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The genome-wide depletion of 5-methylcytosines (5meCs) caused by
passive dilution through DNA synthesis without daughter strand
methylation and active enzymatic processes resulting in replacement
of 5meCs with unmethylated cytosines is a hallmark of primordial
germ cells (PGCs). Although recent studies have shown that in
vitro differentiation of pluripotent stem cells (PSCs) to PGC-like cells
(PGCLCs) mimics the in vivo differentiation of epiblast cells to PGCs,
how DNA methylation status of PGCLCs resembles the dynamics of
5meC erasure in embryonic PGCs remains controversial. Here, by
differential detection of genome-wide 5meC and 5-hydroxymethyl-
cytosine (5hmeC) distributions by deep sequencing, we show that
PGCLCs derived from mouse PSCs recapitulated the process of
genome-wide DNA demethylation in embryonic PGCs, including
significant demethylation of imprint control regions (ICRs) associated
with increased mRNA expression of the corresponding imprinted
genes. Although 5hmeCs were also significantly diminished in PGCLCs,
they retained greater amounts of 5hmeCs than intragonadal PGCs.
The genomes of both PGCLCs and PGCs selectively retained both
5meCs and 5hmeCs at a small number of repeat sequences such as
GSAT_MM, of which the significant retention of bisulfite-resistant
cytosines was corroborated by reanalysis of previously published
whole-genome bisulfite sequencing data for intragonadal PGCs. PSCs
harboring abnormal hypermethylation at ICRs of the DIk1-Gtl2-Dio3
imprinting cluster diminished these 5meCs upon differentiation to
PGCLGs, resulting in transcriptional reactivation of the Gt/2 gene. These
observations support the usefulness of PGCLCs in studying the germ-
line epigenetic erasure including imprinted genes, epimutations, and
erasure-resistant loci, which may be involved in transgenerational
epigenetic inheritance.
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Evidence is accumulating that parental experiences such as
pain, nutritional restrictions, or exposure to toxic chemicals
can be transmitted to subsequent generations via epigenetic al-
terations without mutations in the genomic DNA (gDNA) (1-3).
Multigenerational transmission of a nongenetic phenotype is
considered transgenerational when it is persistent beyond the epi-
genetic reprogramming in primordial germ cells (PGCs) (1, 2),
potentially conveying illness including metabolic diseases, malig-
nancies, reproductive defects, or behavioral alterations (2, 4, 5).
However, this is still a controversial subject due partly to the lack
of direct experimental demonstration of transgenerational epige-
netic alterations escaping the epigenetic erasure in mammalian
PGCs (2, 6, 7).

In early stage mouse embryos, a small cluster of Prdm1-positive
PGCs consisting of about 40 cells arise in epiblast at embryonic
day 7.25 (E7.25), and PGCs migrate toward the genital ridges while
they are rapidly proliferating. By E12.5, about 25,000 PGCs settle in
the genital ridges and cease cell division (8). Genome-wide gDNA
demethylation is initiated in the migrating PGCs and completed
in the intragonadal PGCs, decreasing the global CpG methylation
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level from 70% in E6.5 epiblast to about 10% in E13.5 PGCs (9).
This massive genome-wide gDNA demethylation is critical for
“resetting” the sex-specific epigenetic status of imprinted genes,
which is important for normal development of fetuses in the sub-
sequent generation, and it is achieved through passive dilution of
5-methylcytosines (SmeCs) in the absence of the Dnmt1/Np95-
dependent maintenance methylation of the daughter strands during
DNA replication as well as multistep enzymatic processes result-
ing in replacement of 5SmeCs with unmethylated cytosines, which
may involve 5-hydroxymethylcytosines (ShmeCs) as intermedi-
ates (9-14). A small fraction of genomic elements such as mouse
intracisternal A particles (IAP) was reported to escape this global
gDNA demethylation, and their possible roles in the transgenera-
tional epigenetic inheritance have been proposed (2, 9, 15). On the
other hand, a recent study detected aberrant SmeC distributions
in the spermatogonial gDNA of mice prenatally exposed to endo-
crine disruptors, but these epimutations were not persistent in
the subsequent generation beyond the germline epigenetic re-
programming (6). The fate of epimutations introduced in the
reprogramming-resistant genomic elements still remains to be
documented.

Significance

Whether acquired epigenetic changes can escape the genome-
wide epigenetic erasure in the primordial germ cells, which are the
embryonic precursors of all types of germline cells and gametes,
resulting in transgenerational transfer has been under debate. We
have shown that an in vitro cell culture model of mouse primor-
dial germ cells effectively recapitulates the process of germline
epigenetic erasure, including DNA demethylation at both physio-
logically methylated and abnormally hypermethylated imprint-
ing control regions. We also have identified examples of genomic
repetitive sequences characterized by significant resistance to
the genome-wide DNA demethylation process in mouse primor-
dial germ cells and their cell culture models. Our study paves the
way for mechanistic studies of transgenerational epigenetic in-
heritance using a cell culture model.
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Fig. 1. Transcriptomes of mouse PSCs, EpiLCs, PGCLCs, and in vivo PGGCs.
(A) Hierarchical clustering heatmap of differentially expressed genes. EpiLCs
and PGCLGs are indicated with their precursor PSCs (e.g., ES-EpiLCs are EpiLCs
derived from ESCs). The three gene clusters indicated in the Top heatmap
are enlarged in the Bottom heatmaps. (B) PCA of transcriptomal changes
during differentiation of PSCs to PGCLCs via EpilCs.

Recently, it has been shown that pluripotent stem cells (PSCs)
such as embryonic stem cells (ESCs) or induced pluripotent stem
cells (iPSCs) can be differentiated into PGC-like cells (PGCLCs)
in vitro (16). For example, Hayashi et al. produced PGCLCs from
mouse PSCs via the generation of epiblast-like cells (EpiLCs) as
intermediates (17, 18). To examine advantages and limitations
of mouse PGCLCs as a cell culture model for studies on trans-
generational epigenomics, we performed microarray-based tran-
scriptomal profiling and deep-sequencing analyses of genomic
SmeC and ShmeC distributions in PGCLCs and compared these
genomic characteristics with those of E12.5 mouse intragonadal
PGCs. We show genome-wide dynamics of SmeC and ShmeC
erasure during PSC differentiation to PGCLCs via EpiL.Cs, dem-
onstrating precise recapitulation of the DNA methylome, including
previously known and unknown gDNA elements resistant to the
global erasure of SmeCs and ShmeCs. We also demonstrate that
transcription-suppressing abnormal hypermethylation at the im-
printing control region (ICR) of the DIk1-Gtl2-Dio3 imprinting
cluster in iPSCs was erased upon differentiation to PGCLCs to
regain mRNA expression. These observations support the use of
mouse PGCLCs for mechanistic studies of germline epigenetic
reprogramming and transgenerational epigenetic inheritance as a
valid model of embryonic PGCs.

Results

The SSEA1*/Integrin p3*/c-Kit* Triple-Positive Mouse PGCLCs Resemble
Early Stage PGCs in Marker mRNA Expression. Mouse E12.5 intra-
gonadal PGCs characterized by germline-specific transcriptional
activation driven by the Pou5fl distal enhancer/promoter (Fig.
S1A) (19) and alkaline phosphatase activity (Fig. S1B) were ex-
amined for their surface-marker protein expression by FACS,
which revealed their SSEA1"/Integrin f3*/c-Kit* triple-positive
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status (Fig. S1 C and D). Following the protocol described by
Hayashi et al. (17), we produced mouse EpiLCs and the day-6
PGCLCs from PSCs (Fig. S1E). More than 98% of PGCLCs
enriched by FACS as SSEA1"/Integrin 3" double-positive cells
also strongly expressed c-Kit (Fig. S1F, Top row) whereas only
36% of SSEA1%/c-Kit* double-positive cells were Integrin p3*-
positive (Fi%. S1F, Bottom row). In the present study, the SSEA1*/
Integrin 3™ double-positive day-6 PGCLCs, which were almost
triple-positive including c-Kit, were subjected to further analyses.
When transplanted into mouse seminiferous tubules, PGCLCs
visualized by EGFP expressed by the Pou5fl distal enhancer/
promoter [which is active in PGCLCs/PGCs (19) and spermato-
gonial stem cells (20)] or mCherry expressed by the human EF1 a
promoter (also active in mouse germline cells) colonized in the
lumen of the tubules (Fig. S1G), agreeing with the original re-
port by Hayashi et al. about the capacity of PGCLCs to develop
spermatogenic colonies as transplants in the tubules (17).

Unsupervised hierarchical clustering (Fig. 14) and principal
component analysis (PCA) (Fig. 1B) clearly separated tran-
scriptomes along cell types—namely, PSCs, EpiL.Cs, PGCLCs,
and intragonadal PGCs. Transcriptomes of PGCLCs were not
separated along the types of PSCs from which they were derived (i.e.,
ESCs or iPSCs). The transcriptomes among the individual PSC
clones showed significant heterogeneity and became remarkably
homogeneous upon differentiation to EpiLCs, but diversified
again among PGCLC:s (Fig. 1B), suggesting that differentiation to
EpiLC was a nearly deterministic process whereas commitment
to PGCLC seemed stochastic. Among the genes induced upon
EpiLC differentiation to PGCLCs, those belonging to clusters 1
and 2 in Fig. 14 were enriched with early markers of PGCs.
Cluster 2 was also enriched with imprinted genes. Cluster 3 genes
were more strongly expressed in intragonadal PGCs than in PGCLCs
and enriched with markers of late-stage PGCs.

Expression of Fgf5 [an early stage EpiL.C maker (17)] was strong
in EpiLCs but reduced in PGCLCs whereas expression of Wnt3 [a
late-stage EpilL.C maker (17)] was maintained in both EpiL.Cs and
PGCLC:s (Fig. S24). PGCLC:s strongly expressed mRNA markers
of committed and/or migrating PGCs (e.g., Prdm1, Prdm14, c-Kit,
and Tfap2c, Fig. S2B). Induction of Dppa3 and suppression of
c-Myc, which were reported to occur in PGCLCs after expression of
the migrating PGC markers (17), were observed in our PGCLCs
(Fig. S2C) whereas intragonadal PGC markers (Dazl or Ddx4, Fig.
S2D) were not induced. Agreeing with a previous report that Snaill
was transiently expressed during EpiL.C differentiation to PGCLCs
but later suppressed when intragonadal PGC markers were in-
duced (17), our PGCLCs expressed Snaill but intragonadal PGCs
did not (Fig. S2B). Our PGCLCs expressed all of the three Tet
enzymes (Fig. S2E). Compared with Epil.Cs, expression of the
Dnmt3a and Dnmt3b de novo DNA methyltransferases as well
as the Uhrf1/Np95 cofactor of Dnmt1 was reduced in PGCLCs
whereas expression of the Dnmtl maintenance DNA methyl-
transferase was maintained (Fig. S2F), agreeing with a previous
study (17). Expression of the pluripotency genes Pou5fl, Kif4,
Sox2, and Nanog (Fig. S2G) as well as Tdg and Aicda encoding
thymine-DNA glycosylase and activation-induced cytidine de-
aminase, respectively, was stronger in PGCLCs than in intra-
gonadal PGCs (Fig. S2H). Quality control analysis of microarray
signal intensities confirmed the absence of significant batch ef-
fects that could have affected the above observations (Fig. S34).
Taken together, our transcriptomal profiling suggests that the
differentiation status of our PGCLCs was comparable to the
PGCLCs described by Hayashi et al. (17), presumably close to
the migrating E8.5-E9.5 PGCs.

Erasure of 5meCs and 5hmeCs in PGCLCs. To examine the epigenetic
status of PGCLCs, we determined distributions of 5SmeCs and
5hmeCs in the genomes of mouse iPSCs, EpiLCs, PGCLCs, and
E12.5 intragonadal PGCs by deep sequencing of gDNA fragments
enriched for SmeCs using biotin-conjugated methylcytosine-bind-
ing protein 2 [MBD-sEq. (21)], which has no significant affinity
to ShmeCs (22), and gDNA fragments enriched for ShmeCs by
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Fig. 2. Global reduction in gDNA 5meCs and 5hmeCs during mouse iPSC
differentiation to PGCLCs. (A and B) Density distributions of (A) 5meCs and
(B) 5hmeCs. The x axes represent densities of 5meCs or 5hmeCs in 100-bp
windows, and the y axes indicate genome-wide frequencies. (C) Heatmaps
of 5meC and 5hmeC densities across genomic features. Arrows a-d point to
elements retaining 5meCs and/or 5hmeCs in PGCLCs/PGCs.

chemical labeling with no reactivity to SmeCs (23). Thus, in con-
trast to the bisulfite sequencing that cannot distinguish 5SmeCs and
ShmeCs (24), our approach permitted differential detection of
gDNA fragments enriched with these two types of cytosine mod-
ifications. Deep-sequencing quality control assessments confirmed
sufficient CpG site coverage and saturation in our analyses (Figs.
S3 B-E and S4).

Distribution plot analyses revealed significant reduction in both
SmeCs and ShmeCs during differentiation of iPSCs to EpiLCs.
EpiLC differentiation to PGCLCs further reduced 5meCs to a
level that appeared comparable to E12.5 PGCs with the sensitiv-
ity of our 5SmeC detection method (Fig. 24) whereas PGCLCs
retained weak but significant amounts of ShmeC-enriched gDNA
segments compared with PGCs (Fig. 2B). Heatmaps of 5SmeC and
ShmeC distributions across the functional gDNA features revealed
that a small fraction of gDNA elements at the nonpromoter CpG
islands (Fig. 2 C, a), IAPs (Fig. 2 C, b), satellite repeats (Fig. 2 C,
¢), and rRNA genes (Fig. 2 C, d) concomitantly retained these
epigenetic marks in both PGCLCs and PGCs. The contents of
SmeCs detected by MBD-seq were indistinguishable between
PGCLCs and PGCs across the gDNA features, whereas the con-
tents of ShmeCs were more significantly diminished in PGCs
compared with PGCLCs (Fig. 2C). Detailed classification of
SmeC-enriched gDNA fragments across genomic features revealed
their strong enrichment in gene bodies and intergenic regions
outside repetitive sequences in iPSCs and Epil.Cs, whereas en-
richment of these features was remarkably diminished in PGCLCs
and PGCs (Fig. 34 and Fig. S54). The SmeC enrichment profiles
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of PGCLCs and PGCs show significant similarities in both relative
distributions across genomic features and total numbers of the
SmeC-enriched regions (2,178 in PGCLCs vs. 2,791 in PGCs), and
91% of the SmeC-enriched regions detected in PGCLCs were also
found in PGC:s (Fig. S6). The ShmeC enrichment profiles of iPSCs
and EpiLCs were similar to SmeCs except that only 251 ShmeC-
enriched regions (assigned mostly to repetitive elements) were
found in PGCs (Fig. 34 and Fig. S54). The majority of the repeat-
containing, SmeC-enriched gDNA regions in PGCLCs and PGCs
were found within the interspersed repeat classes such as SINEs,
LINEs (short- and long-interspersed nuclear elements), or LTRs
(which include the IAPs), approximately reflecting the genome-wide
RepeatMasker registration profile of the mouse NCBI37/mm9 ref-
erence genome sequence (Fig. 3B and Fig. S5B). Interestingly, the
satellite repeats (shown as *Sa) were overrepresented in all SmeC-
enriched regions, and their proportion was increased further in the
50 regions with the highest relative methylation scores. Among the
satellite sequences, the closely related GSAT_MM (shown as **GS)
and SYNREP_MM (#8Y) repeats were overrepresented.

To obtain further evidence of SmeC retention at the repetitive
elements, we performed visual inspections of deep-sequencing
data generated in our present study, as well as the whole-genome
bisulfite sequencing (WGBS) data of mouse E6.5 epiblasts and
E13.5 male PGCs published by Seisenberger et al. (9). Fig. S74
shows an example of deep-sequencing tracks demonstrating sig-
nificant retention of both 5SmeCs and 5hmeCs at a region con-
taining IAPs in PGCLCs and PGCs. Fig. S7B shows the WGBS
data corresponding to a part of the IAP-related SmeC/5ShmeC-
enriched region indicated in Fig. S74, demonstrating significant
retention of bisulfite-resistant cytosines (i.e., the sum of 5SmeCs
and 5ShmeCs) at two CpG sites in the gDNA of E13.5 male PGCs.
Fig. 3 C and D shows similar analyses for a region rich in
GSAT MM and SYNREP_MM repeats. Although some 5SmeC/
ShmeC peaks in the deep-sequencing tracks were not informa-
tive, as they were also evident in the nonenriched mouse genome
resequencing track (peak e), several informative peaks (a, b, d)
supported the presence of 5SmeC- and ShmeC-enriched gDNA
regions within GSAT_MM repeats (Fig. 3C). Inspection of the
WGBS data for GSAT_MM repeats in the corresponding region
identified three instances of an identical 74-nt sequence contain-
ing three CpG sites with significant retention of bisulfite-resistant
cytosines in the gDNA of E13.5 male PGCs (Fig. 3D). On the other
hand, the apparent lack of SmeC/5ShmeC peaks at SYNREP_MM
in Fig. 3C (peak c on the nonenriched track) left the 5meC/ShmeC
retention in this element unconfirmed, possibly due to technical
issues stemming from its up to 75% nucleotide base identity to
GSAT _MM. Two additional examples of GSAT MM retention of
SmeC/5hmeC peaks and bisulfite-resistant cytosines are shown in
Fig. S7 C-F. Agreeing with the retention of 5SmeCs and 5ShmeCs
at the ribosomal RNA gene shown in Fig. 2C (arrow d), visual
inspection of deep-sequencing tracks at regions containing
LSU_rRNA_Hsa and SSU_rRNA_Hsa ribosomal RNA genes
revealed the presence of informative peaks (Fig. S7 G and H)
although insufficient bisulfite conversion of the WGBS data for
these regions precluded nucleotide base-resolution analysis. In-
terestingly, we observed a strong tendency for ShmeC peaks to
be closely associated with SmeC peaks (Fig. 3C and Fig. S7 A4, C,
E, G, and H) although the enrichment-based deep-sequencing
approach did not provide relative amounts of ShmeCs to SmeCs.

DNA Demethylation at the ICRs in PGCLCs. Demethylation of the
ICRs is a hallmark of intragonadal PGCs (9, 12). Hayashi et al.
reported highly limited ICR demethylation in their PGCLCs, the
epigenetic status of which was hence presumed by the authors to
be similar to E8.5-E9.5 migrating PGCs before initiation of the
imprinting erasure (17, 18). In contrast, Zhou et al. recently
reported more advanced ICR demethylation in PGCLCs, placing
their epigenetic status close to E12.5 intragonadal PGCs (25). For
all of the six ICRs examined, our deep-sequencing analysis showed
progressive loss of 5SmeCs upon iPSC differentiation to EpiLCs
and then to PGCLCs (Fig. 44 and Fig. S8 A-E). Expression of the
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sequences. RepM, genome-wide RepeatMasker-registered elements. Small ele-
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ample of deep-sequencing tracks showing 5meC and 5hmeC peaks at
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ymethylation (four 5hmeC tracks, green bar), or nonenriched genome rese-
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uninformative. (D) Reanalysis of the whole-genome bisulfite sequencing data
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mRNA transcripts for the corresponding imprinted genes in-
creased in PGCLCs compared with PSCs or EpiLCs but still
more weakly than in E12.5 intragonadal PGCs, suggesting that
the epigenetic status of PGCLCs produced in our present study
may be between E9.5 and E12.5 PGCs (Fig. S2/). Significant and
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progressive ICR demethylation was observed in all individual
PSC-EpiLC-PGCLC differentiation experiments with no apparent
differences among the PSC precursor clones (Fig. S8F). On the
other hand, at the location of an IAP shown in Fig. S74, SmeCs
and ShmeCs were retained in the genomes of all types of PGCLCs
as well as E12.5 embryonic PGCs (Fig. S8G). Note that no SmeC
or 5ShmeC peak was detected in the genomes of PGCLCs or
PGCs around the ICRs shown in Fig. S8 A-F due to the absence
of IAP, GSAT_MM, LSU_rRNA_Hsa, or SSU_rRNA_Hsa re-
peat sequences. Interestingly, the ICR demethylation observed
upon differentiation of PSCs to PGCLCs was often accompanied
by increased DNA hydroxymethylation at the same region, whereas
DNA hydroxymethylation outside the ICRs was typically di-
minished or unchanged upon PSC differentiation to PGCLC
(Fig. S8H).

Erasure of Region-Specific Epimutations During iPSC Differentiation
to PGCLCs. We previously showed that generation of iPSCs by so-
matic cell reprogramming in the absence of sufficient vitamin C
caused silencing of the DIk1-Gtl2-Dio3 imprinting cluster, resulting
in diminished pluripotency (26, 27). This silencing was associated
with aberrant DNA hypermethylation of maternal IG-DMR (dif-
ferentially methylated region) and Gtl2-DMR (26, 27). Taking
advantage of this epimutation that is experimentally inducible
in iPSCs, we examined whether aberrant, region-specific hyper-
methylation can be erased during iPSC differentiation to PGCLC.
Reproducing our previously published bisulfite-pyrosequencing
analysis (26), MBD-seq detected aberrant DNA hypermethylation
at the IG-DMR and the GtI2-DMR in mouse iPSCs (Fig. 44 and
Fig. S9A4). The accuracy of our SmeC profiling is supported by the
nearly identical MBD-seq tracks of normal [Gtl2(+)] and silenced
[Gt12(-)] iPSCs except for the IG- and GtI2-DMRs. Whereas these
aberrant SmeC peaks were still observed in EpiLCs, they were
not detected in PGCLCs. Concomitantly, GtI2 mRNA expression,
which was suppressed in Gtl2(—) iPSCs, was restored in PGCLCs
to a level comparable to PGCLCs derived from Gtl2(+) iPSCs
(Fig. 4B). Interestingly, the IG-DMR and the region between the
IG- and the Gtl12-DMRs of Gtl2(—) iPSCs showed aberrant re-
duction in ShmeC peaks (Fig. 44 and Fig. S9B), which were erased
during iPSC differentiation to PGCLC. Thus, the aberrant DNA
hypermethylation at the ICRs of the DIk1-Gtl2-Dio3 imprinting
cluster in iPSCs was erased upon differentiation to PGCLCs.

Discussion

Transcriptomal and Epigenomic Characteristics of Mouse PGCLCs.
Following the protocol described by Hayashi et al. (17) with slight
modifications, we generated SSEA1*/Integrin B3*/c-Kit* triple-
positive PGCLCs from mouse PSCs (Fig. S1). Transcriptomal
profiling (Fig. 1 and Fig. S2) placed our PGCLCs isolated from
6-d culture embryoid bodies (EBs) in a status similar to the
PGCLCs that Hayashi et al. obtained from EBs earlier than the
6-d culture but later than the 2-d culture (17). In a recent study,
Zhou et al. generated mouse PGCLCs from 6-d culture EBs
using a similar protocol (25) and observed a marker gene expres-
sion profile similar to the 6-d EB PGCLCs of Hayashi et al. (17).
On the other hand, whereas Hayashi et al. observed only limited
DNA demethylation at ICRs of the Igf2r, Snipn, HI9, and Kcnql
imprinting clusters and so placed their PGCLS at a stage corre-
sponding to E8.5-E9.5 migrating PGCs in mouse embryos [when
the ICR demethylation in PGCs is not yet significant (9, 17, 18)],
Zhou et al. reported more advanced ICR demethylation at the
Snrpn and H19 imprinting clusters, placing their PGCLCs at a
stage similar to E12.5 intragonadal mouse embryonic PGCs (25).
In our present study, PGCLCs showed significant demethylation at
all six ICRs examined (DIkI-Meg3/Gti2-Dio3, H19, Igf2r, Kengl,
Nespas-Gnas, Megl/Grb10) (Fig. 4 and Fig. S8) as well as global
loss of 5SmeCs (Figs. 2.4 and C and 3A4). The progressive increase
in mRNA expression of imprinted genes during PSC differentia-
tion to PGCLC via EpiLC (Fig. S2I) may reflect release from
monoallelic suppression by DNA methylation. The restoration of
Gtl2 mRNA expression in PGCLCs derived from Gtl2(-) iPSCs
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Gtl2(-) iPSCs during differentiation to PGCLCs. (A) Superimposed deep-
sequencing tracks of 5meCs (Top three tracks) and 5ShmeCs (Bottom three
tracks). Blue, red, and green traces represent Gtl2(+), Gtl2(-), and in vivo PGC,
respectively, and all traces in each track are adjusted in a track-specific linear
scale between the minimal and maximal methylation or hydroxymethylation
in the displayed area shown with vertical bars at the right. The same data are
displayed with fixed scales across tracks in Fig. S9. Orange and cyan bars in-
dicate locations of IG-DMR and GtI2-DMR, respectively. Numbers 1-4 show
differential methylation between Gtl2(+) and Gtl2(-) iPSCs and EpiLCs at the
DMRs. (a—d) Differential hydroxymethylation. (B) Expression of Gtl2 mRNA in
independent clones of mouse Gtl2(-) iPSCs (a and b), Gtl2(+) iPSCs (c and d),
and PGCLCs produced from them. Bars indicate qPCR data for Gtl2 mRNA
expression normalized with Gapdh mRNA expression (n = 3, mean + SEM).

from silencing due to the aberrant hypermethylation of the ICR of
the DIkI-Gtl2-Dio3 imprinting cluster [Fig. 4 and Fig. S9 (26)]
further supports ICR demethylation in our PGCLCs. Although
our results suggest the usefulness of mouse PGCLCs for mecha-
nistic studies of the germline DNA demethylation including ICRs,
it remains to be determined whether this in vitro model accurately
represents a particular physiological status of embryonic PGCs. To
achieve this goal, future studies should consider sensitivity, quan-
titativity, and specificity of the analytical methods. For example,
PCR-based bisulfite sequencing may be insufficient for quantita-
tive evaluation of ICR methylation (17, 18, 25). Specificity of bi-
sulfite conversion (9, 17, 18, 25) is incomplete because it does not
distinguish SmeCs from ShmeCs. Whereas MBD-seq distinguishes
SmeCs from ShmeCs, in our present study this method did not
robustly detect low levels of DNA methylation at the IG-DMR,
Gtl2-DMR, or the Rtll in E12.5 PGCs, which was detected by
Singh et al. using the Methylated CpG Island Recovery Assay
(MIRA) and a custom-design microarray that targeted imprinted
genes and IAP flanking regions (28). In contrast to MBD-seq using
the 5meC-binding domain of human MBD2 for enrichment,
MIRA uses heterodimers of MBD2b and MBD3L1, which has a
significantly stronger affinity to 5SmeCs than MBD2 (29). Thus, the
absence of 5meC in our study should be interpreted that DNA
methylation was diminished to a level below the detection limit
rather than complete depletion of SmeCs. Although the SmeC pro-
files of PGCLCs observed in the present study were indistinguishable
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from the profile of E12.5 embryonic PGCs, it remains to be
determined whether weak DNA methylation in PGCLCs could
be similar to earlier stage of PGCs.

Erasure of DNA Methylation in PGCLCs and PGCs. The DNA meth-
ylomes of PSCs, EpiLCs, PGCLCs, and E12.5 PGCs using MBD-
seq (Fig. 2) largely agreed with the gDNA demethylation dynamics
in mouse embryonic germline cells determined by Seisenberger
et al. using WGBS (9), reproducing significant retention of
5meCs at IAPs or nonpromoter CpG islands (CGlIs) in PGCLCs
and PGCs (Fig. 24 and Fig. S74). MBD-seq also detected germ-
line retention of 5SmeCs at repeat sequences GSAT_MM,
LSU_rRNA_Hsa, and SSU_rRNA Hsa (Fig. 3 A-C and Figs.
S5 and S7 C, E, G, and H). Reanalysis of the WGBS data of
Seisenberger et al. validated germline retention of 5SmeCs at
GSAT_MMs (Fig. 3D and Fig. S7 D and F) as well as IAPs (Fig.
S7B) although 5meC retention at other repeat elements was not
validated due to insufficient bisulfite conversion of the WGBS data.

The importance of ShmeCs in the active DNA demethylation
and imprinting erasure in germline cells has been well recognized
(12-14, 30, 31). In our present study, the abundant ShmeCs in
mouse iPSCs were dramatically lost during differentiation to
PGCLCs via EpiLCs (Figs. 2 B and C and 34). The 5meC
content in PGCLCs and E12.5 intragonadal PGCs detected with
the sensitivity of MBD-seq was largely comparable. However,
PGCLC:s retained about a four times greater number but rela-
tively weak ShmeC-enriched gDNA segments compared to PGCs
(Figs. 2 and 34 and Fig. S5). Interestingly, SmeC-enriched
gDNA fragments detected in the genomes of PGCs and PGCLSs
were often coenriched with ShmeCs (Fig. 3C and Fig. S7A4, C, E,
G, and H). Genomic DNA regions strongly enriched with SmeCs
in PSCs were typically enriched with ShmeCs as well, and these
ShmeCs were often retained after differentiation to PGCLCs
even when 5meCs were erased (Fig. S8H, orange shading).
However, ICR of the Kncql imprinting cluster (KvDMR1) was
strongly methylated in ESCs without coenrichment of 5ShmeCs
(Fig. S8H, a and c) whereas its ShmeC content was augmented in
PGCLCs and 5SmeCs were lost (Fig. S8H, b and d). In contrast, in
iPSCs and EpiLCs, the normal ICRs of the DlkI-Gt2-Dio3 im-
printing cluster (IG-DMR and Gtl2-DMR) were significantly
enriched with ShmeCs whereas aberrantly hypermethylated ICRs
were deficient in ShmeCs (Fig. 44 and Fig. S9). Taken together,
these observations suggest that gDNA regions coenriched with
5meCs and 5ShmeCs may be prone to demethylation, including
SmeC-retaining regions in PGCLCs/PGCs.

Germline Epigenetic Erasure as a Barrier to Nongenetic Transgenerational
Inheritance. It has been proposed that a small fraction of genomic
elements that escape the epigenetic erasure (such as IAPs or non-
promoter CGIs) may serve as vehicles of the transgenerational
epigenetic inheritance (2, 9). However, a systematic examination
recently reported by Igbal et al. showed that transcriptional and
DNA methylome aberrations introduced in spermatogonia of
fetuses by in utero exposure to endocrine-disrupting chemicals were
not persistent beyond the germline epigenetic erasure in a statisti-
cally significant manner even when the analysis was extended to
IAPs (6). This negative but insightful observation may suggest the
ability of PGCs to effectively repair epimutations or perhaps reflect
technical challenges of identifying transgenerational epimutations
that might occur stochastically within repetitive sequences. Taking
advantage of the experimentally reproducible DNA hyper-
methylation at the otherwise demethylated maternal IG-DMR and
GtI2-DMR of the DiIk1-Gti2-Dio3 imprinting cluster in mouse iPSCs
(26, 27), our present study directly demonstrates significant
reduction in this abnormal hypermethylation during iPSC differ-
entiation to PGCLC (Fig. 44 and Fig. S9), which resulted in func-
tional restoration of the Gtl2 imprinted mRNA expression (Fig.
4B). The ability of the PGCLC cell culture model to erase experi-
mentally introduced epimutations will provide unique future op-
portunities to examine erasure, and possible retention, of various
types of epimutations at specific gDNA locations during germline
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differentiation. It remains to be determined whether this PGCLC
model can also be used to examine erasure of epimutations in-
troduced outside ICRs and/or within repetitive elements, and the
resolution power of this approach should be improved at the nu-
cleotide base level because experience-induced changes in gametic
gDNA methylation were reported to be specific to CpG sites, thus
critically affecting gDNA binding to transcription factors (32, 33).
It is also an interesting question as to whether or not apparently
physiological epigenetic changes resulting from specific and
regulated mechanisms (vs. stochastic, nonphysiological epi-
mutations) are erased in the PGCLCs. The development of
epigenome editing methods to introduce specific epimutations
at targeted loci in the genome of iPSCs should provide unique
opportunities to systematically evaluate the capabilities of PGCLCs
to erase various types and locations of epigenetic changes or
epimutations.

In summary, our present study has shown that mouse PGCLCs
effectively recapitulate the genome-wide DNA demethylation
events occurring in the intragonadal PGCs, including demethy-
lation of ICRs. Reproducing previously reported SmeC retention
at IAPs and nonpromoter CGIs in PGCs, we have identified
additional 5meC-retaining genomic elements, including the
GSAT_MM repeats. Deep-sequencing techniques that distin-
guish 5meCs and 5hmeCs have revealed coretention and dy-
namics of these epigenetic marks at ICRs and SmeC-retaining
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elements during PSC differentiation to PGCLCs. Finally, taking
advantage of a region-specific epimutation experimentally intro-
duced in iPSCs, our study has provided direct evidence that ab-
errant DNA hypermethylation at an ICR was diminished during
the germline epigenetic reprogramming, resulting in functional
restoration of the epigenetically silenced gene expression. These
observations support the usefulness of mouse PGCLCs as a valu-
able cell culture model of embryonic PGCs for mechanistic studies
of germline epigenetic reprogramming.

Materials and Methods

Experimental methods are described in S| Materials and Methods. The animal
experiment protocol for the above procedures was reviewed and approved
by the Institutional Animal Care and Use Committee of the Massachusetts
General Hospital. The animal experiment protocol for the PGCLC trans-
plantation was reviewed and approved by the Institutional Animal Care and
Use Committee of the McGill University. Affymetrix microarray and deep-
sequencing data have been deposited in the National Center for Bio-
technology Information Gene Expression Omnibus and Sequence Read Archive
databases (accession nos. GSE80983 and GSE81175).
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