,
as described (Ryba et al. 2011). Cells were labeled with BrdU
(Merk Millipore B5002) for 2 h and then collected by trypsiniza-
tion. Cell pellets were resuspended in 5% FBS/PBS, and EtOH
was added to a final concentration of 75% for fixation. The fixed
cells were sorted into early and late S-phase fractions (20,000 cells
per fraction) by FACS using a Sony SH800 cell sorter as described
(Takahashi et al. 2019). Genomic DNA was extracted from each
fraction and fragmented by sonication. Then, immunoprecipita-
tionwith anti-BrdUmousemonoclonal antibody (BD Biosciences
555627) was performed to enrich BrdU-labeled replicating DNA.
After BrdU IP, immunoprecipitatedDNA sampleswere subjected
to whole-genome amplification (WGA) followed by library prepa-
ration (Miura et al. 2020). Constructed libraries from early- and
late-replicating DNA after WGA were sequenced by HiSeq X
Ten for 150-bp paired-end reads.

ATAC-seq

Libraries for ATAC-seq were prepared as described (Corces et al.
2017). Collected cells were washed and subjected to fragmenta-
tion by Tn5 transposase using Illumina Nextera DNA library
preparation kits (Illumina 15032354) for 30 min at 37°C. Trans-
posedDNAwas purified usingQiagenMinElute PCRpurification
kits (Qiagen 28204) and amplified by PCR using published prim-
ers (Buenrostro et al. 2015). Purified libraries were sequenced by
HiSeq X Ten for 150-bp paired-end reads.

SCNT

SCNT was performed as described (Matoba et al. 2018; Inoue
et al. 2020). Briefly, MII oocytes were collected from adult
B6D2F1 female mice via superovulation and enucleated in
HEPES-buffered KSOMmedium containing 7.5 μg/mL cytochala-
sin B (Calbiochem 250233) using a Piezo-driven micromanipula-
tor (Primetech PMM-150FU). The donor nuclei of TSCs or
cumulus cells were injected into the enucleated oocytes using a
Piezo-driven micromanipulator. After 1-h incubation in KSOM,
reconstructed SCNT oocytes were activated by incubation in
Ca-free KSOM containing 3 mM strontium chloride, 5 μg/mL cy-
tochalasin B, and 50 nMTrichostatin A (TSA) for 1 h, and further
cultured in KSOM with 5 µg/mL cytochalasin B and 50 nM TSA
for 4 h. Some SCNTembryoswere injectedwith 10 pL of 1500 ng/
μLmouse Kdm4d or Kdm4bmRNA at 5–6 h postactivation (hpa)
using a Piezo-driven micromanipulator. The embryos were cul-
tured with KSOM containing 50 nM TSA for an additional 3–5
h (i.e., 8–10 hpa), followed by further culture in KSOM. To evalu-
ate the developmental capacity, some SCNT embryos were cul-
tured in KSOM until 96 hpa, while others were transferred to

the oviducts of pseudopregnant (E0.5) ICR female mice at the
two-cell stage. The transferred embryos were recovered by cesar-
ean section on the day of delivery (E19.5).

Chromosomal number analysis

Cells were seeded into six-well tissue culture dishes and cultured
overnight. KaryoMax Colcemid (Thermo Fisher Scientific) was
added to themediumand incubated for 5 h. A pellet of single cells
dispersed by trypsin treatment was mixed with 75 mM KCl and
incubated for 20 min at 37°C. For fixation, a double volume of
Carnoy’s solution was added and stored overnight at 4°C. The
cells were centrifuged at 2250 g for 5 min and the supernatant
was discarded. The fixed cellswere dispersed inCarnoy’s solution
and washed again by centrifugation. The cells dispersed in Car-
noy’s solutionwere placed onto a slide glass. After drying, sample
slides were stained with Giemsa solution for 10 min and washed
with water.

ChIP-seq and RNA-seq data processing

Adaptor sequences and low-quality reads were excluded using
Trimmomatic (v. 0.36) (Bolger et al. 2014). ChIP-seq reads were
aligned to the mouse genome (mm10) or human genome (hg38)
using “bowtie command” software (v. 1.2.2) with “-n 2 -M 1 –

best –strata” option (Supplemental Table S2; Langmead et al.
2009). PCR duplicates were removed by the “samtools rmdup”
command. Signal tracks for each sample were generated using
“deeptools” (v. 3.4.3) “bamCompare” or “bamCoverage” com-
mands with default parameters and were normalized to reads
per kilobase of transcript per million mapped reads (RPKM) val-
ues. Signals were visualized by the integrative genomics viewer
(v. 2.5.3) (Robinson et al. 2011). Reproducibility of each biological
replicatewas checked, and each read countwas adjusted using the
RSeQC “divide_bam.py” module before merging them with the
“samtools merge” command.
RNA-seq reads were aligned to the mouse genome (mm10) us-

ing theHISAT2 command (v. 2.1.0) with default parameters (Sup-
plemental Table S2; Kim et al. 2015). For repeat element analysis,
STAR (v. 2.7.5c) was used for mapping with the “–twopassMode
Basic –outFilterType BySJout –outFilterMultimapNmax1” op-
tions, and a best-matched transposable elements file was used
as a gtf file (Dobin et al. 2013; Sakashita et al. 2020). The read
counts for all RefSeq genes were calculated using the “feature-
Counts” command (v. 1.6.2) with default parameters, whereas ex-
pression levels were quantified to transcripts per million (TPM)
using the “StringTie” command (v. 2.1.1) (Liao et al. 2014; Pertea
et al. 2015).

Hi-C data processing

Hi-C data processing was done using the Docker for 4DN Hi-C
pipeline (v. 43). The pipeline includes alignment (using mm10)
and filtering steps. After filtering valid Hi-C alignments with
MAPQ>10 (.pair format file), .cool format Hi-C matrix files
were generated by cooler (v. 0.8.7) (Supplemental Table S2;
Abdennur and Mirny 2020). To correct the bias of Hi-C matrices,
the “cooler balance” command with the “—ignore-diags 1” op-
tion was applied to each .cool file. The A/B compartment (Hi-C
PC1) profiles (in 200-kb bins) in each chromosome were calculat-
ed from each .cool file by the “cooltools call-compartments”
command of cooltools (v. 0.3.0) with slight modifications to per-
form the original A/B compartment analysis (Lieberman-Aiden
et al. 2009), including the computation of Pearson correlation
and covariance matrix followed by eigen vector decomposition.
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The sign of Hi-C PC1 in each chromosome was corrected using
gene density tracks (the sign of PC1 with higher gene density as-
signed as A compartment showing positive PC1 values, and the
other assigned as a B compartment showing negative PC1 values).
To visualize average contact enrichments (average observed/ex-
pected interactions) between pairs of 200-kb bins according to
the percentile rank of the A/B compartment profile, a saddle
plot (heat map of 50 × 50 bins) for each .cool file was generated
by the “cooltools compute-saddle” command with default pa-
rameters using the A/B compartment profile and an expected in-
teraction profile (the average distance decay) for each
chromosome generated by the “cooltools compute-expected”
command. A–A or B–B compartment strength was defined as
the ratio of A–A/A–B or B–B/A–B interactions. The values of these
ratios were determined by calculating the mean value of the 10
bins (top 20 percentile) in each corner of the saddle plot.

Repli-seq data processing

For Repli-seq data processing, the scRepli-seq pipeline (v. 1.3) was
used (Miura et al. 2020). This version is applicable to population-
based BrdU-IP Repli-seq data processing, which includes adapter
trimming, alignment (using mm10), normalization, and comput-
ing early/late replication timing scores as described (Supplemen-
tal Table S2; Takahashi et al. 2019). Briefly, the mapped reads of
early and late S-phase BrdU IP samples were counted in sliding
windows of 200 kb at 40-kb interval followed by reads permillion
(rpm) normalization. Then, the ratio of early S phase to total read
counts [(early S reads)/(early S reads + late S reads)] was calculated
for each bin, and total read counts within the bottom 5% of all
bins were filtered out. The value of the ratio was converted to
fit within a ±1 scale, and this scaled value was defined as the ear-
ly/late replication timing score of each bin.

Identification of broad H3K9me3 and H3.1/2 domains

To identify broad domains, we first divided the genome into 100-
kb consecutive bins and calculated the normalized signal to 10
million reads using the “parse2wig” command (v. 3.7.0) with
“-n GR -f BAM -of 3 -np 10000000 –showzero” options (Nakato
et al. 2013). Sex chromosomes were removed for further analysis.
Binswith no value in the input sample or <300 in theChIP sample
were removed, and then the ChIP signals were divided by the in-
put signals using corresponding bines. Regions in which the
ChIP/input ratio was >2.0 (H3K9me3) or 1.5 (H3.1/H3.2) were
classified as domains.

Localization of H3K9me3 domains for TSS, TES, genic, and intergenic
regions

The procedure for finding the percentage of H3K9me3 domains
for TSS, genic, TES, and intergenic regions was as described pre-
viously, and was performed using an in-house pipeline (Hada
et al. 2017; Yamaguchi et al. 2018). The TSS and TES regions
were defined as ±2.5 kb from the transcription start site and the
transcription end site of each gene. The gene regionswere defined
as those obtained from the UCSC Genome Browser (https
://genome.ucsc.edu) without TSS and TES regions. The inter-
genic regions were defined as genome regions without TSS,
TES, and gene regions. The percentages of H3K9me3 domains
at these regions were computed using the “bedtools” intersect
command and R, and then visualized using the “ggplot2” library
by R. H3K9me3 domains in TSCs as well as early CT cells were
mapped randomly using the “bedtools shuffle” command, and

the percentage for each region was computed as a control (Quin-
lan and Hall 2010).

Differential expression analysis

The read counts of each RNA-seq sample were subjected to
DESeq2 (v. 1.26.0) to perform differential expression analysis
(Love et al. 2014). The threshold P-values (Padj) and fold changes
are described in the corresponding figure legends. Enrichr was
used for GO analysis (Kuleshov et al. 2016).

Heat map showing the Jaccard index

The Jaccard index was computed by using the “bedtools jaccard”
command. An R library component named “pheatmap”was used
to draw the heat map with hierarchical clustering.

Heat map showing domain dynamics

H3K9me3 domains inwhich the input valuewas 0were removed,
and ChIP/input enrichment was computed. Rows were then di-
vided by k-means clustering into the indicated number. Heat
maps were drawn using the “pheatmap” library in R.

Enrichment of repeat clusters within H3K9me3 domains

A best-matched transposable element file was used to calculate
the repeat number within H3K9me3 domains. We also counted
the repeat number within randomly mapped TSC-defined
H3K9me3 domains using the “bedtools shuffle” command.
Then, the number of repeats within H3K9me3 domains was di-
vided by those of randomly mapped ones and visualized using
the “ggplot2” library in R.

Statistics and reproducibility

Error bars in the bar plot graphs represent the standard deviation
(SD), and two-tailed paired Student’s t-tests were used for statis-
tics. For box plot graphs in this study, the central line represents
the median value, and lower and upper lines represent the first
and third quartiles, respectively. Outliers are included in line.
The numbers for the box plots are described in the corresponding
figure legends. TheWilcoxon rank sum testwas used for statistics
in the box plot data. All the ChIP-seq, RNA-seq, ATAC-seq, Hi-C,
and Repli-seq analyses in this study were performed twice, thus
confirming their reproducibility.

Data availability

All the ChIP-seq and RNA-seq data generated in this study
are summarized in Supplemental Table S3 and have been depos-
ited in the NCBI Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo) under accession number
GSE175646 (ChIP-seq: GSE175638, RNA-seq: GSE175644, Hi-
C: GSE175934, Repli-seq: GSE175935, and ATAC-seq:
GSE175632). Public data analysis for ChIP-seq, RNA-seq, Hi-C,
and Repli-seq data sets were downloaded from NCBI GEO. The
relevant accession numbers are summarized in Supplemental Ta-
ble S3. All analyses were made based on the Python3 and R codes
and are available on request.
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