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SUMMARY

Human induced pluripotent stem cells (hiPSCs) show variable differentiation potential due to their epige-
nomic heterogeneity, whose extent/attributes remain unclear, except for well-studied elements/chromo-
somes such as imprints and the X chromosomes. Here, we show that seven hiPSC lines with variable germ-
line potential exhibit substantial epigenomic heterogeneity, despite their uniform transcriptomes. Nearly a
quarter of autosomal regions bear potentially differential chromatin modifications, with promoters/CpG
islands for H3K27me3/H2AK119ub1 and evolutionarily young retrotransposons for H3K4me3. We identify
145 large autosomal blocks (> 100 kb) with differential H3K9me3 enrichment, many of which are lamina-asso-
ciated domains (LADs) in somatic but not in embryonic stem cells. A majority of these epigenomic heteroge-
neities are independent of genetic variations. We identify an X chromosome state with chromosome-wide
H3K9me3 that stably prevents X chromosome erosion. Importantly, the germline potential of female hiPSCs
correlates with X chromosome inactivation. We propose that inherent genomic properties, including CpG

density, transposons, and LADs, engender epigenomic heterogeneity in hiPSCs.

INTRODUCTION

Pluripotent stem cells (PSCs), including embryonic stem
cells (ESCs) and induced PSCs (iPSCs), have a robust ca-
pacity for self-renewal and differentiation into cells in three
germ layers. Accordingly, human PSCs (hPSCs) (Takahashi
et al.,, 2007; Thomson et al., 1998) are a valuable resource
for investigating human development with in vitro reconstitu-
tion systems as well as for various applications aiming at
medical interventions. Human iPSCs (hiPSCs) are especially
advantageous, as they are generated through the reprog-
ramming of differentiated somatic cells and thus bypass
the ethical issues caused by the use of human embryos.
On the other hand, hPSC lines show heterogeneity in their
differentiation potentials (Yamanaka, 2020). Previous studies
have reported that such heterogeneity is linked to the differ-
ences in their genetic background (Choi et al., 2015; Kaji-
wara et al.,, 2012; Ortmann et al., 2020) and differences in
their epigenomic states including DNA methylation states
(Bock et al., 2011; Koyanagi-Aoi et al., 2013; Nishizawa

Gheck for
Updates

et al., 2016); however, understanding of the molecular basis
for such heterogeneity is still limited.

Epigenetic heterogeneity (we use the term “epigenetic” when
referring to specific regions/chromosomes) associated with
genomic imprinting and X chromosome inactivation (XCI) has
been described in both human ESCs (hESCs) and hiPSCs.
Genomic imprinting regulates the parent-of-origin-specific
expression of particular genes (“imprinted” genes) by the differ-
ential DNA methylation of their regulatory elements between
parental alleles; loss of parental-specific DNA methylation has
been observed in a subset of imprinted regions in hPSCs (Bar
et al., 2017; Adewumi et al., 2007; Ma et al., 2014; Nazor et al.,
2012). XCI compensates for the dosage imbalances between
the sexes by silencing one X chromosome in females. XCl is es-
tablished in post-implantation embryos in eutherian mammals
and maintained throughout life; the association of non-coding
RNA XIST (X-inactive specific transcript) and repressive histone
modifications on the inactive X chromosome (Xi) plays a crucial
role in the establishment/maintenance of the XCI (Galupa and
Heard, 2018). Notably, hPSCs often exhibit the downregulation
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Figure 1. Differential accumulation of repressive histone marks on the X chromosomes in female hiPSC lines

(A) (@) Schematic of the concept of this study. Seven hiPSC lines were chosen for detailed epigenome analysis based on Yokobayashi et al. (2017). 585B1, the
parental line of 585B1-868, was used as M1 in this study. (b) The ratio of the ChIP-seq reads of chromosome X; to the total reads. Horizontal lines indicate the ratio
of input samples. N.D., not examined; *, samples with biological replicates (listed in Table S3), and these replicates are overlaid.

(B) Distribution of the indicated histone marks on chromosome X in the hiPSC lines. The y axis represents log-transformed enrichment values (IP/input).
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of XIST RNA, the loss of the Xi-accumulated repressive histone
marks, and the stochastic reactivation of X-linked genes with
DNA de-methylation at their promoter regions. This phenome-
non is called “the erosion of XCI” and progresses during cell
passages (Bansal et al., 2021; Mekhoubad et al., 2012; Nazor
et al., 2012; Patel et al., 2017; Vallot et al., 2015).

It has been reported that in human H9 ESCs, the Xi has a
repressive chromatin organization partitioned into two types of
domains, as follows: the one enriched by trimethylation of his-
tone H3 lysine 27 (H3K27me3) and the other enriched by trime-
thylation of histone H3 lysine 9 (H3K9me3). When the erosion
of XCI progresses, the eroded X chromosome (Xe) in H9 ESCs
loses the H3K27me3-enriched domains, coupled with the loss
of XIST expression, but maintains the H3K9me3 enrichment as
observed on the Xi (Vallot et al., 2015). The extent of Xe appears
to vary among hPSCs (Bansal et al., 2021; Patel et al., 2017), but
a more comprehensive characterization of the Xe states,
including histone modification states, remains to be performed.
It has been suggested that two active X chromosomes (Xas) or
progressed Xe interfere with cell differentiation in mouse PSCs
and hPSCs (Patel et al., 2017; Salomonis et al., 2016; Schulz
et al., 2014).

Comparative analyses between hiPSCs and hESCs have re-
vealed that, although the genome-wide profiles of gene expres-
sion and DNA methylation are globally similar (Bock et al., 2011;
Guenther et al., 2010; Lister et al., 2011), hiPSCs bear aberrant
DNA methylation. Some of these differentially methylated re-
gions (DMRs) originate from the donor cells (“somatic memory”),
whereas others are independent of the donor cells, which have
presumably arisen during the reprogramming process (“reprog-
ramming-associated”) (Lister et al., 2011; Ma et al., 2014; Ohi
et al.,, 2011; Roost et al., 2017; Ruiz et al., 2012). In particular,
whole-genome bisulfite sequencing analysis has revealed non-
CG hypomethylation and significant enrichment of H3K9me3 in
megabase-scale regions (Lister et al., 2011). This information
indicates the existence of epigenomic variations in rather broad
regions of the genome in hiPSCs. Therefore, it is important to
carefully assess line-to-line variations in a genome-wide manner,
including multiple epigenetic signatures in addition to DNA
methylation.

We have previously shown clonal variations in the efficiency of
induction of hiPSCs into human primordial germ-cell-like cells
(hPGCLCs) (Yokobayashi et al., 2017). In the in vitro system
used in that previous report, hiPSCs are first differentiated into
incipient mesoderm-like cells (iMeLCs) by stimulation with acti-
vin and WNT signals and then are differentiated into hPGCLCs
under a culture condition including BMP4 and other cytokines.
The hPGCLCs show gene expression properties similar to those
of in vivo hPGCs, which are the first precursors of the germ
cell lineage specified during the second week after fertilization
(Sasaki et al., 2015; Yokobayashi and Saitou, 2018). We have
observed that the differences in the hPGCLC induction effi-
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ciencies are reflected in the gene expression changes in the
iMeLC state (Yokobayashi et al., 2017), suggesting that clonal
variations exist in the responsivity to the differentiation signals.
In the present study, we set out to understand the extent of the
clonal epigenomic variations among the hiPSC lines by focusing
on six histone modifications and a chromatin binding protein, the
CCCTC-binding factor (CTCF). In addition, we performed an
association analysis between the epigenomic variations and
the efficiency of PGCLC induction to understand the possible im-
pacts of epigenomic variations on gene regulations during the
human germ cell differentiation process.

RESULTS

Quantitative comparison of epigenomic states among
hiPSC lines

To understand the molecular basis of clone-to-clone differences
in the differentiation potentials of hiPSC lines, we chose seven
hiPSC lines as follows based on the previous study (Yokobayashi
et al., 2017; Figure 1A; Table S1): two were males (585B1 and
1383D6, termed M1 and M2, respectively) and five were females
(201B7, 1205A, 1381B1, 1390G3, and 1390C1, termed F1, F2,
F3, F4, and F5, respectively). Six lines originated from the periph-
eral blood mononuclear cells (PBMCs) of four different donors
(M1, M2, F2/F3, and F4/F5), and one originated from human
dermal fibroblast cells (HDFs) (F1). These lines were generated
through retroviral transduction under the SNL-feeder condition
(F1) (Takahashi et al., 2007), through the transduction of non-
integrating episomal plasmids under the mouse embryonic
feeder (MEF) or SNL-feeder condition (M1 or F2, respectively)
(Okita et al., 2013), and through the transduction of episomal
plasmids under the feeder-free condition with a defined medium
(M2, F3, F4, and F5) (Nakagawa et al., 2014). All the lines were
maintained under the defined feeder-free condition (Nakagawa
et al., 2014). They showed very similar gene expression profiles
(Pearson’s R, >0.97) and proliferation rates (Figures S1A and
S1B; Table S2).

We assessed the epigenomic states of these hiPSC lines
by performing chromatin immunoprecipitation followed by
sequencing (ChIP-seq) analysis. The ChlIP-seq libraries for trime-
thylation of histone H3 lysine 4 (H3K4me3; promoter), acetylation
of histone H3 lysine 27 (H3K27ac; enhancer), H3K27me3 (poly-
comb repressive complex 2 [PRC2]-mediated transcriptional
repression), H3K9me3 (heterochromatin), and CTCF (insulator
activity and/or the formation of higher-order chromatin structure)
were prepared in all seven hiPSC lines, and those for dimethyla-
tion of histone H3 lysine 9 (H3K9me2; transcriptional repression)
and monoubiquitylation of histone H2A lysine 119 (H2AK119ub1:
PRC1-mediated transcriptional repression) were prepared in
five hiPSC lines (M1, F1, F2, F3, and F4) (Table S3). The percent-
age of mapped reads, the distribution of GC content in the
sequenced reads, and the score of the fraction of reads in peaks

(C) Total peak length of the indicated histone marks on chromosome X called by epic2 software. Horizontal dotted lines indicate the length of chromosome X.
(D) Distribution of H3K9me3 and H3K27me3 on chromosome X in H9 ESCs, reanalyzed from Vallot et al. (2015), as in (B) (Table S5).
(E) Distribution of the indicated epigenetic marks on the XIST locus. The y axis represents log,-transformed IP reads or stranded RNA sequencing (RNA-seq)

reads normalized by total reads.
See also Figures S1 and S2.
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Figure 2. A dominant role of H3K9me3 in XCI in some female hiPSC lines

(A) UHC and heatmap analyses of the enrichment of H3K9me3 or H3K27me3 at the TSSs of expressing X-linked genes.

(B) Allelic expression of X-linked genes. The y axis represents the ratio of two alleles, and each vertical bar in the x axis represents a gene that has informative
SNPs. Genes were grouped by TSS classes as shown in (A) and sorted based on the frequency of “bi-allelic” expression.

(C) Boxplots of the gene expression values relative to the median of the seven hiPSC lines, grouped by TSS classes as shown in (A).

(legend continued on next page)
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(FRIP) were highly consistent among samples (Figures S1C and
S1D). Moreover, the biological replicates exhibited high repro-
ducibility (Figure S1E). Together, these ChIP-seq data were of
sufficient quality for use in a detailed comparative analysis.

A dominant role of H3K9me3 in XCI in some female
hiPSC lines

When examining the read distribution per chromosome, we first
noticed that the read occupancy of X chromosomes was strik-
ingly different among the hiPSC clones. Specifically, in males,
the ratio of X chromosome reads was comparable to that of input
samples in all ChIP samples, whereas this ratio varied greatly in
females, especially for repressive histone marks, such as
H3K27me3, H3K9me3, H3K9me2, and H2AK119ub1 (Figure 1A;
Table S3). We then examined the distribution of these histone
marks on the X chromosomes (Figures 1B and 1C). In males,
only a small part of the X chromosome was enriched by
H3K9me3, whereas H3K27me3 or H2AK119ub1 was present
as small peaks, representing the state of the Xa. In contrast, in
females, the enrichment of H3K9me3 was extended to proximal
to the centromeres and the distal part of the long arm in F1 and
F2 cells (~65 Mb), and it further spread to most of the shortarmin
F3 cells (~90 Mb) and, remarkably, to the entire chromosomes in
F4 and F5 cells (~150 Mb). On the other hand, H3K27me3 and
H2AK119ub1 were propagated to broad regions in F3 cells,
which was not the case in the other female lines. F3 cells ex-
hibited higher enrichment of H3K9me2 than the other female
clones. The distribution patterns of H3K9me3 and H3K27me3
in F3 cells resembled those in the XaXi populations of H9 ESCs
described previously (Vallot et al., 2015; Figure 1D; Figure S2A).
In contrast, those patterns in the other female cell lines were
distinct from the XaXi and also the XaXe populations of H9
ESCs (Vallot et al., 2015; Figures 1B and 1D; Figure S2A). Impor-
tantly, XIST was expressed in F3 cells, and active histone marks
were associated with the XIST locus (Figure 1E). In contrast, XIST
expression and H3K4me3 accumulation were lower in F4 and F5
cells and were barely detected in F1 and F2 cells or in the male
hiPSCs. These findings demonstrate that the X chromosomes
in the female hiPSC lines have epigenetic landscapes with mul-
tiple distinct modes.

We next investigated the effect of the distinct epigenetic states
on the expression of the X-linked genes. First, we examined the
enrichment of H3K9me3 and H3K27me3 around the transcrip-
tion start sites (TSSs) of the X-linked genes and classified them
into 3 classes by unsupervised hierarchical clustering (UHC).
Class 1 contained TSSs associated with repressive histone
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marks (H3K9me3 or H3K27me3) in all female but not in male
hiPSC lines (“repressive in females”); class 2 contained TSSs
associated with repressive histone marks in both female and
male lines (“repressive in all”’); and class 3 contained TSSs asso-
ciated with repressive histone marks in F3, F4, and F5 cells but
not in F1, F2, or the male lines (“variably repressive in females”)
(Figure 2A). We determined the allelic expression based on
single-nucleotide polymorphisms (SNPs) defined by whole-
genome sequencing analysis (see STAR Methods) and observed
an increase in the number of bi-allelically expressed genes in F1
and F2 cells in all three classes, but particularly in class 3 (Fig-
ure 2B). In agreement with this result, in F1 and F2 cells, the
X-linked gene expression levels were elevated most remarkably
in class 3, indicating that the absence of repressive marks, i.e.,
erosion of XCl, leads to the increase in gene dosages in F1
and F2 cells (Figure 2C). On the other hand, F3, F4, and F5 cells
exhibited mono-allelic expression in the majority of X-linked
genes. This finding suggests the possibility that both of the differ-
ential epigenetic states—i.e., the H3K27me3/H3K9me3-parti-
tioned state (F3) and the H3K9me3-propagated state (F4/F5)—
maintain XCl in a comparable manner (Figures 2A, 2B, and 2C).

It has been reported that X chromosome erosion progresses
during the passages of hPSCs (Mekhoubad et al., 2012; Nazor
et al., 2012). To verify this point, we analyzed the gene expres-
sion status in early- and late-passage cells of F3, F4, and F5
clones. XIST expression was maintained at a high level in F3
cells, whereas it was downregulated in F4 and F5 cells during
the passages (Figure 2D). However, in F4 and F5 cells, the disap-
pearance of XIST RNA was not accompanied by gene reactiva-
tion; rather, the number of mono-allelically expressed genes was
slightly increased (Figure 2E), indicating that the erosion of XCI
did not occur in these cells. We further collated these data with
the data of Balaton et al. (2015), which aggregated the inactiva-
tion statuses of X-linked genes in several human studies (Fig-
ure 2F; Balaton et al., 2015). In F1 and F2 cells, about one-half
of the genes reported as subject to XClI (“S”) were converted
to a bi-allelically expressed state. In contrast, a large fraction
of genes reported as escaped from XCI (“E”) were in a mono-
allelically expressed state in F3 and F4 cells, and conversion
from the bi- to the mono-allelic expression during the passages
was observed in F5 cells. These data indicate that the Xi state is
stably maintained during the passages in the F3, F4, and F5
hiPSC lines, regardless of the presence or absence of XIST RNA.

By using X chromosome painting combined with immunode-
tection, we verified the allelic accumulation of H3K27me3 or
H3K9me3 in the female hiPSC lines (Figure 2G; Figures S2C

(D) XIST expression dynamics in early (E), middle (M), and late (L) passage of the hiPSC lines. “M” samples correspond to the samples shown in (B) and (C).
(E) Allelic expression of X-linked genes as in (B). Genes expressed through early (E) to late (L) passage cells were sorted by their chromosome positions.

(F) Classification of X-linked genes according to the consensus inactivation status (Balaton et al., 2015). S, subject to XClI; E, escape from XCI; PAR, pseudo-
autosomal region. S or E includes the S/mostly S, or E/mostly E/variably E/mostly VE categories in Balaton et al. (2015), respectively.

(G) (@) Immunofluorescence (IF) of H3K27me3 or H3K9me3 (green), combined with DNA-fluorescence in situ hybridization (FISH) for chromosome X (red) and
DAPI staining (gray), on middle (M) passage cells. Surfaces: 3D-area presentation of the DNA-FISH signals generated by Imaris 9.0 software. Representative
nuclei for each mark are shown. Scale bar, 3 um. (b) Dot plots for the accumulation levels of H3K27me3 or H3K9me3 signals on chromosome X. The chromosome
surface showing higher accumulation of the mark within a nucleus was assigned to “allele 2.” AU, arbitrary unit. Numbers of analyzed nuclei are shown.

(H) Violin plots for the H3K27me3 or H3K9me3 accumulation on the allele 2 as in (G), in E and M passage cells. Numbers of analyzed nuclei are shown in pa-
rentheses. *p < 1 x 1074, *p < 1 x 107%; n.s., not significant (Welch two sample t test).

(I) Schematic of X chromosome states in female hiPSCs. The “Xi,” “Xe,” or “Xa” was used based on the allelic expression status of X-linked genes.

See also Figure S2.
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Figure 3. Epigenetic heterogeneity in the autosomes of hiPSC lines
(A) Correlation coefficient (Pearson’s R) matrices of the logo-transformed enrichment values (IP/input, autosomal 2-kb bins) of the indicated epigenetic marks.
Reads mapped to the autosomes were used as total reads for normalization.

(legend continued on next page)
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and S2D). Moreover, we found that the extent of H3K27me3
accumulation in F4 cells decreased during the passages,
coupled with the downregulation of XIST (Figures 2D and 2H).
Collectively, our data revealed the presence of multiple distinct
epigenetic states of the X chromosome in female hiPSCs,
namely, (1) XaXi,€*X'*7—, (2) XaxiST*, or (jii) Xaxi*S™ (Figure 2l),
with (i) XaX’*S™~ as a unique state that maintains XCI through
chromosome-wide propagation of H3K9me3 in the absence of
XIST (Figures S2A and S2B).

Epigenetic heterogeneity in the autosomes of hiPSC
lines

We next examined epigenetic heterogeneity in the autosomes
among these hiPSC lines. To minimize the influences of their var-
iations in the X chromosomes (Figures 1 and 2), autosomal reads
(chromosomes 1 to 22) were used as total reads for normaliza-
tion. The comparison of enrichment values (IP/input) among
the hiPSC clones exhibited the highest correlation in H3K4me3
and CTCF samples (Pearson’s R, >0.94 and >0.95, respec-
tively) and the lowest correlation in H3K9me3 samples (R,
>0.41) (Figure 3A; Figure S3A). We assessed the genome-
wide association of these marks along the autosomes by using
a 20-state ChromHMM model (Ernst and Kellis, 2017). Although
the enrichment of regions annotated to each state was globally
similar among the hiPSC lines with less than 1.5-fold differences,
an underrepresentation of the H3K27me3-associated states was
noticed in F3 cells (Figure 3B). Next, we identified differentially
enriched regions (DERs) for each epigenetic mark, based on
the enrichment values per 2-kb bin overlapped with its merged
peak regions (> 2-fold difference in > 1 pair of clones) (Figure 3C;
see STAR Methods). Additionally, DERs were marked as
“multi” if the variations were observed in more than one clone;
otherwise they were marked as “uni” (Figure 3C). The ratio of
DERs and multi-DERs was the highest in H3K9me3 peaks
(54.9% and 31.5%, respectively) (Figure 3C). In total, the sum
of defined DERs of seven epigenetic marks reached 23.9% of
the autosomal genome, and one-third of them were assigned
as multi-DERs (Figure 3D). Interestingly, the ratio of DERs was
the second-highest in H3K4me3 peaks (Figure 3C); most of the
DERs were observed among the bins with lower H3K4me3
levels, whereas the bins showing higher enrichment levels
were mostly “constant” among samples, contributing to the
high correlations of H3K4me3 in the entire bin set (Figure S3B;
Figure 3A). In contrast, DERs were biased toward higher enrich-
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ment levels in H3K9me3 peaks (Figure S3B). The inspection of
genomic features associated with the DERs by use of the
HOMER tool (Heinz et al., 2010) revealed that the promoter re-
gions or CpG islands (CGls) were overrepresented in DERs of
the H3K27me3 or H2AK119ub1 peaks, whereas intronic/
intergenic regions or long terminal repeats (LTRs)/long inter-
spersed nuclear elements (LINEs) were overrepresented in the
H3K9me3 or H3K4me3 DERs, respectively (Figure 3E; Fig-
ure S3C). On the other hand, CTCF DERs were found to consti-
tute only a small fraction, and the enrichment of particular
genomic features was not prominent among the DERs (Figures
3C and 3E), indicating that the distribution of CTCF is highly
conserved among the hiPSC lines.

We further analyzed the regions around TSSs and non-pro-
moter CGls by using the same criteria and found DERs in a large
proportion of the regions carrying H3K27me3 (9,298 TSSs; 4,452
CGils) or H2AK119ub1 (10,607 TSSs; 4,375 CGils) (Figure 3F).
Indeed, a decrease in the enrichment levels of H3K27me3 or
H2AK119ub1 was observed in F3 cells with respect to TSSs of
high-CpG density promoters (HCPs) as well as non-promoter
CGis (Figure 3G; Figures S3D and S3E), which is in agreement
with the results of the ChromHMM analysis (Figure 3B). Of
note, a decrease in the enrichment of H2AK119ub1 in F3 cells
was also observed in the HCPs that showed little or no occu-
pancy of H3K27me3 (Figure S3E). A majority of these regions
were also enriched with H3K4me3, H3K27ac, or CTCF; the
enrichment levels of those active marks were similar in all hiPSC
lines, with little effect on the expression levels of associated
genes (Figure 3G; Figures S3D-S3F). Collectively, these data
indicate that the enrichment of PRC-mediated epigenetic marks
at CpG-dense regions is compromised in F3 cells. Differences in
such a “bivalent state” may affect the developmental potential of
the hiPSC lines (Voigt et al., 2013).

Variable H3K4me3 enrichment at evolutionarily recent
transposable elements (TEs)

In contrast to the high consistency in H3K4me3 enrichment at
the gene-coding regions (Figures 3F and 3G; Figures S3C-
S3E), H3K4me3 peaks associated with LTRs or LINEs exhibited
alarge fraction of DERs (LTRs, 78.5%; LINEs, 63.8%), and multi-
DERs (LTRs, 60.5%; LINEs, 39.6%) (Figure S3C). A comparison
of the enrichment levels of 1-kb regions around H3K4me3-peak
summits also revealed low correlation coefficients and high var-
iances in LTR- or LINE-associated peaks (Figure 4A), confirming
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(B) ChromHMM analysis using a 20-state model on the basis of the enrichment of indicated 5 epigenetic marks in the 7 hiPSC lines. A higher emission value
represents a greater probability of observation (left). The enrichment of regions annotated to each state in each cell line, relative to the median of the seven hiPSC
lines is shown (right). Vertical dotted lines, 1.5-fold differences from the median (0). The values of replicate 1 were used (Table S3).

(C) Schematic diagram of differentially enriched regions (DERs) (see the Results and STAR Methods). The right panel shows bar plots of the proportion of
autosomal 2-kb bins assigned to constant regions, uni-DERs, and multi-DERs in each epigenetic mark.

(D) Bar plots of the proportion of autosomal 2-kb bins as in (C) in at least one epigenetic mark. The 2-kb bins that were not overlapped with any of the examined
marks are labeled as “noPeak.”

(E) 2D plots for the enrichment of genomic features in DERs (top) or multi-DERs (bottom) by using the annotation of the HOMER tool. p values (hypergeometric
test) and fold enrichment values are shown on the x and y axis, respectively. The annotations “5'UTR,” “3’UTR,” “exon,” and “TTS” were combined as
“Genebody.”

(F) Bar plots of the proportion of TSSs (top) or non-promoter CGls (bottom) as in (C).

(G) CDFs of enrichment values of the indicated epigenetic marks at the TSSs or non-promoter CGls. TSSs were classified as high, intermediate, or low CpG
promoters (HCP, ICP, and LCP, respectively).

See also Figure S3.
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Figure 4. Variable H3K4me3 enrichment at evolutionarily recent TEs
(A) (a) Correlation coefficient (Pearson’s R) matrices of the logo-transformed enrichment values (IP/input) of H3K4me3 at the peak summits (+500 bp) detected in
>1 sample, classified by the HOMER tool annotation. (b) Density curves of the standard deviation (SD) values of H3K4me3 enrichment as in (a) (red), compared to
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(B) 2D plots for the enrichment of TE subfamilies in DERs of H3K4me3 (top) or H3K9me3 (bottom) by using RepeatMasker annotation. p values (hypergeometric

test) and fold enrichment values are shown in the x and y axis, respectively.
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that the H3K4me3 enrichment at the repeat sequences is vari-
able among these hiPSC lines.

We next investigated which subfamily of TEs was enriched in
DERs by using RepeatMasker annotation (http://genome.ucsc.
edu/). Human endogenous retrovirus subfamily H (HERVH),
long terminal repeat 7 (LTR7), and LTR12C, as well as human-
or primate-specific LINE-1 elements (L1HS or L1PA2/L1PAS,
respectively), were significantly enriched in H3K4me3 DERs
(p <1 x 10759 (Figures 4B and 4C). On the other hand, ancient
TEs such as LINE-2 (L2) or mammalian-wide interspersed repeat
(MIR) subfamilies were significantly enriched in the DERs of
H3K9me3 (p <1 x 107'%%) (Figures 4B and 4C), which also share
a substantial fraction of the peak regions (LTRs, 46.5%; LINEs,
44.8%) (Figure S3C). These data indicate that the associations
of H3K4me3 and other active epigenetic marks at the newly
evolved TEs tend to be variable among hiPSC lines (Figure 4C),
relating to the differential transcriptional activities of those ele-
ments in some cases (Figure 4D). In addition, we observed a
positive tendency in the correlation between the TE-associated
H3K4me3 enrichment and the adjacent gene expression, sug-
gesting the influence of TE-associated epigenetic variations on
the neighbor chromatin states (Figures S4A and S4B).

Heterogeneity in the enrichment of H3K9me3 over large
domains

The accumulation of H3K9me3 was often spread over a large re-
gion, and the pattern was variable among the hiPSC lines (Fig-
ure 5A). Inspection of H3K9me3-enriched peaks by combining
all samples revealed a bimodal distribution of their lengths (Fig-
ure 5B; Figure S4C). Indeed, smaller peaks (<10 kb) included
DERs at a low ratio (34.1%), whereas larger peaks (=100 kb)
included a large fraction of DERs (83.6%), of which most were
annotated as multi-DERs (61.8%). We defined 254 H3K9me3
large regions (> 100 kb) among the autosomes, including centro-
meres, based on the peak domains called by the epic2 software
(Stovner and Saetrom, 2019; Table S6). We noticed that in some
regions the levels of input reads were high and variable among
samples (Figure S4D), possibly reflecting the copy number vari-
ation (CNV) or variable number tandem repeat (VNTR) in the ge-
nomes. The regions with higher variance in input reads (class 1)
exhibited a strong bias in their positions toward centromeres
and telomeres, whereas this tendency was much weaker in the
regions with lesser variance (class 2), and even megascale
domains were located in the middle of chromosome arms (Fig-
ure 5C). We redefined the class-2 regions (n = 145) as
H3K9me3-large domains in the following analysis.

The level of H3K9me3 enrichment in these large domains was
highly variable among hiPSC lines (Figure 5D; Table S6). A total
of 53 domains bore a high accumulation of H3K9me3 in a major-
ity of cell lines (=5 out of 7), whereas about half the domains bore
a high H3K9me3 accumulation only in the outlier cell lines (Fig-
ure 5E). The average levels of H3K9me3 accumulation were
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not correlated with domain lengths (Figure S4E). Remarkably,
most of the H3K9me3-large domains were within lamina-associ-
ated domains (LADs) in differentiated somatic cells; in contrast,
only a subset of the H3K9me3-large domains was overlapped
with the LADs of H1 ESCs (Figure 5E) (The 4DN Data Portal) (Dek-
ker et al., 2017; van Schaik et al., 2020). Of note, the domains
with high H3K9me3 accumulation in a majority of cell lines
were more frequently observed within inter-LAD regions in H1
ESCs (Figure 5E), suggesting that the nuclear architectures
might differ between hiPSCs and hESCs.

The H3K9me3-large domains were enriched with H3K9me2; in
contrast, the other epigenetic marks accumulated at their
boundaries (Figure S4F). We next extracted the boundary re-
gions of each H3K9me3 peak called by epic2 software in all
samples and examined the association of H3K4me3 or CTCF;
the results showed that, indeed, H3K4me3 or CTCF peaks
were observed in those regions more frequently than expected
(Figure 5F). In agreement with this finding, a large number of tran-
scription factor (TF)-binding motifs were significantly enriched in
the boundary regions of H3K9me3 peaks, and the motifs for
CTCF or CTCFL binding were prominently enriched when
H3K9me3 peaks were over 100 kb (Figure 5G). Indeed, by
exploring the published TF-ChIP-seq data on hESCs (Sloan
et al., 2016; Tsankov et al., 2015), we found that the binding of
TFs, such as YY1, SP2, and SMAD2/3, was frequently observed
in the boundary regions of H3K9me3 peaks (Figures 5G and
S4G). These data suggest that the recruitment of these
chromatin-binding factors may determine the boundary of
H3K9me3 propagation and vice versa, and their variations likely
cause the heterogeneity among the hiPSC lines.

We next examined the distribution of TEs within the H3K9me3
peaks and observed that smaller H3K9me3 peaks (< 10 kb) were
significantly enriched with newly evolved TE subfamilies (Fig-
ure 5H). Significant enrichment of many of these subfamilies
was observed in H3K4me3 DERs (Figure 4B), and in fact, such
H3K4me3 DERs were located within or proximal to smaller
H3K9me3 peaks (Figure S4H). In contrast, ancient subfamilies
such as L2 or MIR were present within larger H3K9me3 peaks
(=100 kb) in a more frequent manner (Figure 5H), consistent
with the significant enrichment of those subfamilies in
H3K9me3 DERs (Figures 5B, 4B, and 4C). However, the pres-
ence of such ancient subfamilies in the H3K9me3 peaks was still
less frequent if compared to the randomly chosen regions (Fig-
ure 5H), implying that TEs are unlikely to be a key factor in the for-
mation of large H3K9me3 domains, while they actively contribute
to the formation of smaller H3K9me3 peaks.

To assess the effects of passage on H3K9me3 enrichment, we
examined early passage cells of the F4 and F5 lines (termed F4e
and Fb5e, respectively) (Table S1). The comparison of the
H3K9me3 enrichment between early and middle passage cells ex-
hibited high correlations in both cell lines, indicating that the het-
erogeneity in H3K9me3 is well maintained during cell propagation

(C) Heatmap for the enrichment of TE subfamilies (p values, hypergeometric test) in DERs and their taxa (Storer et al., 2021) indicated with gray rectangles
(bottom). The subfamilies that are overrepresented in >1 epigenetic mark-DERs (p < 1 x 1072% are shown.
(D) Distribution of the indicated epigenetic marks and stranded RNA-seq reads at the indicated HERVH and L1PAS3 loci. For epigenetic marks, the y axis rep-

resents log,-transformed IP reads normalized by autosomal total reads.
See also Figure S4.
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Figure 5. Heterogeneity in the enrichment of H3K9me3 over large domains
(A) Distribution of H3K9me3 on chromosome 15 in the indicated hiPSC lines.

(B) The frequency plots (a) and bar plots (b) of autosomal 2-kb bins assigned to constant regions, uni-DERs, and multi-DERs of H3K9me3, against the length of the
peaks to which they belong (log+o transformed). Peak regions called by epic2 software in each sample were merged.
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(Figure 6A). Accordingly, differences between F4 and F5 cells were
already observed in early passage cells, especially in large do-
mains (=100 kb). In the X chromosomes, a decrease in the
H3K27me3 enrichment during the passages was observed in
megabase-scale regions including the XIST, DXZ4, or FIRRE
locus, likely in association with the downregulation of XIST (Figures
S5A and S5B; Figures 2D and 2H); the enrichment of H3K9me3
was well preserved in the vast majority of the X chromosomes in
F4 and F5 cells (Figures S5A and S5B). Note that the heterogeneity
in large H3K9me3 domains was also observed in hESC lines in
certain regions (Figure S6), suggesting that the occurrence of
such epigenetic variability may not be restricted to the somatic
cell reprogramming process for the hiPSC derivation.

Inverse correlation between H3K9me3 and DNA
methylation status

To explore the interplay between DNA methylation and the epige-
nomic variations we have described, we performed whole-
genome bisulfite sequencing (WGBS) on F1, F4e, and F5e cells
(Table S4). In contrast to the heterogeneity observed in the
H3K9me3 enrichment levels (Figure 6A), the genome-wide methyl-
ated CpG (mCQG) levels were in general highly correlated among
these samples (Figure 6B). On the other hand, in agreement with
the previous reports (Ma et al., 2014; Nazor et al., 2012), differ-
ences in the mCG levels were observed in a subset of imprinted
domains (Court et al., 2014; Okae et al., 2014; Yamashiro et al.,
2018; Figure S5C). Previous studies have demonstrated aberrant
non-CG methylation in megabase-scale regions of hiPSCs and
significant enrichment of H3K9me3 in such regions (Lister et al.,
2011). Inspection of the methylated C (mC) levels in the
H3K9me3-large domains revealed that not only mCA but also
mCG levels were inversely correlated with the H3K9me3 enrich-
ment levels (Figure 6C). Nevertheless, the differences in mCG
levels were only partial, with more than 75% of CG remaining
methylated in the majority of regions. These data suggest the
possibility that the accumulation of H3K9me3 may impair the effi-
ciency of the DNA methylation machineries in both the mainte-
nance and de novo pathways. A similar inverse correlation be-
tween H3K9me3 and mC was observed in the X chromosomes
(Figure S5D).

Influences of genetic variations on epigenomic
heterogeneities

To address the influences of genetic differences among the
hiPSCs on their epigenomic states, we performed whole-
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genome sequencing of M2, F2, F3, F4, and F5 cells (Tables S1
and S4). When we examined the genome-wide frequency of
CNVs, small insertions/deletions (INDELs), and SNPs, we
observed a slight increase in the frequencies of CNVs and
SNPs in the autosomal DERs, but no such difference for INDELs
(Figure 6D). Notably, SNPs were frequently found in H3K4me3-
associated LTRs and LINEs (peak summits + 500 bp), implying
a link between the genetic variations and the differences in
H3K4me3 enrichment discussed in Figure 4 (Figure S7A). We
next assessed the overlap of CNVs with the H3K9me3 domains
(=100 kb) determined in Figure 5. Among the 145 domains in
class 2 (Figures 5C and S4D), only 15 contained CNVs within
the region, indicating that CNVs made only a small contribution,
if any, to engendering the heterogeneity in the H3K9me3 enrich-
ment over large domains (Figures S7B and S7C). Together, these
findings demonstrate that a majority of epigenomic heterogene-
ity in hiPSCs can arise independently of their genetic differences.

Genes associated with epigenomic variations

implicated in human germ cell differentiation

We next examined the relationships between the epigenetic dif-
ferences and the efficiency for PGCLC induction among the
hiPSC lines. We calculated the correlation between the enrich-
ment levels of epigenetic marks and the median values of induc-
tion rates that were analyzed in our previous study (Figure 7A;
Yokobayashi et al., 2017). In autosomal regions, only a small
fraction of DERs exhibited high correlation coefficients (Pear-
son’s R) in any of the epigenetic marks (0.8%-2.6%, >0.75;
0.6%-2.7%, <—0.75). In contrast, the DERs in X chromosomes
showed strong biases, namely, a positive correlation with the
enrichment levels of H3K9me3 (62.6%, >0.75) and negative
correlation with those of H3K4me3, H3K27ac, or CTCF
(30.0%, 44.3%, or 41.5%, respectively, <-0.75) (Figure 7A).
These data indicate that an increase in the enrichment of active
marks, i.e., reactivation of XCl, has a negative effect on the
PGCLC induction (Figures 2B and 2C).

Next, by examining the overlaps between the DERs and gene
regulatory elements annotated in the GeneHancer database (Fish-
ilevich etal., 2017), we extracted genes that bear highly correlated
DERs (R > 0.75 or < —0.75) in their regulatory regions. We ob-
tained 1,325 genes in total, of which 1,012 genes were located
in the autosomal regions (Figure 7B). Gene Ontology (GO) analysis
revealed that genes for transcriptional regulation, cell growth
regulation, or canonical WNT signaling pathways were signifi-
cantly enriched among these 1,325 genes (Figure 7C; Table S7).
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(C) (@) Chromosome ideograms of the 254 large H3K9me3 domains (> 100 kb). The 145 domains showing lower heterogeneity at the level of input samples were
classified as “class 2” (see Figure S4D; Table S6). (b) Chromosomal positions of the large H3K9me3 domains. The x axis represents domain positions relative to
centromeres and telomeres; the y axis represents the log4g-transformed peak lengths.

(D) Heatmap representation and profile plots (top) of the H3K9me3 enrichment levels over H3K9me3 domains and flanking genomic regions. The values of
replicate 1 were used (Table S3).

(E) (@) Heatmap of the level of H3K9me3 abundance over domains (vertical bars in the x axis) in each hiPSC line. The median values of the seven hiPSCs are shown
on the top. (b) Overlap of LADs with H3K9me3 domains in the indicated cell types (the 4DN Data Portal).

(F) The frequency of the observation of CTCF (top) or H3K4me3 (bottom) peaks at the boundary of H3K9me3 peaks grouped by the lengths, relative to those in
10 randomly chosen regions (gray).

(G) The enrichment of known motifs at the boundary of H3K9me3 peaks as in (F) analyzed by the HOMER tool.

(H) The enrichment of TE subfamilies in H3K9me3 peak groups (> 100 kb [top]; < 10 kb [bottom]). p values (hypergeometric test) (top panel) and the number of
observations of the indicated subfamilies in the H3K9me3 peaks and 5 randomly chosen regions (light or dark gray) (bottom panel) are shown.

See also Figure S4.
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Figure 6. Inverse correlation between H3K9me3 and DNA methylation status

(A) (a) Scatterplots of the log,-transformed enrichment values of H3K9me3 in the indicated hiPSC samples. Each point represents an autosomal 2-kb bin
overlapped with merged H3K9me3 peak regions. The values of replicate 1 or 2 were used in the F1 or F4 sample, respectively. (b) Density curves of the H3K9me3
enrichment differences per 2-kb bin between the indicated samples.

(legend continued on next page)
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Of note, WNT signaling is one of the major pathways that are acti-
vated at the initial step of PGCLC induction (Sasaki et al., 2015).
Moreover, the expression levels of many of these genes were
dynamically regulated during human germ cell differentiation, in
which hiPSCs were induced into early PGCLCs and further differ-
entiated into oogonia/gonocyte-like cells (Figure 7D; Kojima et al.,
2017; Yamashiro et al., 2018). Interestingly, CHCHD2, which has
been reported to play a role in the suppression of the transforming
growth factor  (TGF-p) pathway (Zhu et al., 2016), exhibited a dy-
namic expression pattern during human germ cell differentiation
and was associated with the clonal heterogeneity in the propaga-
tion of H3K9me3 domains in these hiPSC lines (Figure 7E). Addi-
tionally, we found autosomal regions that showed differential
enrichment of epigenetic marks between males and females,
and these were found in the regulatory elements of 18 germline-
associated genes (Figure S7D). Taken together, these data sug-
gest that epigenetic differences in the autosomes also have ef-
fects on the modulation of the gene network during the human
germ cell differentiation process.

DISCUSSION

Our study clarified the following distinct states of the X chromo-
some in female hiPSC lines: XaXie$™= (F1 and F2), XaX**™
(F3), or XaXi*T~ (F4 and F5) (Figure 2l). In F3 cells where XIST
expression was maintained, H3K27me3 and H3K9me3 were
distributed along the X chromosomes in a largely mutually exclu-
sive manner (Figure 1B), as described previously in H9 ESCs (Fig-
ure 1D; Vallot et al., 2015). In the other female hiPSCs, the
enrichment of H3K27me3 was mostly lost; the enrichment of
H3K9me3 was confined to narrower regions in XaXie*>"~ cells
(F1/F2), whereas it was extended to almost the entire chromosome
in Xaxi*’>7~ cells (F4/F5) (Figures 1B and 1C). In the XaXi,e*S™~
state, approximately one-half of X-linked genes exhibited bi-allelic
expression and the increase in gene dosage, whereas the rest of
the genes remained silenced (Figures 2B and 2C). Such erosion
of XClI (increase in the number of bi-allelically expressed genes)
was not observed even in the late passage of F4 and F5 cells (Fig-
ures 2E and 2F), implying that hiPSCs establish two divergent
states as the outcome of the downregulation of XIST. Although
F4/F5 cells were generated under the feeder-free condition,
F1/F2 cells were generated and passaged on SNL-feeder cells
and subsequently transferred to and maintained under the
feeder-free condition; such differences in the hiPSC-derivation
culture conditions could be a cause for the different XClI states, a
possibility that warrants investigation (Nakagawa et al., 2014;
Okita et al., 2013; Takahashi et al., 2007; Tomoda et al., 2012; Ta-
ble S1).
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It has been well established that XIST recruits PRC2, and
hence H3K27me3, to the Xi (Galupa and Heard, 2018); however,
it remains unclear how the H3K9me3-enriched domains are
established on the Xi and what determines the boundary of
H3K27me3/H3K9me3 domains. In fact, such boundaries were
abolished in F4 and F5 cells (Figure 1B). In the early passage
of F4 cells, H3K27me3 was preferentially retained at around
XIST, DXZ4, and FIRRE loci (Figure S5B). These loci form long-
range chromatin loops in the Xi (Darrow et al., 2016; Rao et al.,
2014), suggesting a close relationship between the distribution
of repressive histone marks and the formation of a higher-order
chromatin structure. The erosion of XCl has also been observed
in cancer cells, which often exhibit dispersed or no XIST and
H3K27me3 accumulation on the Xi (Chaligné et al., 2015).
Further investigation, probably including comparative studies
with other cell types, would be required to understand the molec-
ular mechanisms causing the different XCl states in female
hPSCs.

Consistent with the highly similar gene expression profiles
among the hiPSC lines, in the autosomes, epigenetic variations
were enriched not in genic but in non-genic regions, such as in-
tergenic or intronic regions and TEs (Figures 3 and S1A). We did
not observe a stark enrichment of genetic variations in these
epigenetically variable regions (Figure 6D; Figure S7E). It has
been reported that several loci of TEs are associated with differ-
ential DNA methylation in some hiPSC lines (Koyanagi-Aoi et al.,
2013). In this study, using a more systematic approach, we iden-
tified differential enrichment of H3K4me3 in newly evolved TE
subfamilies, including HERV-H/LTR7, LTR12C, or human- or pri-
mate-specific LINE1 elements (Figures 4B and 4C). These ele-
ments can have autonomous promoter activities (e.g., LTR12C)
(van Arensbergen et al., 2017) and affect the formation of
higher-order chromatin structures (e.g., HERV-H/LTR7?) (Zhang
et al., 2019). Therefore, the variegated epigenetic states of these
elements may influence the property of hiPSCs by regulating the
expression of neighboring genes (Figures S4A and S4B). Inter-
estingly, we found that SNPs tended to be observed at a high fre-
quency in the H3K4me3 peak regions associated with LINEs and
LTRs (Figure S7A), suggesting that the SNPs may cause the dif-
ferential epigenetic states, possibly by influencing the accessi-
bility of chromatin binding factors (Carcamo-Orive et al., 2017;
DeBoever et al., 2017; Skelly et al., 2020). It remains to be inves-
tigated whether these TE-associated H3K4me3 variations are
unique to hiPSCs.

Previous studies have shown that, unlike hESCs, hiPSCs bear
megascale regions with the hypo-methylation at non-CG dinucle-
otides and the enrichment of H3K9me3, which are preferentially
located near centromeres or telomeres (Lister et al., 2011;

(B) (a) Correlation coefficient (Pearson’s R) matrix of the mCG levels (autosomal 2-kb bins) of the indicated hiPSC samples. (b) Scatterplots of the mCG levels

(autosomal 2-kb bins).

(C) (a) Heatmap of the levels of H3K9me3, mCG, mCA, mCT, or mCC in the 145 H3K9me3 domains (Figures 5D and 5E) in the indicated hiPSC lines as in (A). (b)
Comparison of the median (top) or SD (bottom) values between the H3K9me3 and mCG levels in the hiPSC samples indicated in (a). Each point represents a
H3K9me3 domain. Correlation coefficient (Pearson’s R) and loess regression curves (blue) with 95% confidence intervals (gray shadow) are shown. (c) The levels

of H3K9me3, mCG, and mCA on chromosome 7.

(D) (a) Bar plots of the proportion of autosomal 2-kb bins as shown in Figure 3D, analyzed on the indicated five hiPSC lines whose WGS data were examined. (b)
Bar plots of the proportion of 2-kb bins classified into “const.” or “DER,” as shown in (a). Overlap with CNVs (left) and frequency of INDELSs (center) or SNPs (right)

are shown.
See also Figures S5-S7.
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Figure 7. Genes associated with epigenomic variations implicated in human germ cell differentiation

(A) (@) Schematic for the correlation analysis between the PGCLC induction rates (Yokobayashi et al., 2017) and the enrichment levels of epigenetic marks. (b)
Violin plots of correlation coefficient (Pearson’s R) as in (a), calculated for each 2-kb bin overlapped with the DERs of the indicated epigenetic marks. The median
values and 25" and 75" percentiles are shown in overlaid boxplots.

(legend continued on next page)
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Ma et al., 2014). In the present study, we identified 145 large do-
mains where the distribution of H3K9me3 is heterogeneous
among hiPSC lines. Such domains were in the range of 100 kb
to >5 Mb, were distributed broadly across the genome (Figure 5C),
and were rarely overlapped with CNVs (Figures S7B and S7C).
WGBS analysis revealed that the level of H3K9me3 enrichment
in the large domains was inversely correlated with the level of
DNA methylation at not only non-CG but also CG sites, although
the differences in CG-methylation levels were only partial (Figure
6C). This result likely indicates an interference with the access of
the DNA methylation machinery (de novo and/or replication
coupled) to the regions within the H3K9me3-enriched large
domain, possibly due to the phase-separated chromatin struc-
tures formed by the recruitment of H3K9me3 and heterochromatin
protein 1 (HP1) (Larson et al., 2017; Strom et al., 2017). A subset of
these H3K9me3 domains exhibited dynamic changes in the
interaction to nuclear lamina between differentiated somatic cells
and hESCs (Figure 5E), suggesting that the heterogeneity in
H3K9me3-large domains might be linked to the heterogeneity in
higher-order chromatin organizations. Collectively, these results
indicated that H3K9me3 would be a good landmark for evaluating
the domain-scale epigenetic heterogeneity among hiPSCs in
future studies. Moreover, it will be important to investigate
H3K9me3 states in additional hESC lines that also show some de-
gree of such heterogeneity (Figure S6).

Among the female hiPSC lines, the efficiency of hPGCLC in-
duction decreases in the order of XaXi*'>™~ (F4, F5) > Xaxi“S™
(F3) > XaXi, ST~ (F1, F2) states (Yokobayashi et al., 2017; Fig-
ure S7F), suggesting that having the XClI state is an advantage
for hPSCs to differentiate into the germ cell lineage. The dosage
differences between XaXi/e and XaXi were less than 2-fold but
have an effect on hundreds of genes, including transcriptional/
epigenetic regulators or factors involved in cytokine signaling
pathways (Figures 7C and 7D; Table S7). Given the dynamic
regulation of the XCl state during mammalian development (Pa-
trat et al., 2020), it will be important to clarify in future studies how
the orchestration of these genes affects cell fate decisions in the
germ cell lineage as well as in somatic cell lineages. Our analysis
also identified epigenetic variations in autosomal regions that are
highly correlated with the efficiency of hPGCLC induction (Fig-
ure 7), and some of these variations exhibited significant differ-
ences between male and female hiPSCs (Figure S7D). We and
others have shown that female hPSCs tended to be less efficient
for hPGCLC induction (Chen et al., 2017; Yokobayashi et al.,
2017). It warrants further investigation whether such epigenetic
differences in autosomes could be attributed to the differences
in the XCl or sex chromosome dosages, as pointed out in previ-
ous studies (Brenes et al., 2021; Milagre et al., 2017; Pasque
et al., 2018; Song et al., 2019).
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In summary, the present study revealed the basis of epige-
nomic variations existing in hiPSCs, through the in-depth anal-
ysis of seven relevant hiPSC lines. In addition to the female X
chromosomes, the properties of genomic regions, such as the
CpG density, TE insertion, or interaction with the nuclear lamina,
likely contribute to the emergence and/or retention of the hetero-
geneity of epigenomic states. These variations appear to be
neither beneficial nor detrimental for cells in the undifferentiated
state but may determine the latent propensity for the differentia-
tion capacity of hiPSCs. Decoding the epigenomic information
would enable us to prospectively assess the fate of hiPSCs,
which requires future studies on a large scale.

Limitations of the study

A limitation of our study is the use of seven lines and a limited
number of derivation/culture conditions. A larger number of cell
lines, including both hESCs and hiPSCs, should be examined
in future studies for further clarification of the potential effects
of epigenomic variations on the PGCLC induction proposed in
this study. The examination of a wider variety of female cell lines
with different derivation/culture conditions would be especially
important for understanding the effects of the XClI state on the
in vitro specification of human germ cell fate and subsequent dif-
ferentiation processes.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
Stranded RNA-seq library preparation and sequencing
ChlP-seq library preparation and sequencing
WGBS library preparation and sequencing
Whole genome sequencing
Immuno-DNA FISH
RNA-seq data processing
ChlP-seq data processing
Identification of DERs
WGBS data processing
Analysis of H3K9me3 domains
SNP analysis for X-linked genes
Analysis of CNVs, INDELs, and SNPs in the autosomes
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(B) Number of genes whose regulatory elements are overlapped with the highly correlated DERs (Pearson’s R, >0.75 or <—0.75; shadowed in B), defined by

GeneHancer database.
(C) Gene Ontology analysis of the genes shown in (B) (Table S7).

(D) K-means clustering (K = 8) and heatmap of the relative expression values of the genes shown in (B) during the PGCLC induction process, examined on 585B1-
868 reporter hiPSCs (Kojima et al., 2017; Yamashiro et al., 2018). Genes whose log,(RPM+1) values were <4 in all samples were excluded. Representative genes

are shown on the right.

(E) The levels of the indicated epigenetic marks and stranded RNA-seq reads on chromosome 7.

See also Figure S7.
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Antibodies

anti-H3K4me3 Gift from Dr. H. Kimura (Kimura Clone CMA304
et al., 2008)

anti-H3K27ac Gift from Dr. H. Kimura (Kimura Clone CMA309
et al., 2008)

anti-H3K9me3 Gift from Dr. H. Kimura (Hayashi- Clone CMA318
Takanaka et al., 2011)

anti-H3K27me3 Gift from Dr. H. Kimura (Hayashi- Clone CMA323

Takanaka et al., 2011)

anti-H3K9me2 MBL MABI0307; RRID: AB_11124951
anti-H2AK119ub1 CSsT D27C4; RRID: AB_10891618
anti-CTCF CST D31H2; RRID: AB_2086791
anti-H3K27me3 MBL MABI0323; RRID: AB_11123929
anti-H3K9me3 MBL MABI0318

Donkey anti-mouse IgG-Alexa 488

Thermo Fisher Scientific

A32766; RRID: AB_2762823

XCyting Chromosome Paints Metasystems D-0323-100-OR
Orange

Chemicals, peptides, and recombinant proteins

StemFit AKOSN Ajinomoto N/A
iMatrix-511 Nippi 892012
TryPLE Select Thermo Fisher Scientific 12563011
Y-27632 Wako Pure Chemical Industries 253-00511
16% Formaldehyde (w/v), Thermo Fisher Scientific 28906
Methanol-free

cOmplete, EDTA-free SIGMA 4693132001
Dynabeads M-280 Sheep anti- Invitrogen 11202D
Mouse IgG beads

Dynabeads Protein A beads Invitrogen 10001D

BSA Fraction V GIBCO 15260-037
RNase A Thermo Fisher Scientific ENO0531
Proteinase K Thermo Fisher Scientific AM2546
Unmethylated Lambda phage DNA Promega D1521
Paraformaldehyde Nacalai Tesque 26126-25
BSA SIGMA A7030

ibidi mounting medium ibidi ib50001
Poly-d-Lysine SIGMA P6407
Critical commercial assays

RNeasy Micro Kit QIAGEN 74004
TruSeq Stranded mRNA LT Sample lllumina RS-122-2101
Prep Kit

QIA quick PCR purification kit QIAGEN 28104

KAPA Hyper Prep Kit Roche KK8502
Adaptor kit FastGene FG-NGSAD24
KAPA Library Quantification Kit Roche KK4824

All Prep DNA/RNA mini kit QIAGEN 80204
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

RNA-seq data This paper GEO: GSE165869
ChlP-seq data This paper GEO: GSE165869
Whole genome bisulfite sequence This paper GEO: GSE165869
data

Whole genome sequence data This paper JGA: JGAS000310

ChIP-seq data
ChlP-seq data

Sloan et al., 2016
Vallot et al., 2015

https://www.encodeproject.org/
GSE62562

ChIP-seq data Nozawa et al., 2013 DRA000894

ChlP-seq data Tsankov et al., 2015 GSE61475

DamlD-seq data Dekker et al., 2017 https://data.4dnucleome.org/
RNA-seq data Kojima et al., 2017 GSE99350

RNA-seq data Yamashiro et al., 2018 GSE117101

Whole genome bisulfite sequence Okae et al., 2014 JGAS00000000006

data

Experimental models: Cell lines

Human iPSC clones Listed in Table S1 Table S1

Software and algorithms

Imaris 9.0 software Bitplane N/A

Tophat v2.1.0 Kim et al., 2013 https://ccb.jhu.edu/software/

Bowtie2 v2.2.7 (RNA-seq)
Bowtie2 v2.2.6 (ChIP-seq)
Cufflinks v2.2.1

SAMtools v1.3
IGVTools v2.3.52

wigToBigWig tool

Cutadapt v1.9.1 (ChIP-seq)
Cutadapt v1.8.1 (WGS)
FastQC v0.11.4

Picard-tools v2.1.0 (ChIP-seq)
Picard-tools v1.134 (WGS)
BEDtools v2.25.0

MACS2 v2.1.1

epic2 v0.0.41

ChromHMM v1.12

Trim_galore v0.4.1

Bismark v0.17.0

HOMER v4.10.4
BWA-MEM v0.7.12

e2 Cell Reports 37, 109909, November 2, 2021

Langmead and Salzberg, 2012

Trapnell et al., 2010

Li et al., 2009
Robinson et al., 2011

http://hgdownload.cse.ucsc.edu/
admin/exe/

https://cutadapt.readthedocs.io/en/
stable/index.html

https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/

https://broadinstitute.github.io/
picard/

Quinlan and Hall, 2010
Zhang et al., 2008
Stovner and Saetrom, 2019

Ernst and Kellis, 2017

https://www.bioinformatics.
babraham.ac.uk/projects/
trim_galore/

Krueger and Andrews, 2011

Heinz et al., 2010
Li and Durbin, 2010

tophat/index.shtml

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

http://cole-trapnell-lab.github.io/
cufflinks/

http://www.htslib.org/

https://software.broadinstitute.org/
software/igv/igvtools

N/A
N/A
N/A
N/A

https://bedtools.readthedocs.io/en/
latest/

https://github.com/macs3-project/
MACS

https://github.com/biocore-ntnu/
epic2

http://compbio.mit.edu/
ChromHMM/

N/A

https://www.bioinformatics.
babraham.ac.uk/projects/bismark/

http://homer.ucsd.edu/homer/
http://bio-bwa.sourceforge.net/
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GATK tools v3.4-0 https://gatk.broadinstitute.org/hc/ N/A
en-us
iSAAC-04.18.11.09 https://github.com/lllumina/lsaac4 N/A
Strelka v2.9.10 https://github.com/lllumina/strelka/ N/A

Control-FREEC v11.5

DAVID 6.8

R software v3.6.2
gplots
corrplot

ggbio

GenomicRanges

Boeva et al., 2012

Huang et al., 2009

https://www.r-project.org/
https://github.com/talgalili/gplots
https://github.com/taiyun/corrplot
Yin et al., 2012

Lawrence et al., 2013

https://github.com/Boeval.ab/
FREEC
https://david.ncifcrf.gov/summary.
isp

N/A

N/A

N/A
https://www.bioconductor.org/

packages/release/bioc/html/ggbio.
html

https://bioconductor.org/packages/
release/bioc/html/GenomicRanges.
html

ggplot2 https://github.com/tidyverse/ N/A
ggplot2

ggpointdensity https://cran.r-project.org/web/ N/A
packages/ggpointdensity/index

deepTools v3.4.3 Ramirez et al., 2016 https://deeptools.readthedocs.io/

en/develop/

Other

Picoruptor Diagenode N/A

LabChIP GX PerkinElmer N/A

LSM780 confocal microscope Zeiss N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shihori
Yokobayashi (yokobayashi@anat2.med.kyoto-u.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The RNA-seq, ChiIP-seq, and WGBS data generated in this study were deposited in the NCBI database (GEO: GSE165869).
The WGS data generated in this study were deposited in the JGA database (JGA: JGAS000310).
® This paper does not report original code. Published analysis code used in this study are available on request from the lead

author.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The hiPSC lines used in this study with their detailed description, including sex and passage numbers, were provided in Table S1.
hiPSCs were maintained under a feeder-free condition (StemFit AKO3 or AKO3N [Ajinomoto] medium on recombinant LAMININ511 [iM-
atrix-511; Nippi]-coated cell culture plates) (Nakagawa et al., 2014). For single-cell dissociation for the passage, the cells were treated
with 0.5x TryPLE Select (Life Technologies) solution in 0.5 mM EDTA/PBS for 8-10 min at 37°C and harvested with cell scrapers. 10 uM
of Rho-associated coiled coil-forming kinase (ROCK) inhibitor (Y-27632; Wako Pure Chemical Industries) was added and the treatment

Cell Reports 37, 109909, November 2, 2021 e3
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was continued for 24 h after seeding. hiPSCs were cultured at 37°C under an atmosphere of 5% CO2 in air. All the experiments were
performed under the ethical guidelines of Kyoto University. The experiments using human iPSCs were approved by the Institutional
Review Board of Kyoto University and the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.

METHOD DETAILS

Stranded RNA-seq library preparation and sequencing

Total RNA was extracted from harvested hiPSCs (~4 x 10°5) by using RNeasy Micro Kit columns (QIAGEN) following the manufac-
turer’s guidelines. RNA-seq libraries were prepared using a TruSeq Stranded mRNA LT Sample Prep Kit (lllumina). Libraries were
sequenced as paired-end reads (2 x 71 bp or 72 bp) on an lllumina HiSeq 2500 platform (rapid mode).

ChlP-seq library preparation and sequencing

The ChIP experiment was performed as previously described (Lee et al., 2006) with minor modifications. Harvested hiPSCs were
crosslinked with 1% formaldehyde (methanol-free; Thermo Fisher Scientific) in PBS for 10 min at room temperature and quenched
with 125 mM glycine. Crosslinked cells were incubated in lysis buffer 1 (50 mM HEPES-KOH pH 7.5, 1 mM EDTA, 140 mM NaCl, 10%
glycerol, 0.5% NP-40, 0.25% Triton X-100, proteinase inhibitors) for 10 min at 4°C. After centrifugation, the pellets were resuspended
and incubated in lysis buffer 2 (10 mM Tris-HCI pH 8, 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl, proteinase inhibitors) for 10 min at
4°C. After centrifugation, the pellets were resuspended and incubated in lysis buffer 3 (50 mM Tris-HCI pH 8, 1 mM EDTA, 0.5 mM
EGTA, 100 mM NaCl, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine, proteinase inhibitors) for 10 min at 4°C. Chromatin was
sonicated using a Picoruptor (Diagenode) to achieve a mean DNA fragment size of around 200~400 base pairs. 1/10 volume of Triton
X-100 was added and the supernatants (sonicated chromatin) after centrifugation were used for immunoprecipitation.

Sonicated chromatin was diluted in lysis buffer 3 to an optimal volume for antibody reaction and pre-cleared for 35 min at 4°C using
Dynabeads M-280 Sheep anti-Mouse IgG beads (Invitrogen) or Dynabeads Protein A beads (Invitrogen) blocked with 0.5% BSA in PBS.
Pre-cleared chromatin was then incubated with antibody that was pre-incubated with the appropriate Dynabeads in 0.5% BSA in PBS
overnight at 4°C, as follows: chromatin equivalent of 5 x 1075 cells with anti-H3K4me3 (mouse, gift from H. Kimura, 2.5 pl) (Kimura et al.,
2008), anti-H3K27ac (mouse, gift from H. Kimura, 2.5 pl) (Kimura et al., 2008), anti-H3K9me3 (mouse, gift from H. Kimura, 2.5 pl) (Hayashi-
Takanaka et al., 2011), anti-H3K27me3 (mouse, gift from H. Kimura, 2.5 pl) (Hayashi-Takanaka et al., 2011), and anti-H3K9me2 (mouse,
MBL, MABI0307, 5 ul); 2 x 1076 cells with anti-H2AK119ub1 (rabbit monoclonal, CST, D27C4, 10 pul); and 1 x 1076 cells with anti-CTCF
(rabbit monoclonal, CST, D31H2, 5 pl). After the incubation for 6 h at 4°C, the beads were washed 4 times in wash buffer 1 (20 mM Tris-
HCI pH 8,2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS), twice in wash buffer 2 (20 mM Tris-HCI pH 8, 2 mM EDTA, 500 mM
NaCl, 1% Triton X-100, 0.1% SDS), and twice in wash buffer 3 (10 mM Tris-HCI pH 8, 1 mM EDTA, 250 mM LiCl, 1% Na-Deoxycholate,
1% NP-40). The washed beads were eluted in 10 mM Tris-HCI pH 8, 5 mM EDTA, 300 mM NaCl, and 1% SDS, and crosslinks were
reversed overnight at 65°C. Input samples (chromatin equivalent of 2 x 105 cells) were treated in a similar manner. The following
day, IP and Input samples were incubated with RNase A (Thermo Fisher Scientific) for 25 min at 37°C, and proteinase K (Thermo Fisher
Scientific) for 40 min at 55°C. IP or Input DNA was purified using the QIA quick PCR purification kit (QIAGEN).

ChlP-seq libraries were prepared using a KAPA Hyper Prep Kit (Roche) following the manufacturer’s guidelines. An adaptor kit
(FastGene) was used for the sample indexes. The average size and concentration of library samples were analyzed using a LabChIP
GX (PerkinElmer) and KAPA Library Quantification Kit (Roche), respectively. Libraries were sequenced as 50 or 75 bp paired-end
reads on an lllumina HiSeq 2500 platform.

WGBS library preparation and sequencing

WGBS libraries were generated with a post-bisulfite adaptor tagging (PBAT) method (Miura et al., 2012; Shirane et al., 2016).
Genomic DNA of hiPSCs (~4 x 10°5) was purified using an All Prep DNA/RNA mini kit (QIAGEN) following the manufacturer’s guide-
lines. Unmethylated lambda phage DNA (1/200 of the estimated gDNA mass) (Promega) was spiked into the samples, and then the
samples were subjected to bisulfite conversions and library constructions for amplification-free WGBS analyses (Miura et al., 2012).
Libraries were sequenced as 104 bp single-end reads on an lllumina HiSeq 2500 platform.

Whole genome sequencing

Genomic DNA extraction was performed manually. The harvested hiPSCs (~1 x 10°6) were lysed in 10 mM Tris-HCI pH 8.0, 10 mM
EDTA, 150 mM NaCl, 0.1% SDS, and proteinase K overnight at 55°C, and then treated with RNase A for 1 h at 37°C. gDNA was pu-
rified by a series of phenol, phenol/chloroform/isoamyl alcohol, and chloroform extractions, followed by isopropanol precipitation.
gDNA was dissolved in TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA). WGS library preparation and sequencing were performed
at Macrogen Inc. (https://www.macrogen.com).

Immuno-DNA FISH

Immuno-DNA FISH experiments were performed as described previously (Terranova et al., 2008). Human iPSCs were plated on
coverslips pre-treated with poly-d-lysine (SIGMA) and cultured for several days. Cells were fixed in 3% paraformaldehyde in PBS
pH 7.4 for 10 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min on ice, blocked in PBS containing 1% BSA for 30 min,
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and then incubated with the primary antibody, anti-H3K9me3 (MBL, MABI0318, 1:250), and anti-H3K27me3 (MBL, MABI0323,
1:250) overnight at 4°C, followed by secondary antibody anti-mouse IgG-Alexa 488 for 1 h. All immunostaining steps were per-
formed at room temperature unless otherwise stated, and excess antibodies were washed in PBS three times for 10 min each.
The stained cells were post-fixed in 3% PFA for 10 min at RT, permeabilized with 0.7% Triton X-100/0.1M HCI in PBS for
10 min on ice, rinsed in 2 x SSC, and denatured for 30 min in 2 x SSC/70% formamide at 80°C. The cells were then washed
in cold 2 x SSC, and hybridized with denatured XCyting Chromosome Paints Orange (Metasystems) overnight at 37°C in a humid
chamber. Excess probe was eliminated through two washes in 2 x SSC (37°C for 30 min each), followed by one wash in 1 x SSC
(RT for 30 min) and one wash in 0.5x SSC (RT for 30 min). After staining with 250 ng/ml DAPI in 0.5x SSC, samples were mounted
in ibidi mounting medium (ibidi) prior to microscopy analysis. Images were acquired using a Zeiss LSM780 confocal microscope
and analyzed using Imaris 9.0 software (Bitplane).

RNA-seq data processing

The human genome sequence (GRCh38.p2, chromosomes 1 to 22 and X) was obtained from the NCBI ftp site (ftp://ftp.ncbi.nim.nih.
gov/). The transcript annotation (gencode.v25.annotation.gff3) was obtained from the GENCODE site (https://www.gencodegenes.
org/). Paired-end reads were aligned using Tophat v2.1.0/Bowtie2 v2.2.7 with the “-no-coverage-search” option (Kim et al., 2013;
Langmead and Salzberg, 2012), followed by cufflinks v2.2.1 with the “-compatible-hits-norm,” “-library-type fr-firststrand,” and
“-max-mle-iterations 50000” options (Trapnell et al., 2010) to estimate fragments per kbp of transcript per million mapped reads
(FPKM) per gene. BAM files including R1 or R2 reads were created separately using SAMtools v1.3 (Li et al., 2009); bigWig files
were created from the same BAM files using IGVTools v2.3.52 (Robinson et al., 2011) with the “-strands read” option and the
wigToBigWig tool (http://hgdownload.cse.ucsc.edu/admin/exe/), with normalization by million mapped reads.

ChlIP-seq data processing

Paired-end reads were processed using Cutadapt v1.9.1 (https://cutadapt.readthedocs.io/en/stable/) to obtain 50 bp reads uni-
formly. The GC content per read was analyzed using FastQC v0.11.4 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). The truncated reads were aligned to the human genome (GRCh38.p2, chromosome 1 to 22 and X) using Bowtie2 v2.2.6
with the “-very-sensitive” and “-X 2000” options (Langmead and Salzberg, 2012). Duplicate reads were removed using the
MarkDuplicates command of Picard-tools v2.1.0 (https://broadinstitute.github.io/picard/) with the “REMOVE_DUPLICATES =
true” option, and proper paired reads were extracted using SAMtools v1.3 (Li et al., 2009) with the “-f 0x2” option. The BAM files
were converted to BEDPE format using the BEDtools v2.25.0 (Quinlan & Hall, 2010).

Identification of regions enriched by epigenetic marks was performed using peak calling tools. For H3K4me3 and CTCF, macs2
v2.1.1 (Zhang et al.,, 2008) was used with the “BAMPE” option. For H3K27ac, H3K27me3, H3K9me3, H3K9me2 and
H2AK119ub1, the macs2 with the “BAMPE,” “-q 0.01,” “-broad,” and “-broad-cutoff 0.05” options, and epic2 v0.0.41 (Stovner
and Saetrom, 2019) were used. The scores of the fraction of reads in peaks (FRIiP) were calculated for each IP sample with each
peak caller. The merged peak regions for each epigenetic mark were generated by using the BEDtools merge command on peak
regions of each sample called by the macs2, unless otherwise stated.

The levels of IP or Input reads over genome-wide 2 kb bins were counted, and normalized by the window size (2 kb) and total
million mapped reads (FPKM). For the analysis of autosomes, the window size (2 kb) and million mapped reads to chromosome 1
to 22 were used for normalization. The 2 kb bins whose log, (FPKM + 0.01) < —3 in all Input samples were excluded. The 2 kb
bins overlapping with the centromeres were also excluded. For the calculation of enrichment values (IP/Input), the higher of log,
(FPKM + 0.01) of the corresponding region or the surrounding 10 kb region was used as an Input value. The 2 kb bins overlapping
the merged peak regions were defined for each epigenetic mark using the BEDtools intersect command with the “-f 0.10” option
(=200 bp).

The annotations for transcription start sites (TSSs) and CpG islands were obtained from the UCSC browser (http://genome.ucsc.
edu/). Promoter regions were defined as regions between 900 bp upstream and 400 bp downstream of transcription start sites
(TSSs). High-, intermediate-, and low-CpG promoters (HCP, ICP, and LCP, respectively) were calculated as described previously
(Borgel et al., 2010). The summit positions of H3K4me3 peaks of each sample were aggregated and merged if within 200 bp. The
levels of IP or Input reads over TSSs (+1 kb), CGls, and H3K4me3 peaks (+500 bp from the center of merged summits), and the
enrichment values (IP/Input) were calculated as described above. The RepeatMasker annotation (http://genome.ucsc.edu/) was
used for the analysis of transposable elements, and the Dfam database (https://dfam.org/) was used to obtain the taxon of each
TE subfamily. The genome-wide association of the combination of epigenetic marks was analyzed using ChromHMM v1.12 (Ernst
and Kellis, 2017).

Identification of DERs

Differentially enriched regions (DERs) were determined per 2 kb bin overlapping the merged peak regions of each epigenetic mark.
For the enrichment value E on bin x in sample i (hiPSC line A) andj (hiPSC line B) of a certain epigenetic mark, we scored the difference
between those two samples as follows.

E = IPiogarrm+0.1) — INPUtogaFrrM +0.1)
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if E(six) —E(sx) < —1or>1, Pair(sy, six)=1,else Pair(si, six)=0
We defined bin x as “DER?” if the following equation was satisfied.

Dy = Y Pair(sy, sy) * WF, D=1
i j
Here, WF is a weighting factor to compensate for the difference in the presence or absence of biological replicates (Tables S1 and
S3): 1 if neither sample i nor j has another biological replicate of the epigenetic mark; 0.5 if either sample j or j does; 0.25 if both sample
iandj do. The differences contributed by a given hiPSC line i, Dy, cione i Were calculated in a similar manner, but with the sample pairs
including the hiPSC line i. Among DERs, we defined bin x as “multi” if the following equation was satisfied for all hiPSC lines.

Dx - D(x. clone i) >1

DERs were analyzed using all hiPSC lines: seven hiPSC lines for H3K4me3, H3K27ac, H3K27me3, H3K9me3, and CTCF; five
hiPSC lines (M1/F1/F2/F3/F4) for H3K9me2 and H2AK119ub1. Exceptionally, in Figure 6D, DERs were analyzed using five hiPSC
lines (M2/F2/F3/F4/F5) for H3K4me3, H3K27ac, H3K27me3, H3K9me3, and CTCF; three hiPSC lines (F2/F3/F4) for H3K9me2 and
H2AK119ub1.

The DERs in TSSs (+1 kb), CGls, and H3K4me3 peak summits (500 bp) were determined in a similar manner. The genomic fea-
tures of peak regions, DERs, or multi-DERs in autosomal 2 kb bins were examined using the annotatePeaks.pl program of HOMER
v4.10.4 (Heinz et al., 2010).

WGBS data processing

The read processing, mapping, and estimation of the methylated C levels were performed as described previously (Shirane et al.,
2016). Single-end reads were processed with the Trim_galore program (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/) to remove four bases from the 5'-ends, one base from the 3’-ends, adaptor sequences, and low-quality reads (quality
score < 20). The processed reads were aligned to the human genome (GRCh38.p2, chromosome 1 to 22 and X) with the bismark
program from Bismark v0.17.0 with the “~pbat” option (Krueger and Andrews, 2011). Mapped data (BAM format) were converted
to methylation levels using the bismark_methylation_extractor program from Bismark.

Only CpGs in which the read depth is between 4 and 200 are used for % methylated C (mC) calculations. Only regions in which CpG
(read depth > 4) counts were four or more within genome-wide 2 kb bins were used for calculating averages. For the analysis of CpA,
CpC, and CpT methylations, percent methylations were calculated as % mC per kb as follows: The number of methylation calls over
genome-wide 1 kb bins was summed and divided by the sum of the number of unmethylation calls in the same region. The methyl-
ation levels per kb for CpA, CpC, and CpT were calculated separately throughout the whole genome.

Analysis of HBK9me3 domains

To define large H3K9me3 domains, H3K9me3 peaks of each hiPSC sample called by epic2 software were merged using BEDtools;
and then the merged peaks over 100 kb were extracted and further merged if within 100 kb using BEDtools. Next, the levels of Input
reads on the defined H3K9me3 domains (n = 254) were examined; the 145 domains with lower variations among Input samples were
determined as “class2” as described in Figure S4, and used for downstream analysis. The median of the enrichment values of 2 kb
bins overlapping with each domain was used as the level of H3K9me3 abundance in each hiPSC line. The median of the mCG/CG
values of 2 kb bins overlapping with each domain, or the median of the mCH/CH values of 1 kb bins overlapping with each domain,
was used as the level of methylated DNA over H3K9me3 domains in each hiPSC line.

The BED files for lamina associated domains (LADs) of five human cell types (H1 ESCs, HFFc6, HCT116, K562, and hTERT-RPE1
cells) examined by DamID-seq experiments were downloaded from the 4DN Data Portal (Dekker et al., 2017; Table S5). The ratio of
the region covered by LADs in each H3K9me3 domain was calculated and plotted in Figure 5E.

The start or end positions of H3K9me3 peaks were used for the analysis of the boundary regions of H3K9me3. H3K9me3
peaks called by epic2 software in individual samples were grouped by the length of the merged peaks to which they belonged.
Randomly chosen regions were obtained from the autosomal genomic regions using the shuffle command of BEDtools with the
“-noOverlapping” option, and used as a control. The frequencies of the observation of H3K4me3 peak summits (+500 bp) or CTCF
peak summits (500 bp) at the H3K9me3 boundary regions (+1 kb) were counted using BEDtools. The enrichment of known motifs
was examined using the findMotifsGenome.pl program of HOMER v4.10.4 (Heinz et al., 2010). For this analysis, the regions between
—1000 bp and +200 bp of the start positions and —200 bp and +1000 bp of the end positions were used as the H3K9me3 boundary
regions. Regarding the public TF ChlP-seq data, the bed files of peak regions were obtained and processed as described above.

SNP analysis for X-linked genes

The WGS raw data on 201B7 (shared by the Genome Analysis team in CiRA Foundation) were processed using the cutadapt v1.8.1
(https://cutadapt.readthedocs.io/en/stable/) to remove low quality bases and adaptor sequences. The trimmed reads were mapped
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to the human reference genome (hg 38, chromosome 1 to 22, X, and M) using bwa mem v0.7.12 (Li and Durbin, 2010). The uniquely
and properly mapped reads were filtered with samtools-1.2 and the duplicate reads were removed with picard-tools-1.134. The re-
maining reads were subjected to reprocessing steps including local realignment and base quality recalibration using GATK tools
(v3.4-0). Finally, the VCF files were generated by the HaplotypeCaller tool in GATK (v3.4-0). The SNPs were first extracted from
the VCF files with GT = “0/1” and GQ > 20 settings. Then the SNPs located inside of exons (gencode.v25.annotation.gff3) were
extracted.

The WGS data acquired in this study (1205A, 1381B1, 1390G3, and 1390C1) were processed according to the analysis pipeline of
Macrogen Inc. (https://www.macrogen-japan.co.jp/next_seq_0602.php). First, after the removal of low quality bases and adaptor
sequences, paired-end sequences were mapped to the human reference genome (original GRCh38 from NCBI, Dec. 2013) using
iISAAC aligner (ISAAC-04.18.11.09). Strelka (2.9.10) was performed to identify single-nucleotide variants (SNVs) and short insertions
and deletions (Indels). Through read processing, low quality reads and PCR duplicates were filtered out, and read realignment
was carried out to increase accuracy. The SNPs were extracted from the generated VCF files with VARTYPE = SNP, HET, and
GQ > 20 settings. Then the SNPs located inside of exons (gencode.v25.annotation.gff3) were extracted.

RNA-seq reads covering each exon-SNP position were counted using the mpileup function of SAMtools v1.3. The SNPs having five
or more valid reads were used for downstream analysis. The ratio of the reference or alternate base to the total base counts was
calculated for each SNP, and the base showing a higher ratio was assigned to “Allele 1.” For genes having more than one SNP,
the median and minimum values of “Allele-1-ratio” were calculated per gene. The median values of “Allele-1-ratio” were used for
the plots in Figures 2B and 2E. The minimum values of “Allele-1-ratio” were used for calling the allelic expression status (“mono”
or “bi”) in Figure 2F: if the value was greater than 0.9, the gene was classified as mono-allelic.

Analysis of CNVs, INDELSs, and SNPs in the autosomes

The lists of CNVs, INDELs, and SNPs of five hiPSC lines (1383D6, 1205A, 1381B1, 1390G3, and 1390C1) were generated according
to the analysis pipeline of Macrogen Inc. (https://www.macrogen-japan.co.jp/next_seq_0602.php). Briefly, Strelka (2.9.10) was per-
formed to identify single-nucleotide variants (SNVs) and short insertions and deletions (Indels). Control-FREEC (11.5) (Boeva et al.,
2012) was performed to identify copy number variant with 10,000 bp window size and no additional options. Control-FREEC also
used GC-content bias to normalize read counts and XY for sex. The regions of CNVs of each hiPSC line were merged and examined
for the overlap with respect to autosomal 2kb bins. The positions of SNPs or INDELs found in each hiPSC line were pooled together
and counted per autosomal 2 kb bin, 1 kb bin, or the region of interest.

Association analysis with the clonal PGCLC induction efficiency

The correlation coefficient (Pearson’s R) between the log,-transformed median values of PGCLC induction rates (Yokobayashi et al.,
2017) and ChIP enrichment values (IP/Input, log, transformed) was calculated for each 2 kb bin overlapped with the DERs of
H3K4me3, H3K27ac, H3K27me3, H3K9me3, and CTCF. In the case of bins on chromosome X, the data of female hiPSC lines
were used for the calculation. The annotations for gene regulatory elements were obtained from the GeneHancer database (Fishile-
vich et al., 2017). Gene ontology (GO) analysis was performed using DAVID 6.8 (Huang et al., 2009). The expression profiles of
hiPSCs, iMeLCs, hPGCLCs, and hPGCLCs in xenogeneic reconstituted ovaries, using the 585B1 reporter hiPSC line bearing the
BLIMP1/PRDM1-2A-tdTomato (BT) and TFAP2C-2A-EGFP (AG) alleles (Sasaki et al., 2015), were acquired from previous studies
and processed accordingly (Kojima et al., 2017; Yamashiro et al., 2018).

Public data analysis
All the public data used in this study are listed in Table S5 and Key resources table. All the read data of ChlP-seq experiments were
processed using the same procedure as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details can be found in the Figure legends, Figures, Results, and relevant STAR Methods sections, including the statis-
tical test used, number of genes/nuclei/regions analyzed, and dispersion and precision measures (mean, median, SD, and confi-
dence intervals).

The following analyses were performed using R software version 3.6.2 (https://www.r-project.org/). The mean values of replicate
#1 and #2 were used in the samples with biological replicates (listed in Table S3) unless otherwise stated. Heatmaps were created
using the heatmap.2 function in the gplots package together with the RColorBrewer package. Unsupervised hierarchical clustering
was performed with the dist function with the method = “euclidean” setting and with the hclust function with the method = “ward.D2”
setting. Correlation matrices were created using the corrplot package. The cor function was used with the method = “pearson” and
use = “pairwise.complete.obs” settings. Chromosome ideograms were created using the ggbio and GenomicRanges packages
(Lawrence et al., 2013; Yin et al., 2012). The plot function, the ggplot2 package, and the ggpointdensity package were used for
the creation of plots. The sample function was applied for creating the plots in Figure 6B-b (n = 150,000) and Figure S1E (n =
100,000). Loess regression curves were drawn using the stat_smooth function in the ggplot2 package. A hypergeometric test
was carried out using the phyper function with the lower.tail = FALSE setting for testing over-representation. The CDF (cumulative
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distribution function) plots were created using the stat_ecdf function with the geom = “step” setting in the ggplot2 package. Welch
two sample t test was carried out using the t.test function with the default setting. Mann-Whitney U test was carried out using the
wilcox.test function with the default setting.

Heatmap representation and profile plots of the enrichment levels of epigenetic marks over genomic regions were created using
deepTools (v3.4.3) (Ramirez et al., 2016). Normalized bigWig files were generated using the bamCompare command, with the
“-ignoreForNormalization chrX” option for the analysis of autosomal regions. The computeMatrix and plotHeatmap commands
were used for creating plots.

ChIP-seq tracks were created as follows. For chromosome-wide representation, the median values of the enrichment levels
(IP/Input) per 100 kb bin were calculated based on the enrichment of the overlapping 2 kb bins, and visualized using the ggplot2 pack-
age. For megabase-scale representation, 10 kb bins were used instead of 100 kb bins and processed in a similar manner. For sub-
megabase-scale representation, the IP levels on bins of an appropriate size were calculated using the computeMatrix command of
deepTools, and visualized using the ggplot2 package. RNA-seq tracks were created in a similar manner. In the samples with biolog-
ical replicates, the mean values of two replicates were used in Figure 1B; the values of replicate #1 were used in Figures 1E, 4D, 5A,
7E, S4B, and S7C (Table S3).
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