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SUMMARY

Specification of primordial germ cells (PGCs) acti-
vates epigenetic reprogramming for totipotency,
the elucidation of which remains a fundamental
challenge. Here, we uncover regulatory principles
for DNA methylation reprogramming during
in vitro PGC specification, in which mouse embry-
onic stem cells (ESCs) are induced into epiblast-
like cells (EpiLCs) and then PGC-like cells
(PGCLCs). While ESCs reorganize their methylome
to form EpiLCs, PGCLCs essentially dilute the
EpiLC methylome at constant, yet different, rates
between unique sequence regions and repeats.
ESCs form hypomethylated domains around plurip-
otency regulators for their activation, whereas
PGCLCs create demethylation-sensitive domains
around developmental regulators by accumula-
ting abundant H3K27me3 for their repression.
Loss of PRDM14 globally upregulates methyla-
tion and diminishes the hypomethylated domains,
but it preserves demethylation-sensitive do-
mains. Notably, female ESCs form hypomethy-
lated lamina-associated domains, while female
PGCLCs effectively reverse such states into a
more normal configuration. Our findings illuminate
the unique orchestration of DNA methylation and
histone modification reprogramming during PGC
specification.
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INTRODUCTION

Epigenetic reprogramming of the developmental potency during
the germline cycle is vital for ensuring a continuous generation of
totipotent zygotes (Lee et al., 2014; Saitou et al., 2012; Sasakiand
Matsui, 2008). Key reprogramming events that occur during
specification and development of primordial germ cells (PGCs)
include global DNA demethylation as well as histone modification
reprogramming. Recent studies showed that, after the specifica-
tion period, PGCs at embryonic day 9.5 (E9.5) or later undergo
replication-coupled passive demethylation, compensated by an
active mechanism acting on specific loci (Arand et al., 2015;
Gkountela et al., 2015; Guo et al., 2015; Hackett et al., 2013; Ka-
giwada et al., 2013; Kobayashi et al., 2013; Seisenberger et al.,
2012; Tang et al., 2015; Yamaguchi et al., 2013). However, ques-
tions arise as to the mechanism that directs epigenetic reprog-
ramming during PGC specification, relationships between the
changes in DNA methylation and histone modifications, differ-
ences in the epigenome regulation between PGCs, their precur-
sors, and pluripotent stem cells, and the impact of epigenetic
reprogramming on subsequent gametogenesis. Systematic
exploration of such issues has been difficult, due to the limited
amount of materials available from PGCs and the lack of an
in vitro system that recapitulates germ cell development.
Recent studies showed that mouse epiblast-like cells (EpiLCs)
induced from pluripotent stem cells (i.e., embryonic stem cells
[ESCs] and induced pluripotent stem cells [iPSCs]) cultured in
the presence of inhibitors of the mitogen-activated protein ki-
nase pathway (MEKi) and the glycogen synthase kinase 3
pathway (GSKBi), known as 2i (Ying et al., 2008), can be further
induced into primordial germ cell-like cells (PGCLCs), which
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show robust capacity for spermatogenesis and oogenesis (Hay-
ashi et al., 2011, 2012). This PGCLC induction system has also
been demonstrated as a precise reconstitution of PGC specifi-
cation by the proper reprogramming of the gene-expression pro-
file (Hayashi et al., 2011, 2012). Accordingly, the PGCLC induc-
tion system has been exploited for identification of transcription
factors involved in PGC induction (Murakami et al., 2016; Nakaki
et al., 2013), clarification of signaling mechanisms for PGC spec-
ification (Aramaki et al., 2013), and, more recently, development
of a PGCLC induction system in human ESCs and iPSCs, which
provides a foundation for understanding and reconstituting
human germ cell development in vitro (Irie et al., 2015; Sasaki
et al., 2015).

Using the mouse PGCLC induction system, we recently re-
ported large-scale histone modification reprogramming during
PGC specification and a potential mechanism for this reprog-
ramming (Kurimoto et al., 2015). Here, using the same system,
we study the comprehensive picture of the dynamic
DNA methylation reprogramming that occurs during PGC
specification and its relationship with the histone modification
reprogramming.

RESULTS

Design of the Study

At the outset, we determined the levels of unmodified cytosine
(C), 5-methylcytosine (5mC), and 5-hydroxymethylcytosine
(5hmC) (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009) in
key cell types of the mouse PGCLC induction system (male
ESCs, EpiLCs, and day-6 [d6] PGCLCs [Blimp1-mVenus-posi-
tive cells; Hayashi et al., 2011]) by mass spectrometry (MS)
and whole-genome bisulfite sequencing (WGBS) (Figure 1 and
Table S1). The MS analysis revealed a rapid increase in 5mC
level upon transition from ESC to EpiLC, followed by an acute
decrease during PGCLC induction (Figure 1B). In contrast, the
5hmC level remained very low (1%-3% of 5mC level) in all cell
types (Figure 1B). The results from the WGBS were essentially
identical to those obtained by MS (Figure 1C and Table S1).
Furthermore, biological replicates showed excellent reproduc-
ibility in WGBS (Figures 1C and 1D; Table S1) and, therefore,
we performed more detailed WGBS data analysis in single
replicates (Figure 1D and Table S1). Since the 5ShmC level was
negligible (Figure 1B), and since bisulfite sequencing does not
distinguish 5mC from 5hmC (Hayatsu and Shiragami, 1979),
we describe both modified bases as 5mC in this study. We
focused on the 5mCs in CpG contexts, since CpH (where
H = A, C, or T) methylation was limited in these cells (Figure 1C
and Table S1) and had no known biological role in mammalian
cells (Schubeler, 2015). We also analyzed the transcriptomes
of all cell types by RNA sequencing (RNA-seq) (Table S2).

As a key parameter for the global DNA methylation state, we
determined the average 5mC level of the total unique sequence
regions (unique regions; in 2-kb windows with 1-kb overlaps).
We separately determined the 5mC levels of the promoters
(divided into high [HCPs], intermediate [ICPs], and low CpG den-
sity promoters [LCPs]) (Weber et al., 2007), consensus se-
quences of the repeat elements (long interspersed nuclear
element 1 [LINE1]; intracisternal A particle [IAP]; endogenous
retroviruses [ERVs] other than IAP; major and minor satellites)
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(Table S8), and imprint control regions (ICRs) associated with
the imprinted genes. We also determined the 5mC levels of
non-promoter CpG islands (CGls) (lllingworth et al., 2010),
exons, introns, intergenic regions, cell-specific enhancers (Kuri-
moto et al., 2015), and evolutionarily young short interspersed
nuclear elements B1 (SINE B1) (Table S3).

EpiLCs Reorganize the ESC Methylome

We first characterized the methylome of ESCs derived and
cultured in 2i in comparison with that of the inner cell mass
(ICM) of E3.5 blastocysts. We used an MEKi concentration of
0.4 uM instead of the original 1 uM (Ying et al., 2008), since
ESCs cultured with this concentration of MEKi adhere to dishes
more efficiently and serve as a more suitable source for EpiLC in-
duction (Hayashi et al., 2011). When published data of the ICM
(Wang et al., 2014) was reprocessed, low 5mC levels were
evident in the unique regions (average 23%) and all three classes
of promoters (Figure S1A). Published data from ESCs cultured
with 1 uM MEKi (Habibi et al., 2013) revealed a global 5mC level
similar to that of the ICM (21%) with smaller variations (Figures
S1A and S1B). In contrast, ESCs cultured with 0.4 uM MEKi
showed higher 5mC levels in the unique regions (58%) and pro-
moters (particularly ICPs and LCPs), but not in the repeats, than
those cultured with 1 uM MEKIi and the ICM (Figures S1A and
S1B). Notably, the 5mC distributions in the unique regions and
promoters (and to a lesser extent, in the repeats) were divergent
between ESCs and the ICM (Figures S1B and S1C). These find-
ings highlight the differences between the ESC and ICM methyl-
omes and the key role of MEK:i in decreasing the global 5mC level
in a dose-dependent fashion. It is notable that the repeats gener-
ally show relatively constant 5mC levels (Figure S1B).

The ESC-to-EpiLC transition resulted in an increase in 5mC
level in the unique regions (from 58% to 73%) and promoters
(particularly the ICPs and LCPs), but not the repeats, and conse-
quently, EpiLCs acquired a methylome highly similar to that of
the epiblast at E6.5 (70%) (Seisenberger et al., 2012) (Figures
S1A-S1C and Table S1). The increase observed during this
transition was not even, with the unique regions and promoters
of the 10%-75% 5mC range showing a greater increase, indi-
cating significant methylome reorganization (Figure S1B). We
compared the methylome of EpiLCs with that of neural progen-
itor cells (NPCs) induced from ESCs (Stadler et al., 2011) and
found that NPCs show higher 5mC levels in the unique regions
(average 85%) and many promoters (Figures S1A and S1B;
Table S1). Thus, EpiLCs had a 5mC level intermediate between
ESCs and NPCs, recapitulating the state of the epiblast, which
is intermediate between the ICM and somatic tissues (Wang
et al., 2014). Collectively, EpiLCs recapitulate the methylome of
the epiblast, which probably represents an epigenome appro-
priate for differentiation toward somatic lineages (higher 5mC
level) as well as the germ cell lineage (lower 5mC level).

PGCLCs Progressively Dilute the EpiLC Methylome

The high similarity between the EpiLC and epiblast methylomes
suggests that the EpiLC methylome would give an appropriate
reference for DNA methylation changes that occur during
PGCLC specification. The PGCLC induction from EpiLCs re-
sulted in a decrease in 5mC level in essentially all genomic re-
gions (Figures 2A, 2B, and S2A). The methylome of d2 PGCLCs
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Figure 1. Design and Summary of WGBS
(A) Schematic representation of PGC specification and PGCLC induction.

(B) Levels of 5mC (blue) and 5hmC (orange) relative to unmodified C determined by MS. The average values from two independent experiments are shown.
(C) Fractions of 5mCs present in the respective dinucleotide context determined by WGBS. The results from biological replicates are shown separately. Color

coding is as indicated.
(D) Summary of the WGBS.

was still similar to that of EpiLCs, but demethylation proceeded
steadily during continued culture (37% in d6 PGCLCs), while still
preserving the 5mC distribution pattern established in EpiLCs
(Figure 2B). The rate of demethylation was greater in the unique
regions and promoters than in the repeats. Consequently, d6
PGCLCs showed about half the 5mC levels of EpiLCs in the
unique regions and promoters (0.46- and 0.49-fold, respec-
tively), and a 0.78-fold level in the repeats (Figure 2B). The de-
gree of demethylation was relatively constant in the respective
categories (Figure S2B). Thus, the global demethylation that oc-
curs upon PGCLC induction is essentially a dilution of the EpiLC
methylome with different kinetics for the unique regions/pro-
moters and repeats.

We next examined the demethylation kinetics of individual
genomic elements during PGCLC induction. Similar 5mC levels

and demethylation kinetics were observed for the LCPs, exons,
introns, and intergenic regions, which were essentially identical
to those for the unique regions (Figures 2C and 2D). The HCPs,
ICPs, non-promoter CGils, and cell-specific enhancers had lower
5mC levels (Figures 2C and S2C) and, among them, the non-pro-
moter CGls and some cell-specific enhancers showed different
5mC dynamics (Figures 2D and S2C). Thus, the ESC- and
EpiLC-specific enhancers, marked by histone H3 lysine-27 acet-
ylation (H3K27ac) in the respective cell types (Kurimoto et al.,
2015), showed an initial small increase and a subsequent
decrease in 5mC level upon PGCLC induction. In contrast, the
d2 and d6 PGCLC-specific enhancers showed demethylation ki-
netics similar to those of the unique regions (Figures 2C, 2D, and
S2C). Among the repeats and ICRs, IAPs, LINE1s, the maternally
methylated ICRs, and the major and minor satellites showed
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(B) Comparisons of the 5mC levels of indicated genomic elements between indicated cells. Contour-plot (for the unique regions [2-kb windows] and promoters)
(top and middle) or scatterplot representation (for the repeats and ICRs) (bottom) is used. Contour lines are drawn with an interval of 100 windows or 25 promoters.
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slower and lesser demethylation (Figure 2E). ERVs other than
IAPs and the paternally methylated ICRs showed a demethyla-
tion rate intermediate between the above repeats and unique re-
gions (Figure 2E). Among the paternally methylated ICRs, the
H19 and Rasgrf1 ICRs showed faster demethylation than the
DIk1-Gtl2 ICR (Figure S2D).

Consistent with the notion that d6 PGCLCs correspond to
E9.5 PGCs in vivo (Hayashi et al., 2011) and that developing
PGCs have a progressively lower 5mC level, the level was
lower in E10.5 and E13.5 PGCs (Kobayashi et al., 2013)
than in d6 PGCLCs (Figures 2D, 2E, S2E, and S2F; Table
S1). Importantly, the 5mC distribution patterns were highly
similar between d6 PGCLCs and E10.5 PGCs (Figure S2F),
indicating that E10.5 PGCs have a methylome correspond-
ing to a diluted state of the d6 PGCLC methylome. These
results further demonstrate the precise recapitulation of PGC
specification and development by the PGCLC induction
system.

ESCs and PGCLCs Show Distinct Correlations between
DNA Hypomethylation, Histone Modification, and Gene
Expression

Next, we wanted to correlate the changes in DNA methylation,
histone modifications, and gene transcription in ESCs and
PGCLCs. To this end, we identified regions (2-kb windows)
showing significantly higher/lower 5mC levels in ESCs
compared with EpiLCs and those showing relatively greater
sensitivity/resistance to demethylation in d6 PGCLCs (Figure 3A).
Such regions often formed clusters: we designated both singlet
regions and clusters selected under certain criteria as domains
(see Experimental Procedures). We thus identified hypo-/hyper-
methylated domains in ESCs and demethylation-sensitive/-re-
sistant domains in PGCLCs (Figure 3B). There were 11 domains
that were hypermethylated in ESCs but less so in EpiLCs, but
these were not studied further because of the lack of associated
genes.

Hypomethylated Domains in ESCs

The domains significantly hypomethylated in ESCs compared
with EpiLCs (3,309 in total) occupied 2.1% of the genome and
showed higher (G + C) content than the total unique regions (Fig-
ures 3C and 3D; Table S4). Upon ESC-to-EpiLC transition, the
hypomethylated state of the domains became less recognizable
with an increase in their 5mC level and, upon PGCLC induction,
became even less so with a progressive dilution of the methyl-
ome (Figure 3E). Thus, these hypomethylated domains were
specifically observed in ESCs.

The hypomethylated domains in ESCs were gene rich (Fig-
ure 3C), and 2,929 promoters (1,958 HCPs, 399 ICPs, and
572 LCPs) were located in and around these domains (Fig-
ure S3A). A gene ontology (GO) analysis revealed their associa-
tion with negative/positive regulation of transcription and

chromosome organization, and the gene list included key regu-
lators of pluripotency and components of polycomb repressive
complexes (PRCs) (Figure 3F). Based on our histone mark data
(Kurimoto et al., 2015), these domains were depleted of H3K27
trimethylation (H3K27me3), enriched in H3K27ac, particularly
in ESCs (Figure 3G), and associated with the majority of ESC-
specific enhancers (972 of 1,193) (Kurimoto et al., 2015)
(Figure S3B). Some of these domains coincided with superen-
hancer domains formed in CTCF-mediated chromatin loops
(Dowen et al., 2014) (Figure S3C). Furthermore, the promoters
located in and around the domains were frequently marked
by H3K4me3, depleted of H3K27me3, and highly active in
ESCs (Figures 3H and 3l). Thus, the hypomethylated domains
represent active chromatin associated with robust transcription
in ESCs.

Demethylation-Sensitive Domains in PGCLCs

The demethylation-sensitive domains in PGCLCs (91 in total)
occupied 0.05% of the genome and were (G + C) rich (Figures
3C and 3D; Table S4). These domains showed faster demethyla-
tion than the rest of the genome, reaching the minimum 5mC
level of 12.5% in d6 PGCLCs (Figure 3E).

The demethylation-sensitive domains in PGCLCs were gene
rich (Figure 3C), and 153 promoters (103 HCPs, 40 ICPs,
and 10 LCPs) were found in and around the domains (Fig-
ure S3A). These genes were often involved in pattern
specification or embryonic morphogenesis (Figure 3F). Only
6.5% of these genes overlapped with those identified in and
around the hypomethylated domains in ESCs (Figure S3D).
To explore this point further, we examined ESCs cultured
with 1.0 uM MEKi (Habibi et al., 2013) and found that, although
the hypomethylated domains expanded greatly to encompass
about half of all genes (Figures S3E and S3F), more than
70% of the genes found in and around the demethylation-sen-
sitive domains in PGCLCs were still excluded (Figure S3F).
Thus, the mechanism and targets of demethylation mediated
by MEKi in ESCs are distinct from those observed in PGCLC
development.

The demethylation-sensitive domains were marked by
H3K27me3, devoid of H3K27ac in both d2 and d6 PGCLCs (Fig-
ure 3G), and identified previously as “d2 or d6 PGCLC PRC2 tar-
gets” (112 of 153) (Kurimoto et al., 2015) (Figure S3G). Consis-
tently, the promoters of the genes identified in and around
these domains were marked by H3K27me3, depleted of
H3K4me3, and transcriptionally repressed in d6 PGCLCs (Fig-
ures 3H and 3l). Thus, the demethylation-sensitive domains in
PGCLCs assume repressive chromatin and show no or only
low transcriptional activity.

Demethylation-Resistant Domains in PGCLCs

The relatively demethylation-resistant domains in PGCLCs
(340 in total) accounted for 0.1% of the genome and showed
(G + C) content similar to that of the total unique regions (Figures

The background plots in the bottom panels are from the promoters (middle). A yellow dotted line connects the origin and mode. The regression line for the repeats

is colored in magenta. Color coding is as indicated in the lower panel of (A).

(C) Heatmaps showing the 5mC levels of indicated genomic elements in indicated cells. One hundred promoters and enhancers of each class (Kurimoto et al.,
2015) and 400 non-promoter CGils (lllingworth et al., 2010), exons, introns, and intergenic regions (2-kb windows) are randomly selected and analyzed. Color

coding is as indicated.

(D and E) Relative changes in 5mC level of indicated elements during PGCLC induction and PGC development (Kobayashi et al., 2013). The 5mC levels

determined in EpiLCs are used as reference. Color coding is as indicated.
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3C and 3D; Table S4). They were considerably methylated, but
at slightly lower 5mC levels compared with the adjacent regions,
in both ESCs and EpiLCs (Figure 3E). These domains had a high-
est 5mC level in d2 PGCLCs, and showed resistance to deme-
thylation in d4 and d6 PGCLCs, maintaining the relatively high
5mC levels in d6 PGCLCs (Figure 3E). About 20% of the deme-
thylation-resistant domains were located on the Y chromosome
(Table S4).

The demethylation-resistant domains were gene rich (Fig-
ure 3C) and, based on our previous data (Kurimoto et al.,
2015), marked by H3K27ac in d6 PGCLCs (Figure S3H). A total
of 136 promoters (64 HCPs, 37 ICPs, and 35 LCPs) were identi-
fied in and around the domains (Figure S3A), which overlapped
significantly with those identified in and around the hypomethy-
lated domains in ESCs (95 of 136, 70%) (Figure S3D). These
genes showed association with cell-cell adhesion or transcrip-
tion (Figure S3I). The H3K27me3 and H3K4me3 levels and tran-
scriptional activity of the promoters were similar to those of all
promoters (Figures S3J and S3K). Thus, despite the demethyla-
tion resistance and retention of considerable levels of 5mC,
these promoters showed activity in d6 PGCLCs.

Promoter and Enhancer Methylation and Transcription
We next explored the influence of promoter methylation on gene
expression. More than 96% of the promoters that showed
>20% methylation in at least one cell type were ICPs and
LCPs, and the vast majority of HCPs stayed hypomethylated
(<20%) (Figure 4A). Since all cell types predominantly express
HCP genes (Kurimoto et al., 2015), the DNA methylation reprog-
ramming appeared to regulate only a small set of genes during
PGCLC induction.

We identified promoters showing significant hypomethylation
in ESCs compared with EpiLCs (930) (there were none with sig-
nificant hypermethylation in ESCs) and those showing sensi-
tivity (179) or resistance (258) to demethylation in d6 PGCLCs
(Figure 4B). We noted overlaps between the categories: 67 of
the 930 hypomethylated-in-ESC promoters were demethylation
sensitive and another set of 67 were demethylation resistant in
d6 PGCLGCs (Table S5). Figures 4C and S4A show the changes
in 5mC and expression levels observed with the promoters
representative of the three categories. While the hypomethy-
lated-in-ESC promoters were enriched for genes involved in im-

mune response and showed an expected reverse correlation
between the 5mC and expression levels, the demethylation-
sensitive promoters were enriched for genes involved in embry-
onic morphogenesis and showed a less significant correlation
between the 5mC and expression levels (Figures 4D and 4E).
Notably, the demethylation-resistant promoters showed enrich-
ment for genes involved in meiosis, gained methylation in d2
PGCLCs, and showed a reverse correlation between 5mC and
expression (Figures 4B, 4D, and 4E). This is consistent with
the notion that the germline genes are tightly regulated by
DNA methylation (Seisenberger et al., 2012). While 32% of the
hypomethylated-in-ESC promoters were located in the hypo-
methylated domains, only 12% and 10% of the demethyla-
tion-sensitive and -resistant promoters, respectively, were
located within the corresponding domains in d6 PGCLCs
(Figure 4F). Thus, the regulation of DNA methylation at the de-
methylation-resistant promoters of the meiosis-related genes
appears local.

We tried to correlate the 5mC levels of the ESC- and d6-
PGCLC-specific enhancers, marked by H3K27ac in the corre-
sponding cell types (Kurimoto et al., 2015), with the expression
levels of the nearby genes. While many ESC-specific enhancers
showed hypomethylation in ESCs, only a few d6-PGCLC-spe-
cific enhancers were sensitive to demethylation in d6 PGCLCs
(Figure 4G). Thus, promoter/enhancer hypomethylation, expres-
sion, and domain-wide hypomethylation showed a good correla-
tion in ESCs but not in PGCLCs.

Role of PRDM14 in DNA Methylation Reprogramming

We next explored the impact of loss of PRDM14, a key regulator
of naive pluripotency and PGC specification (Ma et al., 2011; Ya-
maji et al., 2008, 2013), on the transcriptome and methylome
during PGCLC induction. It was previously shown that ablation
of Prdm14 in mice results in inefficient derivation and survival
of ESCs, impaired PGC development, and infertility (Yamaji
et al., 2008, 2013). Compared with wild-type cells, Prdm14~/~
ESCs showed altered expression (>2-fold) of 504 genes, but
only 139 genes were affected in mutant EpiLCs (Figure 5A).
The functional significance of PRDM14 became greater again
upon PGCLC induction: 415 genes were affected in mutant d6
PGCLCs (Figure 5A). Only a small number of genes showed
consistently higher or lower expression in both mutant ESCs

Figure 3. Distinct Correlations between DNA Hypomethylation, Histone Modifications, and Transcription in ESCs and dé PGCLCs

(A) Histograms showing the distributions of the unique regions (2-kb windows) across 5mC fold changes in ESC and EpilLC (top) and in d6 PGCLC and EpiLC
(bottom). The mode values and criteria for hypo-/hypermethylated domains in ESCs and demethylation-sensitive/-resistant domains in PGCLCs are indicated.
(B) Screenshots of the 5mC, H3K27ac, and H3K27me3 distributions in representative regions. Hypomethylated domains in ESCs (Pou5f1) and demethylation-
sensitive domains in PGCLCs (Hoxa) are highlighted in pink. Positions of the transcription start sites are indicated by vertical dotted lines.

(C) Total sizes (left) and gene densities (right) of the unique regions, hypomethylated domains in ESCs, and demethylation-sensitive/-resistant domains in
PGCLCs.

(D) Histograms showing the distributions of 2-kb windows from the hypomethylated domains in ESCs (left) and demethylation-sensitive/-resistant domains in
PGCLCs (right) across (G + C) content. The distribution of all unique regions is shown for comparison.

(E) Aggregation plots showing the 5mC levels in and around indicated domains in indicated cells. Published data are used for PGCs (Kobayashi et al., 2013).
(F) GO term enrichment and representative genes in and around indicated domains.

(G) Heatmaps showing the 5mC fold changes and H3K27me3 and H3K27ac levels in and around the hypomethylated domains in ESCs and demethylation-
sensitive domains in PGCLCs in indicated cells. Color coding is as indicated.

(H) Scatterplots showing the correlations between the H3K4me3 and H3K27me3 levels at the promoters located in and around the hypomethylated domains in
ESCs (left) and demethylation-sensitive domains in d6 PGCLCs (right). The correlations at all promoters are shown for comparison.

(I) Histograms showing the distributions of the genes in and around the hypomethylated domains in ESCs (left) and demethylation-sensitive domains in dé
PGCLCs (right) across expression levels. The distribution of all genes is shown for comparison.
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and d6 PGCLCs (Figure 5B), suggesting that PRDM14 regulates
different sets of genes in ESCs and PGCLCs.

In Prdm14~'~ PGCLCs, expression of Tfap2c, Nanos3, and
Sox2, which are the key genes for PGC specification and poten-
tial pluripotency, was delayed (Figure 5C), suggesting that
PRDM14 is important for timely induction of these genes.
Consistent with the previous report (Yamaji et al., 2013), mutant
ESCs derepressed Dnmt3a, Dnmt3b, and Dnmt3/ (Figure 5C),
supporting the notion that PRDM14 plays an important role
in repressing de novo DNA methylation. Importantly, mutant
PGCLCs failed to repress Uhrf1, a key regulator of maintenance
methylation (Bostick et al., 2007; Sharif et al., 2007), and Dnmt3
(Figure 5C), suggesting that PRDM14 represses these genes for
global demethylation. Since the loss of Prdm14 did not affect
Uhrf1 expression in ESCs (Figure 5C), ESCs and PGCLCs have
differential requirements for PRDM14 in the regulation of mainte-
nance methylation activity.

Consistent with the previous work on limited loci (Yamaji et al.,
2013) and also with the expression profile described above,
Prdm14~'~ ESCs and EpiLCs showed higher global 5mC levels
(76% and 82%, respectively) compared with wild-type cells
(58% and 73%, respectively) (Figures 5D and S5A; Table S1).
Mutant cells also showed higher 5mC levels in the promoters,
particularly in the ICPs and LCPs (Figure 5D). Upon PGCLC in-
duction, mutant cells underwent progressive, but slower and
lesser demethylation. Thus, the global 5mC level was 68% in
mutant d6 PGCLCs compared with 37% in wild-type cells (Fig-
ures 5D and S5A; Table S1). Since mutant PGCLCs showed a
cell-cycle profile similar to that of wild-type cells (Figures S5B
and S5C), the slower demethylation was not due to less frequent
DNA replication. Scatterplot comparisons of the 5mC levels be-
tween mutant EpiLCs and d6 PGCLCs revealed uneven deme-
thylation (Figure 5E), suggesting the existence of regions more/
less sensitive to the mutation. Indeed, the HCPs, ICPs, non-pro-
moter CGls, and EpiLC- and PGCLC-specific enhancers were
less sensitive to the mutation than the other elements (Figure 5F).
In contrast, the repeats and ICRs were clearly sensitive and
showed higher 5mC levels in mutant PGCLCs (Figures 5E and
S5D), indicating that these elements require PRDM14 for deme-
thylation in PGCLCs.

There were 3-fold fewer hypomethylated domains, with a
smaller average size, in Prdm14~'~ ESCs compared with wild-
type cells (Figure S5E and Table S4). With an exception of genes
associated with stem cell maintenance, many genes located in

and around the hypomethylated domains in wild-type ESCs
were no more associated with such domains in mutant cells (Fig-
ure 5@G). In contrast, the number and size of demethylation-sen-
sitive domains were comparable between mutant and wild-type
d6 PGCLCs (Figure S5E and Table S4). Thus, the same develop-
mental genes marked by H3K27me3 (see above) were found
in the demethylation-sensitive domains in both wild-type and
mutant PGCLCs (Figure 5G).

DNA Methylation Reprogramming during Female PGCLC
Specification

Female ESCs have two active X chromosomes (Xa) and show
extremely lower global 5mC levels than male ESCs (Habibi
et al., 2013; Schulz et al., 2014; Zvetkova et al., 2005). Also, a
majority of female EpiLCs maintain the XaXa pattern and, upon
differentiation, undergo X chromosome inactivation. Female
PGCLGCs initially have one Xa and one inactive X chromosome
(Xi) and gradually reactivate the Xi (Hayashi et al., 2012).

We first examined the methylomes of female ESCs, EpilLCs,
and d6 PGCLCs, and found that not only ESCs but also other
cell types have lower 5mC levels in the unique regions and pro-
moters in females compared with males (Figures 6A and 6B). We
then examined the transcriptomes of these cells. Female ESCs,
EpiLCs, and d6 PGCLCs respectively express 341, 321, and 322
genes at higher levels (>2-fold) and 464, 105, and 208 genes at
lower levels (< 0.5-fold), compared with male counterparts (Fig-
ure 6C). Thus, the global hypomethylation affects gene expres-
sion in either direction. Only a small subset of genes consistently
showed higher or lower expression in all female cells (Figure 6D).
Consistent with the XaXa state, expression of X-linked genes
was 1.9-fold higher in female ESCs and EpiLCs, and 1.5-fold
higher in female d6 PGCLCs compared with male counterparts
(Figure S6A). The key genes for PGC specification and DNA
methylation/demethylation were expressed similarly in males
and females during PGCLC development, except for Tcl1
and Dnmt3l, which showed higher expression in female cells
(Figure 6E).

Upon ESC-to-EpiLC transition, female cells drastically
increased the global 5mC level (from 21% to 64%), acquiring a
reorganized methylome similar to that of male cells (Figures
6A, 6F, and S6B; Table S1). Female PGCLCs then rapidly lost
methylation (0.5-fold per 2 days) and reached the global 5mC
level of 16% in d6 PGCLCs (Figures 6A, 6F, and S6B; Table
S1), acquiring essentially a diluted version of the EpiLC

Figure 4. Promoter and Enhancer Methylation and Transcription

(A) Proportions of HCP, ICP, and LCP in all promoters and in those showing 5mC level >20% in at least one cell type.
(B) Box-and-whisker plots of the 5mC levels of indicated promoters during PGCLC induction and PGC development (Kobayashi et al., 2013; Seisenberger et al.,

2012). M, male; F, female.

(C) Changes in promoter 5mC level (orange) and expression level (black) of Piwil2 (a promoter hypomethylated in ESCs and demethylation-resistant in dé
PGCLCs), Rgs5 (demethylation-sensitive), and Mael (demethylation-resistant) during PGCLC induction.

(D) GO term enrichment for indicated promoters.

(E) Scatterplots showing the correlations between the fold changes in 5mC and expression in ESCs and EpiLCs (left) and in d6 PGCLCs and EpilL.Cs (right) for
indicated promoter categories. Dotted lines indicate the mode values of the 5mC fold changes in all unique regions (Figure 3A). The numbers of genes showing
positive and negative correlations are indicated.

(F) Venn diagrams showing the overlaps between the genes identified by 5mC change in domains and those identified by 5mC change in promoters. Demet.,
demethylation; hypomet., hypomethylation.

(G) Scatterplots showing the correlations between the fold changes in 5mC and expression in ESCs and EpilLCs (left) and in d6 PGCLCs and EpilL.Cs (right) for
indicated enhancer categories. Dotted lines indicate the mode values of the 5mC fold changes in all unique regions (Figure 3A). The numbers of genes showing
expected positive correlations are indicated.
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methylome (Figure 6F). Thus, female cells essentially follow the
changes observed in male cells. However, severe loss of 5mC
occurred in almost all ICRs in female cells: the DNA methylation
imprints were lost in ESCs, not re-established in EpiLCs except
for the Rasgrf1 and H19 ICRs, and erased further in d6 PGCLCs
(Figures 6F, S6C, and S6D). In contrast, the 5mC levels of many
repeats, including IAPs and satellites, were better preserved
(Figure 6F). Thus, upon PGCLC induction, female cells undergo
DNA methylation reprogramming under the principle similar to
that of male cells, with more acute global changes and distinct
impacts on specific elements.

We identified hypomethylated domains in female ESCs and
demethylation-sensitive/-resistant domains in female PGCLCs
(Figure S6E and Table S4). There were 4-fold more hypomethy-
lated domains in female ESCs compared with male cells, with
twice the average size of those in male cells (see next section).
A large number of genes existed in and around the hypomethy-
lated domains of female ESCs, including those found in such do-
mains of male cells (Figure 6G). Although there were more, and
larger, demethylation-resistant domains in female d6 PGCLCs
compared with male cells, the demethylation-sensitive domains
showed modest differences between male and female cells (Fig-
ures 6G and S6E; Table S4).

Hypomethylated Mega-Domains in Female ESCs

When we compared the 5mC levels of the unique regions be-
tween male and female ESCs in 500-kb windows, two distinct
populations of genomic domains were noted. One population
showed a relatively even and proportional decrease in 5mC level
in female ESCs compared with male cells, while the other
showed greater and uneven decreases in female cells (Fig-
ure 7A). The two populations were also distinguishable in ESCs
cultured with serum or with 1 uM MEKi (Habibi et al., 2013) (Fig-
ure S7A). The domains of the latter population often existed next
to each other and formed mega-domains as large as 12.5 Mb
(average 1.9 Mb) (Figure S7B and Table S4). These mega-do-
mains showed lower 5mC levels compared with the adjacent re-
gions in female ESCs and Epil.Cs, but not in their male counter-
parts, orin d6 PGCLCs and E13.5 PGCs of either sex (Figure 7B).
Thus, female PGCLCs effectively reverse the hypomethylated
states of such domains into a more normal configuration.

The hypomethylated mega-domains in female ESCs showed
low (G + C) content and low gene density (Figures 7C and 7D)
and overlapped significantly with constitutive lamina-associated
domains (cLADs), which are marked by H3K9me2 (Guelen et al.,

2008; Peric-Hupkes et al., 2010) (Figures 7E and S7B). The pro-
moters located in the hypomethylated mega-domains were pre-
dominantly LCPs (Figure S7C) and stayed silenced in both male
and female ESCs, EpiLCs, and PGCLCs (Figure 7F). We recently
reported large partially methylated domains in prospermatogo-
nia (PSGs) and more differentiated spermatogenic cells (Kubo
et al., 2015), which essentially overlap with the cLADs. As ex-
pected, the hypomethylated mega-domains overlapped well
with the partially methylated domains identified in E16.5 PSGs
and adult spermatozoa (Kobayashi et al., 2013; Kubo et al.,
2015) (Figure S7B). Although less prominent, the hypomethy-
lated mega-domains were also present in germinal-vesicle oo-
cytes (Shirane et al., 2013) (Figure 7B). The methylome of female
ESCs correlated relatively well with that of E16.5 PSGs, but less
so with those of sperm and germinal-vesicle oocytes, which
have the established methylomes (Figure S7D). These findings
suggest unigue methylome regulation in female ESCs, the mech-
anism of which might operate during the de novo methylation
process in germ cell development.

DISCUSSION

The present study uncovers the dynamic DNA methylation re-
programming at the outset of mouse germ cell development in
the in vitro PGCLC induction system and, combined with our pre-
vious work (Kurimoto et al., 2015), illuminates the unique orches-
tration of DNA methylation and histone modification reprogram-
ming. As summarized in Figure 7G, ESCs reorganize their
methylome, especially around pluripotency regulators, by de
novo DNA methylation and H3K27ac removal, to form EpiLCs.
Then the PGCLCs essentially dilute the EpiLC methylome and
deposit H3K27me3 around developmental regulators for their
repression. PRDM14 plays an important role in these processes,
especially in maintaining the hypomethylated state of pluripo-
tency regulators in ESCs and establishing the global hypomethy-
lation state in PGCLCs. Although female cells generally show
lower methylation levels compared with male cells, the regulato-
ry principle for DNA methylation reprogramming is essentially the
same in both sexes. Interestingly, hypomethylated mega-do-
mains exist in female ESCs and EpiLCs, overlapping with the
cLADs marked by H3K9me2, but disappear upon PGCLC differ-
entiation to form a more normal methylome (Figure 7G).

Our data suggest that the global DNA demethylation during
PGCLC specification proceeds primarily via a replication-
coupled passive mechanism through repression of DNA

Figure 5. Role of PRDM14 in DNA Methylation Reprogramming

(A) Numbers of genes showing higher (red) and lower expression (blue) in Prdm14~'~ cells compared with wild-type cells.
(B) Venn diagrams showing the overlaps between the genes showing higher expression in Prdm14 '~ ESCs and in d6 PGCLCs (left) and between the genes

showing lower expression in the two cell types (right).

(C) Expression levels (logo[FPKM + 1]) of key genes in Prdm14~/~ (red) and wild-type cells (black) during PGCLC induction. An asterisk indicates the transcripts

from the mutated Prdm14 allele (exons 1-4 deleted).

(D) Histograms showing the distributions of the unique regions (2-kb windows) (left) and promoters (right) across 5mC levels in indicated Prdm14~/~ cells. The
mode 5mC levels are indicated for the unique regions and LCPs. Histograms from wild-type cells (Figure 2A) are shown for comparison. Color coding is as

indicated.

(E) Comparisons of the 5mC levels of indicated genomic elements between indicated Prdm14~/~ cells. Details are as for Figure 2B.
(F) Heatmaps showing the 5mC levels of indicated genomic elements in indicated Prdm14~'~ cells. Heatmaps from wild-type cells (Figure 2C) are shown for

comparison. Details are as for Figure 2C.

(G) Venn diagrams showing the overlaps between the genes identified in Prdm14~/~ and wild-type cells. The genes identified in and around the hypomethylated
domains in ESCs (left) and demethylation-sensitive domains in PGCLCs (right) are separately shown. GO term enrichment is shown for indicated genes.
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methyltransferase (DNMT) activity (Figures 1, 2, and 5), as re-
ported for more developed PGCs (E9.5 and later) (Arand et al.,
2015; Kagiwada et al., 2013; Seisenberger et al., 2012). Consis-
tent with this notion, mutant PGCLCs, deficient in proper repres-
sion of Uhrf1 and Dnmt3b, fail to erase the EpiLC methylome
(Figure 5). Together with the data showing the lack of both TET
activation and 5hmC accumulation (Figures 1 and 5), our study
discounts the other possible mechanism involving global 5hmC
accumulation followed by dilution or active demethylation. In
this regard, it is interesting that the global demethylation in
ESCs cultured in 2i also occurs by a passive mechanism,
involving a reduction in UHRF1 protein, but not mRNA, and
global loss of H3K9me2, which is required for chromatin binding
of UHRF1 (von Meyenn et al., 2016).

Interestingly, while the rate of this demethylation is 0.7-fold per
2 days in wild-type male PGCLCs (Figure 2), the cells proliferate
2-fold per 2 days (Hayashi et al., 2011). Thus, there should be a
mechanism that withstands the replication-coupled halving of
the 5mC level. Notably, the repeat elements generally show
greater resistance against the 5mC dilution than the rest of
the genome (0.86-fold per 2 days) (Figure 2). We assume that re-
sidual DNMT activity in PGCLCs would preferentially target
the repeats. Interestingly, female PGCLCs show a faster deme-
thylation rate, consistent with the replication-coupled halving
(0.5-fold per 2 days) (Figure 6). Since female and male PGCLCs
repress Uhrf1 and Dnmts to similar extents (Figure 6), female
cells may lack a mechanism for stabilizing the residual DNMT ac-
tivity or for recruiting such activity to replication foci, possibly
due to the upregulation of X-linked genes (Figure S6).

A previous study suggested similarities between ESCs cultured
in 2i and in vivo PGCs regarding the methylome and demethylation
mechanism (Ficz et al., 2013). Although both ESCs cultured in
2iand PGCLCs appear to employ a passive mechanism for global
demethylation (see above), we note differential regulation of Uhrf1
by PRDM14 between ESCs and PGCLCs (Figure 5). Moreover, we
find that ESCs, but not PGCLCs, maintain pluripotency regulators
in a discretely hypomethylated state (Figure 3), while PGCLCs
rapidly accumulate high levels of H3K27me3 in developmental
regulators for their repression (Kurimoto et al., 2015). The
H3K27me3 deposition is well correlated with the rapid loss of
5mC from the demethylation-sensitive domains, which could be
brought about by tight exclusion of residual DNMT activity by
PRCs (Deaton and Bird, 2011). In this regard, it is notable that
loss of PRDM14 |eads to drastic shrinkage and even disappear-
ance of the hypomethylated domains in ESCs but not the deme-
thylation-sensitive domains in PGCLCs (Figure 5). Similarly, while

female ESCs have larger hypomethylated domains compared
with male cells, female PGCLCs do not show changes in the
demethylation-sensitive domains (Figure 6). Altogether, we find
some fundamental differences between ESCs and PGCLCs
regarding the methylome regulation.

We also uncover the existence of hypomethylated mega-
domains in female ESCs, which broadly overlap the cLADs
(Figure 7). Although the average 5mC level is higher, the hypome-
thylated mega-domains consistently exist as 5mC valleys
in EpiLCs, E16.5 PSGs, sperm, and germinal-vesicle oocytes
(Figure 7). It would be interesting to explore whether the hypome-
thylated mega-domains also exist in the ICM and early epiblast
of female embryos (Okamoto et al., 2004). The hypomethylated
mega-domains observed in female ESCs overlap very well with
the partially methylated domains that we recently reported in
male germ cells (Kubo et al., 2015). Notably, partially methylated
domains, which primarily overlap the cLADs, also exist in
cultured cells and cancers, but not in their normal in vivo coun-
terparts (Berman et al., 2012; Hansen et al., 2011; Hon et al,,
2012; Lister et al., 2009, 2011; Raddatz et al., 2012). Cells that
have hypomethylated mega-domains or partially methylated do-
mains might have similar nuclear architecture, DNMT regulation,
or both, but the underlying mechanism and functional signifi-
cance warrant further investigation.

In summary, our study highlights the unique regulation of the
DNA methylation reprogramming during PGCLC specification
and, together with our previous report on histone modification
reprogramming (Kurimoto et al., 2015), provides an important
resource for further mechanistic studies. Reconstitution of
germ cell development beyond d6 PGCLCs will be critical for
the study of many fundamental questions regarding, for
example, the mechanisms of upregulation of germline genes,
further maturation of the PGC epigenome, and initiation of sper-
matogenic and oogenic differentiation.

EXPERIMENTAL PROCEDURES

All animal experiments were performed under the ethical guidelines of Kyoto
University and Kyushu University. The experimental procedures for MS,
cell-cycle analyses of PGCLCs, analysis of ICRs and repeat elements, and
definition of hypo-/hypermethylated domains/promoters in ESCs and deme-
thylation-sensitive/-resistant domains/promoters in d6 PGCLCs are available
in Supplemental Experimental Procedures.

Induction and Isolation of PGCLCs
ESCs were cultured in a medium containing 2iLIF (3 pM GSKi [CHIR99021],
0.4 uM MEKi [PD0325901], and 1 U/uL LIF) and induced into EpiLCs, from

Figure 6. DNA Methylation Reprogramming during Female PGCLC Induction

(A) Histograms showing the distributions of the unique regions (2-kb windows) (left) and promoters (right) across 5mC levels in indicated female cells. The mode
5mC level is indicated for the unique regions and LCPs. Histograms from male cells (Figure 2A) are shown for comparison. Color coding is as indicated.

(B) Heatmaps showing the 5mC levels of indicated genomic elements in indicated female cells. Heatmaps from male cells (Figure 2C) are shown for comparison.

Details are as for Figure 2C.

(C) Numbers of genes showing higher (red) and lower (blue) expression in female cells compared with male cells.
(D) Venn diagrams showing the overlaps between the genes showing higher (left) or lower (right) expression in female ESCs, EpiLCs, and d6 PGCLCs compared

with corresponding male cells.

(E) Expression levels (log,[FPKM + 1]) of key genes in female (red) and male (black) cells during PGCLC induction.
(F) Comparisons of the 5mC levels of indicated genomic elements between indicated female cells. Details are as for Figure 2B.
(G) Venn diagrams showing the overlaps between the genes identified in male and female cells. The genes identified in and around the respective domains are

separately shown.
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Figure 7. Hypomethylated Mega-Domains in Female ESCs
(A) Scatterplots showing the 5mC levels of the unique regions (500-kb windows) between indicated male and female cells. The hypomethylated mega-domains in
female ESCs (blue dots) are defined as domains in y < 0.5x — 10, where x and y denote the 5mC levels in male and female ESCs, respectively.
(B) Aggregation plots showing the 5mC levels in and around the hypomethylated mega-domains in indicated male and female cells. Published data are used for
ESCs cultured with serum and with 1 pM MEK:i (Habibi et al., 2013), PGCs (Kobayashi et al., 2013), sperm (Kubo et al., 2015), and germinal-vesicle oocytes
(Shirane et al., 2013).
(C) Histograms showing the (G + C) content of the hypomethylated mega-domains (2-kb windows), cLADs (Guelen et al., 2008; Peric-Hupkes et al., 2010), and all
unigue regions.

(legend continued on next page)
100 Developmental Cell 39, 87-103, October 10, 2016



which PGCLCs were induced as described previously (Hayashi et al., 2011).
PGCLCs were purified with a fluorescence-activated cell sorter using the
Blimp1-mVenus reporter as described previously (Hayashi et al., 2011).

WGBS

Genomic DNA of 50-200 ng spiked with 0.5%-1.0% (w/w) unmethylated
lambda phage DNA (Promega) was subjected to bisulfite conversion and
library construction for amplification-free WGBS, using the post-bisulfite
adaptor tagging method as described previously (Kobayashi et al., 2013; Miura
etal., 2012; Shirane et al., 2013). Massively parallel sequencing was performed
on an lllumina HiSeq 1500/2500 to generate 101-nt single-end or paired-end
sequence reads. Cluster generation and sequencing were performed in sin-
gle-read/paired-end mode using the TruSeq SR/PE Cluster Kit v3-cBot-HS
and the TruSeq SBS Kit v3-HS (lllumina) according to the manufacturer’s
protocols.

Processing, Mapping, and Conversion of the Data for WGBS

For quality control of the data, we trimmed away 4 and 15 bases from the 5’
ends for single- and paired-end reads, respectively, one base at the 3’ ends,
low-quality bases from the 3’ ends (quality score <20), and the adaptor se-
quences of the libraries, by using the TrimGalore program (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). We mapped the pro-
cessed reads to the mouse reference genome (mm10/GRCM38) using
the Bismark program with the options of “-X 1000 —pbat -un” for paired-
end reads and “—pbat” for single-end reads (Krueger and Andrews, 2011),
and only uniquely mapped reads were used for subsequent analyses. For
the paired-end data, we remapped unmapped reads as single-end for
read1 with “—pbat” and read2 with default options, and the mapped reads
from the single- and paired-end data were combined. The numbers of con-
verted/unconverted CpGs in both strands were combined to determine
5mC levels. To estimate the bisulfite conversion rate, we mapped the pro-
cessed reads to the lambda phage genome. The sequencing and mapping
statistics are shown in Table S1. CpG sites covered by less than five reads
and more than 200 reads were excluded; thus the minimum sequence depth
to call 5mC level was 5.

Analysis of DNA Methylation in Unique Regions and Promoters

For the unique regions, 5mC levels were determined in 2-kb sliding windows
with 1-kb overlaps. Promoters were defined as regions from 0.9 kb upstream
to 0.4 kb downstream of the transcription start sites and classified into HCPs,
ICPs, and LCPs depending on their (G + C) content and CpG density as
described previously (Weber et al., 2007). Promoters with at least five CpG
sites were used for methylation analysis. To determine fold changes in 5mC
levels between different cell types, we used only unique regions (2-kb win-
dows) and promoters fulfilling the following criteria: (1) 5mC level >20% for
either cell type and (2) >0% for both cell types. This effectively excluded con-
tributions by unique regions and promoters showing large fold changes in a
low-5mC level range (<20%).

RNA-Seq

Total RNA of 75-100 ng was used for library construction for RNA-seq anal-
ysis. Libraries were prepared using a TruSeq Stranded mRNA Sample Prep
Kit (lllumina) according to the manufacturer’s instructions, and sequenced
on HiSeq1500/2500 to generate 101-nt paired-end sequence reads as
described above. After trimming of lllumina adaptor sequences and low-qual-
ity bases from the 3’ end (quality score <20) by TrimGalore, the read tags were
aligned to mouse RefSeq transcripts by TopHat with the following options: “-g
1-no-mixed -no-discordant library-type fr-firststrand.” Reads uniquely map-
ped to gene exons were normalized by total mapped reads and exon lengths
(fragments per kilobase of exon per million mapped sequence reads [FPKM])

by the Cufflinks program (Trapnell et al., 2009). The biological replicates of
RNA-seq showed good reproducibility (the correlation coefficients were 0.99
for ESCs, EpiLCs, and d6 PGCLCs). We defined genes differentially expressed
between two cell types as follows: (1) logo(FPKM + 1) > 3 in at least one
cell type, and (2) difference in log,(FPKM + 1) > 1 (2-fold). The read depth
corresponding to log, (FPKM + 1) = 3 was in the range of 408-19,551 reads.
The sequencing and mapping statistics are shown in Table S2.
See also Supplemental Experimental Procedures.
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