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Epigenetic resetting in the human germ line entails
histone modification remodeling
Wolfram H. Gruhn1,2*†, Walfred W.C. Tang1,2†, Sabine Dietmann1,2,3,4, João P. Alves-Lopes1,2,5,
Christopher A. Penfold1,2,6, Frederick C. K. Wong1,2, Navin B. Ramakrishna1,7, M. Azim Surani1,2,3*

Epigenetic resetting in the mammalian germ line entails acute DNA demethylation, which lays the foundation
for gametogenesis, totipotency, and embryonic development. We characterize the epigenome of hypomethy-
lated human primordial germ cells (hPGCs) to reveal mechanisms preventing the widespread derepression of
genes and transposable elements (TEs). Along with the loss of DNA methylation, we show that hPGCs exhibit a
profound reduction of repressive histone modifications resulting in diminished heterochromatic signatures at
most genes and TEs and the acquisition of a neutral or paused epigenetic state without transcriptional activa-
tion. Efficient maintenance of a heterochromatic state is limited to a subset of genomic loci, such as evolution-
arily young TEs and some developmental genes, which require H3K9me3 and H3K27me3, respectively, for
efficient transcriptional repression. Accordingly, transcriptional repression in hPGCs presents an exemplary ba-
lanced system relying on local maintenance of heterochromatic features and a lack of inductive cues.
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INTRODUCTION
Germ line development is an integral part of the life cycle, culmi-
nating in the formation of gametes, which transfer genetic and epi-
genetic information to the next generation. Human primordial
germ cells (hPGCs), the embryonic precursors of sperm and egg,
originate during the onset of gastrulation between week (wk) 2
and 3 of development and thereafter commence migration via the
hindgut mesentery to the embryonic gonads at ~wk4, where hPGCs
undergo sex-specific differentiation (1). The migration of hPGCs
into the developing gonad is accompanied by genome-wide epige-
netic changes, including a profound loss of DNA methylation (2),
which is critical for erasing genomic imprints, promoting PGC-spe-
cific gene expression and X chromosome reactivation. Consequent-
ly, epigenetic resetting in the early germ line is critical for
gametogenesis and embryonic development in the next generation
(3–5). Evidence from several mammalian species suggests that epi-
genetic resetting in the germ line extends to changes in repressive
histone modifications such as H3K27me3 (Fig. 1A) (6–10).

The polycomb repressive complex 1 (PRC1) and PRC2 that
deposit the H2aK119ub and H3K27me3 histone modifications, re-
spectively, mediate transcriptional repression (11) during X chro-
mosome inactivation (12) and at autosomal promoters with high
cytosine-guanine (CG) density, which often control developmen-
tally relevant genes (13). The histone modification H3K9me3

mediates transcriptional repression of olfactory receptors (14) and
testis-associated genes (15), while in other contexts, promoter-prox-
imal H3K9me3 is required for normal gene transcription (16). In
addition, H3K9me3 and its histone methyltransferase SETDB1
are widely implicated in repressing transposable elements (TEs)
(15) and cryptic promoters to permit normal gene expression (17).

Approximately 50% of the human genome originates from TE
insertions (18), with the vast majority having lost the potential for
transposition (19). Some TEs have been co-opted for host gene reg-
ulatory functions (20). Exceptionally, some TEs belonging to evolu-
tionarily young families, such as the primate-specific SINE-VNTR-
Alu (SVA) elements, remain competent for autonomous transcrip-
tion and require tight repression involving H3K9me3 and DNA
methylation to maintain genome stability (21). However, virtually
all promoters and TEs that are methylated in somatic cells exhibit
reduction or loss of DNA methylation (5mC) during epigenetic re-
setting in hPGCs (2). Nonetheless, only a small fraction of TEs gains
transcriptional activity in hPGCs; however, how transcriptional re-
pression is maintained in the hypomethylated germ line is not fully
understood (15, 22).

In this study, we investigate the epigenome of hypomethylated
male and female hPGCs (mhPGCs and fhPGCs) and gonadal
somatic cells (mGSCs and fGSCs) by integrating repressive
(H3K27me3, H2aK119ub, and H3K9me3), neutral (H3K4me1),
and active (H3K4me3 and H3K27ac) histone modification, chro-
matin accessibility, transcription and DNA methylation profiles to
gain insights into transcriptional regulation in hPGCs. Compared
to GSCs, reset hPGCs exhibited lower levels of 5mC and repressive
histone modifications, consistent with a broadly weakened hetero-
chromatic state of promoters and TEs. Notably, specific TE and
gene groups such as SVAs or olfactory receptor genes (ORGs)
were particularly enriched for maintaining a repressive chromatin
state in hPGCs. Our functional studies suggest that the
H3K9me3-SETDB1 axis is critical for TE repression and the
timing of gene activation in hPGCs. Furthermore, the gain of
H3K4me1 at demethylated promoters and the retention of
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Fig. 1. Epigenetic resetting in hPGCs coincides with a reduction of repressive histone modifications. (A) Graphical depiction of 5mC changes during major epi-
genetic remodeling events in the human life cycle. Previously described changes of H3K27me3 and H3K9me2 during hPGC maturation are as shown. (B and C) Com-
parison of protein-coding and long noncoding RNA gene (B) and TE (C) expression between fhPGCs and fGSCs. Genes/TEs were grouped according to their expression
level into expressed (dark green), lowly expressed (orange), and not expressed genes (dark red; see Materials and Methods). No broad expression change (gray), reduced
expression (red), or elevated expression (green) in fhPGCs (left). Wilcoxon effect size and chi-square test for number of induced and repressed elements are shown. Violin
plot depicting expression changes of 66,495 human transcripts (B) and 3,040,811 annotated TEs (C) in fhPGCs relative to fGSCs (right). r =Wilcoxon effect size. log2FC, log2
fold change. (D) Graphical depiction of the spike-in normalized histone modification ChIP-seq and ATAC-seq conducted on weeks 7 to 10 hPGCs and GSCs (right). Used
tissues and analyzed histone modifications are indicated (right table). ATAC-seq and H3K27me3 (wk7), H3K4me1, H3K4me3, and H3K27ac on male hPGCs have been
published in Tang et al. (28). (E) Spike-in normalized read counts falling into 5-kb bins covering all autosomes and X chromosomes for the indicated ChIP-seq experiments
on male and female PGCs and GSCs. ATAC-seq reads were analyzed in 1-kb bins. Wilcoxon effect size is shown. Effect size levels: no practical difference (n): r < 0.2, *:
0.2 ≤ r < 0.3, **: 0.3 ≤ r < 0.5, ***: r ≥ 0.5.
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repressive H3K27me3 at promoter-proximal TEs might contribute
to gene repression in hPGCs.

RESULTS
Global epigenetic differences between hPGCs and
surrounding somatic cells
The best understood the aspect of epigenetic resetting in the human
germ line is the loss of DNA methylation, which is initiated before
the fifth week of embryogenesis and largely completed in wk7
gonadal hPGCs (Fig. 1A) (2). In addition, immunofluorescence
analysis suggests that the levels of repressive histone modifications
such as H3K9me2 and H3K27me3 change during the resetting
process (2). Consistently, we found decreasing H3K27me3 levels
between wk7 and wk9 in fluorescence-activated cell sorting
(FACS)–purified hypomethylated fhPGCs by Western blotting
(fig. S1, A and B). Despite these profound epigenetic changes, re-
analysis of published RNA sequencing (RNA-seq) data (2) of hypo-
methylated germ cells did not detect genome-wide derepression of
either genes (Fig. 1B and fig. S1C) or TEs (Fig. 1C and fig. S1D)
relative to the adjacent GSCs.

A similar loss of DNA methylation in migrating and early
gonadal PGCs occurs in other mammalian species, including
mice, pigs, and rabbits (23–25). However, cellular levels of
H3K27me3 and H2aK119ub in wk8/9 hPGCs were substantially
lower than that in murine PGCs at a similar developmental stage,
suggesting interspecies differences in the germ line resetting
process (fig. S1E).

We, therefore, set out to investigate how histone modifications
might contribute locus specifically to transcription repression in
the hypomethylated human germ line. An in-depth epigenetic anal-
ysis of hPGCs before epigenetic resetting is not feasible for technical
and ethical reasons. Consequently, we focused on hypomethylated
gonadal hPGCs and the adjacent GSCs, which do not undergo
genome-wide DNA demethylation while experiencing a similar
morphogen environment to hPGCs and therefore represent a refer-
ence point to identify putative germ line-specific gene regulatory
mechanisms. To this end, we adapted the ultra-low-input micrococ-
cal nuclease (MNase)-based native chromatin immunoprecipitation
(ULI-NChIP) protocol to analyze key repressive and active histone
modifications in purified hPGCs and GSCs and probed chromatin
accessibility by transposase-accessible chromatin sequencing
(ATAC-seq; Fig. 1D and fig. S1A) (26). Here, we introduced Droso-
phila S2 cell spike-ins to accurately normalize histone modification
levels in the different cell types (27). We focused on wk7 to wk10
male and female genital ridges as germ line DNA demethylation
is largely completed at these stages, and sufficient numbers of
hPGCs can be isolated to reliably prepare one ULI-NChIP library
per embryo (fig. S1, F and G) (2). We have previously described a
portion of these data [ATAC-seq in mhPGCs and H3K27m3 (wk7),
H3K4me3, H3K4me1, and H3K27ac ChIP-seq (ChIP sequencing)
in mhPGCs] in a different context (28).

First, we determined the global levels of specific histone modifi-
cations at autosomes and sex chromosomes separately to avoid
biases due to the reactivation of the inactive X chromosome (Xi)
in fhPGCs (Fig. 1E and fig. S1H). H3K4me1 levels at autosomes
and sex chromosomes showed substantial enrichment in mhPGCs
and fhPGCs relative to GSCs, consistent with elevated H3K4me1
levels detected in gonadal hPGCs by immunofluorescence staining

(fig. S1I). In contrast, there was a reduction in repressive histone
modification levels, H3K27me3, H2aK119ub, and H3K9me3 in
hPGCs compared to somatic cells at wk8 to wk10 of development.
Consistent with the ChIP-seq results, lower H2aK119ub levels in
wk9 hPGCs than in GSCs were detected by Western blot (fig.
S1E). Notably, there was a more pronounced reduction in
H3K27me3 levels in fhPGCs between wk7 and wk9 than in
mhPGCs (Fig. 1E).

Sex-specific epigenetic promoter regulation in hPGCs
Between wk5 and wk9, mhPGCs and fhPGCs are mitotically active
and transcriptionally highly similar, with sexual differentiation oc-
curring later in development (29, 30). Hence, the epigenetic differ-
ences between sexes observed in wk9 hPGCs (Fig. 1) could prime
sexual differentiation, which prompted us to compare the epigenet-
ic states of 64,189 autosomal promoters in both sexes.

In line with our genome-wide analysis, male-biased autosomal
promoter occupation was detected for H2aK119ub and
H3K27me3 in wk9 hPGCs. This was not the case for other epigenet-
ic marks or H3K27me3 in wk7 hPGCs (Fig. 2A). The portion of
promoters showing sex-specific occupancy varies among epigenetic
marks between 42.75% for H3K27me3 (wk9) and 5.51% for
H3K4me3 (Fig. 2B). Sex-specific promoter occupancy was promi-
nent for H3K27me3, H2aK119ub, and H3K9me3, with H3K27me3
in wk9 hPGCs showing the strongest overrepresentation of male-
specifically occupied promoters. Both male- and female-specific
H3K9me3 occupied promoters showed strong enrichment for
ORGs, which were flanked or covered by H3K9me3 domains that
showed slight sex-specific positional shifts (fig. S2, A and B). Nev-
ertheless, we detected no sex-specific expression of these ORGs
when reanalyzing published bulk (2) or single-cell RNA-seq
(scRNA-seq) data (30) of wk7/8 hPGCs (fig. S2C). Some genes as-
sociated with the Piwi-interacting RNA (piRNA) pathway, e.g.,
PIWIL2, were preferentially occupied by H3K9me3 in fhPGCs but
showed increased expression in mhPGCs, supporting an
H3K9me3-mediated transcriptional regulation of these genes (fig.
S2, D and E).

Between wk7 and wk9, H3K27me3 promoter occupancy de-
creased in both fhPGCs andmhPGCs, which was more pronounced
in fhPGCs resulting in 41.7% of all H3K27me3 promoters being
male-specifically occupied in wk9 hPGCs (Fig. 2, B and C). In
mhPGCs, 76.0% of male-specific H3K27me3 promoters were co-
occupied by H3K4me3 alone or in combination with H3K4me1,
while the corresponding promoters in fhPGCs predominantly
shared H3K4me3/me1 occupancy but did not harbor any repressive
chromatin mark (Fig. 2, D and E, and fig. S2, F and G). Most pro-
moters losing H3K27me3 in fhPGCs between wk7 and wk9 and
harbored H3K4me3 showed moderate transcriptional induction
(Fig. 2F). Genes enriched in this category were associated with
cell adhesion and cell signaling (Fig. 2G). In line with the reduced
H3K27me3 levels, we detected elevated expression of the X chromo-
some–encoded H3K27me3 demethylase KDM6A in fhPGCs
(Fig. 2H). Consequently, differential KDM6A and H3K27me3
levels may contribute to the establishment of sex-specific signaling
environments in hPGCs.

Overall, the proportion of autosomal promoters occupied by re-
pressive chromatin marks was higher in mhPGCs (45.5%) than in
fhPGCs (34.9%) due to elevated H3K27me3 and H2aK119ub levels.
However, in both sexes, the same combinations of repressive marks
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dominated at promoters, suggesting similar epigenetic gene regula-
tory mechanisms (fig. S2H).

Integrative epigenetic states of promoters in
hypomethylated fhPGCs
As fhPGCs exhibited lower H3K27me3 andH2aK119ub levels com-
pared to mhPGCs, we focused on fhPGCs to study how reset hPGCs
repress undesired gene expression (Fig. 2). To this end, we used an
integrative self-organizing map (SOM) approach, incorporating our
ChIP-seq profiles of repressive (H3K9me3, H3K27me3, and
H2aK119ub), active (H3K4me3 and H3K27ac), and neutral
(H3K4me1) histone modifications; ATAC-seq; published RNA-
seq; and whole-genome bisulfite sequencing (BS-seq) data (2)

generated from fGSCs and fhPGCs, which clustered 66,495
human promoters into 100 nodes (fig. S3, A and B). Repressive epi-
genetic marks drove the clustering of promoters into two broad
groups occupied by H3K9me3 and 5mC or H3K27me3 and
H2aK119ub. In fhPGCs, H3K9me3 and H3K27me3 were found at
a comparatively large number of promoters, while far fewer were
occupied by 5mC. Relative to fGSCs, promoter levels of all analyzed
repressive histone modifications were reduced in fhPGCs. However,
this was only in a fraction of promoters accompanied by an increase
in active histone modifications (H3K4me3 and H3K27ac) or tran-
scriptional activity (fig. S3, A and B).

To corroborate the findings from the SOM clustering, we ana-
lyzed epigenetic modifications at individual promoters and

Fig. 2. Epigenetic promoter regulation in male and female hPGCs. (A) Differential levels of the indicated epigenetic marks, chromatin accessibility (ATAC), and tran-
scriptional activity (RNA) of autosomal promoters in male and female hPGCs are depicted. Wilcoxon effect size is depicted. (B) Top: Number of promoters occupied with
the indicated epigenetic modifications or ATAC-seq signal. Male-specific occupancy (blue), female-specific occupancy (red), occupancy in both sexes (green), and no
occupancy (gray). Sex-specifically occupied promoter portion is indicated. Bottom: Number of male- (blue) and female-specific (red) promoters occupied by the indicated
repressive chromatin marks. Chi-square goodness-of-fit effect size is depicted. (C) H3K27me3 levels of promoters commonly occupied by H3K27me3 in wk9 male and
female hPGCs (top) and male-specifically H3K27me3 occupied promoters in wk9 hPGCs (bottom). Wilcoxon effect size is depicted. (D) Epigenetic states of promoters
specifically occupied by H3K27me3 in mhPGCs (wk9) and the corresponding promoter states in wk9 fhPGCs (left). Distribution of H3K4me3 and H3K4me1 is shown for
promoters occupied by H3K27me3 in mhPGCs but harbors no repressive mark in fhPGCs (right). (E) Genome browser view of the CEBPA locus showing the indicated
epigenetic modifications in fhPGCs and mhPGCs. (F) Differential expression (DE) of genes associated with male-specific H3K27me3 promoters co-occupied by the in-
dicated epigenetic marks between wk7 and wk9 fhPGCs (green) and wk7 mhPGCs and fhPGCs (light blue). Wilcoxon effect size is depicted. (G) Gene ontology (GO)
enrichment analysis on promoter groups depicted in Fig. 2F. (H) KDM6A expression in mhPGCs and fhPGCs. Reanalysis of single-cell RNA-seq (scRNA-seq) data. Sleuth’s
likelihood ratio test is shown. ***P < 0.005. Effect size levels as in Fig. 1.
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quantified fhPGC- and fGSC-specific and shared occupancy across
both cell types (Fig. 3A). Despite its lower genomic levels in
fhPGCs, H3K27me3 remained the most common repressive epige-
netic mark at promoters followed by H3K9me3. While the portion
of promoters occupied by repressive marks was overall substantially
lower in fhPGCs (34.9%) than in fGSCs (62.8%), a small number of
promoters exhibited fhPGC-specific H3K27me3, H2aK119ub, or
H3K9me3 occupancy.

In fGSCs, many lowly active and inactive promoters were occu-
pied by combinations of repressive marks including 5mC (Fig. 3B).
In contrast, the most common repressive promoter signatures in
fhPGCs were H3K27me3 alone, H3K9me3 alone, and H3K27me3
in combination with H2aK119ub, while only a small subset of pro-
moters retained 5mC in combination with H3K9me3. Grouping

promoters by their repressive modifications in fGSCs revealed dis-
tinct propensities for carrying a repressive epigenetic signature in
fhPGCs (Fig. 3C and fig. S3C). About 86.1% of promoters
marked in fGSCs by 5mC alone did not harbor any analyzed repres-
sive epigenetic mark in fhPGCs, while this portion was only 50.2%
in the case of promoters co-occupied by H3K9me3 and 5mC pro-
moters in fGSCs, suggesting that specific repressive signatures could
be more prone to be lost during the resetting of hPGCs than others.

Promoters occupied by H3K27me3 alone or in combination
with H2aK119ub in fhPGCs controlled genes associated with
various differentiation processes of somatic cells (fig. S3B). While
these promoters showed on average low transcriptional activity in
fhPGCs, most of them were co-occupied by H3K4me3 (Fig. 3B), in-
dicative of a transcriptionally poised bivalent state observed in other

Fig. 3. Epigenetic promoter regulation in hPGCs. (A) Number of promoters fGSC- (red) or fhPGC-specifically (green) occupied by the indicated modifications (top).
Number of promoters occupied by the indicated epigenetic marks or overlapping with an ATAC-seq peak in fhPGCs (bottom). Chi-square goodness-of-fit effect size is
depicted. (B) Number (inner panels) and expression level (outer panels) of promoters occupied by the indicated combinations of repressive marks. Color code indicates
the co-occupancy with H3K4me3 (opal), H3K27ac (green), both marks (red), or none (gray) in fhPGCs (left) and fGSCs (right). Chi-square goodness-of-fit effect size is
depicted. H3K27me3 occupancy was determined in wk9 fhPGCs/fGSCs. n.d., not detected. NC, normalized counts. (C) Comparison of repressive chromatin signatures at
promoters in fhPGCs and fGSCs. Promoters were grouped by their repressive chromatin signatures in fGSCs, and repressive modifications in fhPGCs were quantified in
each group. Chi-square goodness-of-fit test, ***P < 0.005 and ****P < 0.001. (D) Epigenetic states of promoters in fhPGCs and fGSCs. Depicted promoters were occupied
by 5mC, H3K9me3, or bothmarks in the presence or absence of H3K4me3 in fGSCs. (E) Expression of promoter groups occupied by the indicated epigeneticmodifications
in wk8/9 fhPGCs. Promoter groups were defined by the fhPGC and fGSC comparison in Fig. 3D. Wilcoxon effect size is depicted (left). Enriched gene ontology terms within
depicted promoter groups are shown (right). (F) Genome browser view of the DAZL locus showing the indicated epigenetic modifications in fhPGCs and fGSCs. Effect size
levels as in Fig. 1.
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cell types previously (31). Co-occupancy with active epigenetic
marks was observed for all repressive promoter signatures, albeit
with different frequencies. While virtually all H2aK119ub and
H3K27me3 and 69.1% of H3K9me3 occupied promoters were biva-
lent, only 33.7% of promoters associated with 5mC and H3K9me3
exhibited co-occupancy with an active histone modification in
fhPGCs (Fig. 3B).

In the case of H3K9me3, bivalent promoters in fhPGCs showed
enrichment for transcriptionally active genes functioning in hPGC
differentiation, e.g., PIWIL1, DDX4, DAZL (32), or MAEL (33),
while H3K9me3 promoters lacking active chromatin marks were
found at repressed ORGs (Fig. 3, D and E). Many bivalent
H3K9me3 promoters, such asDAZL, PIWIL1, andDDX4, belonged
to the previously identified group of methylation-sensitive genes
(MSGs), which exhibit hPGC-specific demethylation and expres-
sion (2). In murine PGCs, similar promoters were suggested to be
regulated by both 5mC and H2aK119ub (8). In line with their tran-
scriptional activation, most of the 630 autosomal MSG promoters
bore active chromatin marks and lost 5mC in wk7 fhPGCs and
mhPGCs (fig. S3D). Several MSG promoters, including DAZL, re-
tained H3K9me3 in fhPGCs and mhPGCs, while others exhibited
H3K27me3 occupancy, specifically in mhPGCs (Fig. 3F). Besides,
only a small subpopulation of 16 and 19 MSG promoters was asso-
ciated with H2aK119ub in fhPGCs and mhPGCs, respectively, sug-
gesting that coregulation of MSG promoters through PRC1 and
5mC was not typical at this stage of hPGC development (fig. S3D).

In summary, fewer promoters carried repressive modifications
in fhPGCs than in fGSCs, without an overall reciprocal increase
of transcription or active chromatin marks. The distribution of
H3K9me3 in fhPGCs suggests that this mark mediated stable re-
pression of specific gene groups, e.g., ORGs, and regulated tran-
scription of germ line-associated genes like DAZL.

Epigenetic compensation for the loss of 5mC in the
germ line
To identify potential mechanisms compensating for the extensive
DNA demethylation in hPGCs, we investigated promoters that ex-
hibited reduced 5mC levels relative to fGSCs. Reduction of 5mC at
promoters in fhPGCs and mhPGCs correlated with an increase in
H3K4me1, which coincided only at a small number of promoters
with an increase in H3K4me3, H3K27ac, or transcription (Fig. 4A
and figs. S3A and S4, A and B). In contrast, promoters showing
reduced H3K27me3 levels in fhPGCs were strongly occupied by
H3K4me1 in both fGSCs and fhPGCs, indicating antagonism
between 5mC and H3K4me1 (Fig. 4B).

Promoters occupied by repressive histone modifications, specif-
ically in fhPGCs relative to fGSCs, fell broadly into two classes. First,
promoters showing “de novo” occupancy of a repressive mark in
fhPGCs while lacking repressive chromatin features in fGSCs.
Second, promoters occupied by different repressive marks in
fhPGCs and fGSCs indicating cell type–specific modes of gene re-
pression. Of the 3,396 fhPGC-specific H3K9me3 promoters, 49.1%
showed de novo occupancy, while 39.6% shifted from 5mC in fGSCs
to H3K9me3 in fhPGCs (Fig. 4C). “De novo” H3K9me3 promoters
in fhPGCs were associated with higher H3K4me3 levels and tran-
scriptional activity than other H3K9me3-occupied promoter
groups (Fig. 4D and fig. S4C), indicating potential H3K9me3-me-
diated modulation of gene expression rather than comprehensive
transcriptional repression (34). Notably, promoters shifting from

5mC in somatic cells toward H3K9me3 in fhPGCs were enriched
for repressed ORGs, supporting a compensatory role of H3K9me3
(fig. S4D).

Promoters de novo occupied by H3K27me3 in fhPGCs showed
higher expression and H3K4me3 levels than H3K27me3 promoters
occupied by other repressive chromatin marks in somatic cells
(Fig. 4, E and F, and fig. S4, E and F). In all cases, fhPGC-specific
H3K27me3 promoter occupancy was correlated with reduced tran-
scription relative to fGSCs suggesting that H3K27me3 reduced or
prevented gene expression (fig. S4F). Promoters gaining
H3K27me3 de novo in fhPGCs were enriched for genes functioning
in mesenchyme development, female sex differentiation of GSCs,
migration regulation, and the cellular response to transforming
growth factor–β (Fig. 4, E and G, and fig. S4G). On the other
hand, promoters that switched from 5mC occupancy in fGSCs to
H3K27me3 in fhPGCs showed enrichment for genes involved in
morphogenesis regulation and olfactory signal transduction
(fig. S4G).

Our findings suggest that distinct repressive promoter signatures
have different propensities to be maintained in fhPGCs relative to
fGSCs, with 5mC and H3K27me3 being most prone to be lost
(Fig. 4H). Compensation for the lower 5mC levels in hPGCs by
H3K9me3 or H3K27me3 only affects a small percentage of promot-
ers. However, reduced promoter methylation correlates with
H3K4me1 acquisition, while an increase in active histone marks,
chromatin accessibility, or transcriptional activity is rare.

Epigenetic regulation of TEs in hPGCs
Regulation of TEs is critical in the globally demethylated “immor-
tal” germ line as TE expression has been previously linked to mu-
tagenesis (35, 36) and disease (21). Focusing on the 3,040,811 TEs
covered by previously published BS-seq data (2), we conducted an
integrative SOM clustering analysis. Analogous to the promoter
SOM (fig. S3A), TEs clustered into two broad groups by their occu-
pancy with H3K27me3/H2aK119ub and H3K9me3/5mC, respec-
tively (Fig. 5A). Levels of repressive marks were substantially
lower in fhPGCs relative to fGSCs, with 5mC and H3K9me3
being the most prominent at TEs in fhPGCs. Compared to wk7
fhPGCs or wk9 fGSCs, the number of TEs occupied with
H3K27me3 was reduced in wk9 fhPGCs, while H2aK119ub occu-
pancy appearedmore stable (Fig. 5A and fig. S5, A and B). Similar to
genic promoters, H3K4me1 levels increased at some TEs, showing
reduced 5mC levels in fhPGCs (fig. S5C). However, SOM clustering
indicated a stronger correlation between H3K4me3 and H3K4me1
levels at TEs than promoters (fig. S5D).

To obtain a more detailed view of the epigenetic environment at
TEs in fhPGCs, we categorized TEs based on their epigenetic marks
into fhPGC specifically, fGSC specifically, and commonly occupied
(fig. S5E). In line with the above SOM analysis, more TEs were oc-
cupied by active histonemodifications (H3K27ac and H3K4me3) or
H3K4me1 in fhPGCs, with a pronounced decrease in the repressive
5mC and H3K27me3 modifications (Fig. 5B). Consequently, the
total TE number occupied by repressive chromatin marks in
fhPGCs (38.6%) was substantially lower than in fGSCs (97.2%).
Even when detected at TEs in both cell types, H3K27me3 and
5mC levels were substantially lower in fhPGCs (Fig. 5C).
However, 370,102 TEs exhibited fhPGC-specific occupancy of
H3K9me3, H2aK119ub, or H3K27me3, indicating a potential
partial compensation for the loss of 5mC (fig. S5, F and G).
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Fig. 4. Epigenetic compensation for 5mC loss in the germ line. (A) Correlation between differential promoter DNA methylation and H3K4me1 levels (left) or differ-
ential H3K27me3 and H3K4me1 levels (right) in fhPGCs and fGSCs. Color code indicates differential H3K4me3 levels between fhPGCs and fGSCs. Pearson correlation
coefficient is shown. Promoters co-occupied by H3K27me3 and 5mC were excluded. (B) Absolute (top) and relative levels (fhPGCs/fGSCs; bottom) of expression and
occupancy with indicated epigenetic marks at promoters harboring the indicated epigenetic modifications in fGSCs and fhPGCs. Promoters co-occupied by H3K27me3
and 5mC in fhPGCs or fGSCs were excluded. Wilcoxon effect size is depicted. (C) Repressive epigenetic marks in fhPGCs and fGSCs at promoters with fhPGCs-specific
H3K9me3 occupancy. (D) Expression and H3K4me3 levels of fhPGCs-specific H3K9me3 promoters in fhPGCs. Color code indicates epigenetic modifications in fhPGCs (P)
and fGSCs (S). Wilcoxon effect size is depicted. (E) Repressive epigenetic states of fhPGCs-specific H3K27me3 promoters in wk9 fhPGCs and fGSCs (left). GO terms enriched
within depicted promoter groups (right). (F) Expression and H3K4me3 levels of fhPGCs-specific H3K27me3 promoters in fhPGCs. Color code indicates epigenetic mod-
ifications in fhPGCs (P) and fGSCs (S). Wilcoxon effect size is depicted. (G) Genome browser view of the SNAI2 and SOX11 locus showing the indicated epigenetic mod-
ifications in fhPGCs and fGSCs. (H) Top: Comparison of repressive epigenetic promoter states in fGSCs and fhPGCs (black = 5mC; gray = H3K9me3; violet = H3K27me3;
yellow = H2aK119ub). Most prominent repressive promoter states in fGSCs and the corresponding epigenetic promoter states and their expression in fhPGCs are shown.
Bottom: Epigenetic states of hypomethylated promotes in fhPGCs, harboring no repressive modification (black = 5mC; white = H3K4me1; opal = H3K4me3;
green = H3K27ac). Effect size levels as in Fig. 1.
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Fig. 5. Combinatorial function of epigenetic marks in TE regulation in fhPGCs. (A) SOM analysis depicting clustering of 5mC, H3K9me3, H3K27me3, and H2aK119ub-
marked TEs in fhPGCs (top) and relative changes between fhPGCs and fGSCs (bottom). (B) Number of fhPGC- (green) and fGSC-specifically (red) occupied TEs with the
indicated epigenetic modifications (top). Number of TEs occupied by the indicated modifications in fhPGCs (bottom). Chi-square goodness-of-fit effect size is depicted.
(C) Relative levels of the indicated epigenetic modifications in fhPGCs and fGSCs at TEs marked in both cell types. Wilcoxon effect size is depicted. (D) Number of TEs
occupied by the indicated combinations of repressive marks in fhPGCs and fGSCs. Co-occupancy with H3K4me3 (opal), H3K27ac (green), both marks (red), or none of
those (gray) is indicated. H3K27me3 occupancy was determined in wk9 fhPGCs. Chi-square goodness-of-fit effect size is depicted. (E) Proportion of TEs retaining 5mC in
fhPGCs in TE subgroups occupied by the indicated combinations of repressive chromatin marks in fGSCs. Chi-square goodness-of-fit test, n.s. P > 0.05, ****P < 0.001. (F)
Enrichment of TE families marked by H3K27me3, H2aK119ub, H3K9me3, and 5mC alone or in combination with H3K9me3. Chi-square goodness-of-fit effect size is
depicted. (G) Expression level of TE subgroups occupied by the indicated combinations of epigenetic marks in fhPGCs. Wilcoxon effect size is depicted. (H) Repressive
epigenetic states of TEs in fGSCs and fhPGCs [black = 5mC; gray = H3K9me3; violet = H3K27me3 (wk9); yellow = H2aK119ub]. Most prominent repressive states of TEs in
fGSCs and the corresponding epigenetic state and expression in fhPGCs are depicted (mean of expression is indicated in red). Effect size levels as in Fig. 1.
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In fhPGCs, H3K9me3 in combination with 5mC (10.5%),
H3K9me3 alone (8.0%), 5mC alone (7.3%), H2aK119ub alone
(5.4%), and H3K27me3 alone (3.3%) was the most frequent repres-
sive signatures (Fig. 5D). Within these repressive signatures, a sub-
stantial number of TEs was co-occupied by active epigenetic marks,
which was most prominent for H2aK119ub-occupied TEs. In con-
trast to promoters, co-occupancy of H3K27me3 and H2aK119ub at
TEs was limited, potentially indicating distinct PRC1 complexes
functioning at TEs and genic promoters. The epigenetic signatures
detected at TEs in mhPGCs and fhPGCs were broadly similar, with
the number of TEs occupied by repressive chromatin marks being
higher in mhPGCs due to the wider distribution of H2aK119ub and
H3K27me3 (Fig. 1E and fig. S5, H and I).

Notably, 41.3% of TEs co-occupied by 5mC and H3K9me3 in
somatic cells were also occupied by 5mC in fhPGCs. This propor-
tion was significantly smaller for TEs occupied by 5mC alone
(14.3%), H3K27me3 and 5mC (9.2%), and H2aK119ub1 and 5mC
(6%) in fGSCs. Overall, this suggests that 5mC-H3K9me3–coregu-
lated TEs were particularly prone to retain a repressive state in the
germ line (Fig. 5E). Concurrently, TEs co-occupied with H3K9me3
and 5mC exhibited higher levels of these marks compared with
those with either mark alone, suggesting that interconnection of
epigenetic pathways promoted reinforcement of the heterochromat-
ic identity of specific genomic loci (fig. S5J). TEs occupied by
H3K9me3 or H3K9me3 and 5mC were enriched for TE families
containing evolutionarily young elements such as L1, SVA, or
ERVK capable of independent transcription. In contrast, TEs occu-
pied by H2aK119ub or H3K27me3 were depleted for evolutionarily
young TE families and exhibited enrichment for evolutionarily old
DNA transposons and L2 elements (Fig. 5F).

Expression of TEs marked by H3K27me3 or H3K9me3 was on
average lower than for TEs occupied by H2aK119ub or 5mC alone
(Fig. 5G). Furthermore, TEs occupied by H3K27me3 were less fre-
quently transcriptionally induced in fhPGCs than expected.
However, none of the analyzed epigenetic signatures was associated
with a bias toward elevated TE expression in fhPGCs (fig. S5J).

In summary, most TEs exhibited depletion of repressive modifi-
cation in hPGCs compared to surrounding GSCs, without causing
broad expression changes. Heterochromatic signatures were en-
riched in fhPGCs at specific TE groups including H3K9me3 and
5mC at evolutionarily young TEs and H3K27me3 and
H2aK119ub at some evolutionarily older TE families (Fig. 5H).

Interconnection between gene and proximal TE expression
in fhPGCs
Approximately 18% of human transcription start sites (TSSs)
overlap TEs (37), with TE-mediated gene regulation at chimeric
transcripts (38) and specific epialleles (20). To explore the connec-
tion between TE and gene expression, we relied on correlating tran-
scription and epigenetic features between TEs and the closest gene
(±100 kb to TSS) in fhPGCs and fGSCs, as functional validation was
not feasible in these primary cell types. The differential expression
(DE) of TEs (142,274 DE-TEs) between fhPGCs and fGSCs was
positively correlated with the DE of the proximal gene (fig. S6, A
and B). Most DE-TEs were found within 40 kb around the closest
genic TSS, with gene and TE expression being correlated upstream
and downstream of the TSS, suggesting that the connection was not
solely the consequence of intronic TEs being included in the
primary genic transcript (fig. S6, C and D). Focusing on the

38,745 DE-TEs up-regulated in fhPGCs, 33,030 TEs were located
in the proximity of genes (±100 kb to TSS), with most lacking
active chromatin features or being located downstream of a genic
TSS, suggesting likely passive transcription through genic promot-
ers (fig. S6E). Conversely, DE-TE upstream of the TSS, with active
chromatin marks in fhPGCs or harboring an ATAC-seq signal,
might be involved in gene regulation. These putative gene regulato-
ry TEs were located in the vicinity of several genes mediating hPGC
development, for example, DAZL, PRDM1, and PRDM14 sharing
epigenetic and transcriptional characteristics with the genic pro-
moters (fig. S6, F to H).

Coregulation of H3K27me3/H2aK119ub occupied TEs and
promoters
Between wk7 and wk9, more than 18,000 promoters lost H3K27me3
in fhPGCs, with only a fraction gaining transcriptional activity or
other repressive epigenetic marks (Fig. 2). With 184,726 and
269,230 predominantly evolutionarily old TEs being occupied by
H3K27me3 and H2aK119ub in fhPGCs (Fig. 5), respectively, we
asked whether these could be involved in gene regulation.

While occupying overall similar TE families, H3K27me3- and
H2aK119ub-occupied TEs displayed distinct characteristics in
fhPGCs, with H2aK119ub-marked TEs exhibiting a higher level
of co-occupancy with active chromatin marks, a substantially
higher average expression, and a higher proportion of fhPGC-spe-
cific expressed TEs (Fig. 6A and fig. S7A). Concordantly, evolution-
arily young SVA and ERVK elements that gained expression in
fhPGCs were specifically overrepresented in the TEs co-occupied
by H2aK119ub, H3K4me3, and H3K27ac but not in H3K27me3-
marked TEs (fig. S7B).

Consistent with H3K27me3 and H2aK119ub domains often
spanning across genes and adjacent TEs, most H3K27me3- or
H2aK119ub-marked TEs were found around genic TSSs (±100
kb; Fig. 6, B and C). Next, we identified genic promoters in the vi-
cinity (±100 kb to TSS) of H3K27me3- and H2aK119ub-marked
TEs and grouped them into (i) H3K27me3-TE–, (ii) H3K27me3/
H2aK119ub-TE–, and (iii) H2aK119ub-TE–associated promoters
(fig. S7C). Genic promoters associated with H3K27me3-TEs or
H3K27me3/H2aK119ub-TEs showed higher H3K27me3 levels
and lower transcriptional activity than H2aK119ub-TE–associated
promoters (Fig. 6D and fig. S7D). Genes associated with
H3K27me3/H2aK119ub-TEs were enriched for functions in organ-
ism development and cellular differentiation, while genes in the vi-
cinity of H2aK119ub-TEs were implicated in metabolic processes
(fig. S7E). Moreover, most H3K27me3/H2aK119ub-TEs were occu-
pied by H3K27me3 in fGSCs and fhPGCs, suggesting a common
regulatory mechanism in both cell types, while most H2aK119ub-
TEs carried this modification specifically in fhPGCs (fig. S7F).

Focusing on H3K27me3 promoters between wk7 and wk9 in
fhPGCs, we found H3K27me3/H2aK119ub-TEs and H2aK119ub-
TEs associated with promoters that retained or lost H3K27me3 in
wk9 fhPGCs (Fig. 6E and fig. S7G). Notably, the presence of
H3K27me3/H2aK119ub-TEs but not H2aK119ub-TEs was associ-
ated with low promoter activity even when no repressive mark was
detected at the core promoter (Fig. 6E). Similarly, promoter-proxi-
mal H3K27me3/H2aK119ub-TEs but not H2aK119ub-TEs ap-
peared to promote gene repression in mhPGCs (Fig. 6F and
fig. S7H).
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Fig. 6. Association of H2aK119ub/H3K27me3 occupied TEs and promoters. (A) Expression (Wilcoxon effect size) and size of the indicated TE subgroups (left). Nor-
malized number of fhPGC-induced TEs (Enrichment rates and chi-square goodness-of-fit effect size of fhPGC-induced TEs are shown; right). (B) Distribution of H3K27me3
and H2aK119ub occupied TEs in relation to the nearest genic TSS (±100 kb to TSS). (C) Genome browser view of the SOX1 locus in fhPGCs and fGSCs depicting H2aK119ub
and H3K27me3 occupancy. (D) Expression and H3K27me3 level of genic promoters associated with TEs occupied by H3K27me3, H2aK119ub, a combination of both, or
neither (control) in fhPGCs. (E) Overlap of genic promoters that lost (gray) or retained (violet) H3K27me3 between wk7 and wk9 in fhPGCs with H3K27me3/H2aK119ub-
TE–associated promoters (left). Expression and H3K27ac levels of promoters that lost (white) or retained H3K27me3 (violet) between wk7 and wk9 in fhPGCs and were
associated with H3K27me3/H2aK119ub-TEs, H2aK119ub-TEs or neither (right). Wilcoxon effect size. (F) Overlap of genic H3K27me3-marked promoters (violet) with
H3K27me3/H2aK119ub-TE (yellow) and H2aK119ub-TE–associated promoters (green) in wk9 in mhPGCs (left). Promoter expression and accessibility of the indicated
promoter groups in wk9 mhPGCs (right). Wilcoxon effect size. (G) Overlap between promoters occupied by H3K27me3 in round spermatids [Lesch et al. (39)] and
mhPGCs (top). Epigenetic state and expression in mhPGCs of promoters occupied by H3K27me3 specifically in round spermatids or both cell types (Wilcoxon effect
size; bottom). (H) Schematic summarizing promoter activity and epigenetic state of promoter-proximal TEs. Promoters were occupied by H3K27me3 in wk7 fhPGCs and
changed their epigenetic state in wk9 fhPGCs as indicated. For simplicity, promoters occupied by H2aK119ub and H3K27me3 in wk9 fhPGCs are not shown. Violin plots
depict expression and H3K4me3 levels of the promoter groups in fhPGCs. Effect size levels as in Fig. 1.
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To address the dynamics of H3K27me3 occupancy during germ
line development, we compared mhPGCs and human round sper-
matids (hRSs) using published hRS ChIP-seq data (39). Most
H3K27me3 marked promoters in mhPGCs were also occupied by
this mark in hRS (Fig. 6G), while most hRS-specific H3K27me3
promoters were associated with H3K27me3/H2aK119ub-TEs or
H2aK119ub-TEs in mhPGCs. Consistent with our previous obser-
vations, promoter-proximal H2aK119ub-TEs were associated with
higher gene transcription than H3K27me3/H2aK119ub-
TEs (Fig. 6G).

In conclusion, H2aK119ub at TEs may have different functions
when present alone or in combination with H3K27me3, which cor-
related with transcriptional repression. Accordingly, promoter-
proximal TEs might regulate promoter activity by maintaining
H3K27me3 or acquiring H2aK119ub occupancy (Fig. 6H), which
merits functional validation upon establishing a suitable in
vitro system.

PRC2 inhibition results in the derepression of somatic
genes in fhPGCs
To assess the significance of H3K27me3 for gene and TE repression
in wk9 hPGCs, we used ex vivo cultures of human genital ridges in
the presence of UNC1999—a specific inhibitor of the PRC2 com-
ponents EZH1/EZH2 (Fig. 7A, fig. S8A, and Materials and
Methods) (40). Pharmacologic PRC2 inhibition for 10 days
reduced fhPGC numbers, which was not the case in mhPGCs
(Fig. 7B and fig. S8B). A relatively rapid H3K27me3 depletion in
fhPGCs resulting from globally lower H3K27me3 and higher
KDM6A levels might be responsible for this phenotype (Fig 2H).
To gain further insight into this phenotype, we examined the tran-
scriptional consequences of PRC2 inhibition in the female germ
line by RNA-seq.

Consistent with the repressive function of H3K27me3, we found
260 of 373 significantly differentially expressed (DE) genes, dere-
pressed upon inhibitor treatment relative to control (Fig. 7C).
Most promoters of derepressed genes in fhPGCs and GSCs were oc-
cupied by H3K27me3 in their respective cell types (Fig. 7, D and E,
and fig. S8C). However, the derepressed genes represented only a
fraction of the total number of H3K27me3-occupied promoters,
which might indicate that other factors, such as a lack of transcrip-
tion factors (TFs), may prevent the expression of some genes (fig.
S8D). The genes induced upon PRC2 inhibition and occupied by
H3K27me3 in fhPGCs included those involved in somatic cell de-
velopment, e.g., GSC orHAND1, which could contribute to the loss
of germ line identity (fig. S8E).

While several promoters derepressed upon UNC1999 treatment
were associated with H3K27me3-occupied TEs (Fig. 7F), the vast
majority of TEs occupied by H3K27me3 in fhPGCs did not show
expression changes (99.86%, 184,460 TEs; Fig. 7G). Of the 8329
TEs induced in fhPGCs, only 266 were occupied by H3K27me3,
suggesting that H3K27me3 was not primarily required for TE re-
pression but contributed to transcriptional regulation of genic pro-
moters in their vicinity, possibly through enhancer
repression (Fig. 7H).

H3K9me3 is enriched at evolutionarily young TEs in fhPGCs
Despite covering fewer TEs than in fGSCs, H3K9me3 and 5mCwere
the most common repressive marks at TEs in fhPGCs (Fig. 5B). In
the absence of active epigenetic marks, H3K9me3-labeled TEs

exhibited low transcriptional activity, which was elevated in a sub-
group of H3K9me3 TEs co-occupied by H3K4me3/H3K27ac (biva-
lent TEs) comprising evolutionarily young and transcriptionally
active TE families, e.g., ERVK, SVA, or ERV1 (Fig. 8, A and B,
and fig. S9, A and B). In contrast, bivalent TEs marked by 5mC
in the absence of H3K9me3 were enriched for Alu and SVA ele-
ments (fig. S9B).

The epigenetic state of TEs within TE classes and families varied
substantially resulting in different portions of TEs residing in a bi-
valent, repressive (H3K9me3/5mC/H3K27me3/H2aK119ub-occu-
pied), active (H3K4me3/H3K27ac-occupied), or neutral states
(not occupied by any mark; fig. S9C). In contrast to older TE
classes such as DNA transposons, which were occupied by 5mC
in fGSCs and largely devoid of detectable repressive marks in
germ cells, most of evolutionarily young TEs, e.g., L1HS, ERVK,
or SVA elements retained at least one repressive epigenetic mark
in fhPGCs, with H3K9me3 being the most prominent among
these (Fig. 8, C and D, and fig. S9C). Accordingly, most SVA and
L1HS elements were occupied by H3K9me3 in fGSCs and fhPGCs,
with an equal portion of elements exhibiting lower H3K9me3 levels
in fhPGCs. Nevertheless, the number of elements that exhibited
concurrently increased active H3K27ac and H3K4me3 marks in
fhPGC was substantially larger in the case of the SVA elements,
in line with the greater number of SVA loci showing increased tran-
scription in fhPGCs (Fig. 8D and fig. S9, D and E). The highest
H3K9me3 levels were found at TEs co-occupied by intermediate
H3K4me3 and low H3K27ac levels, suggesting that H3K4me3 dep-
osition might trigger a feedback loop promoting H3K9me3 accu-
mulation (fig. S9, E to G). Notably, the correlation of differential
SVA and proximal gene expression was much weaker than that
for older TEs, e.g., DNA:hAT or the bulk of DE-TEs, suggesting
that SVA activation in fhPGCs was, at least in part, not driven by
changes in neighboring gene expression (figs. S6A and S9H). Fur-
thermore, evolutionarily old elements, e.g., DNA:hAT specifically
deprived of repressive marks in fhPGCs, did not show a reciprocal
increase in active histone modifications, indicating the absence of
euchromatization (Fig. 8D and fig. S9, D to F). In conclusion, the
bivalent state of most evolutionarily young SVA and L1HS elements
in fhPGCs suggests that repressive and activating mechanisms were
antagonistically targeting these TEs simultaneously, resulting in
varying degrees of euchromatisation between and within TE fami-
lies with only a fraction of TEs exhibiting increased expression in
fhPGCs (Fig. 8E).

SETDB1-H3K9me3 axis regulates evolutionarily young TEs
and specific germ cell marker genes in the
hypomethylated genome
To explore the functional relevance of H3K9me3 for TE and gene
regulation in a hypomethylated genome, we used naïve human em-
bryonic stem cells (nhESCs) (41). The nhESCs serve as a surrogate
system for hypomethylated hPGCs because, currently, there is no
genetically manipulatable in vitro system that can faithfully recapit-
ulate epigenetic resetting in hPGCs.

Here, we focused on the histone methyltransferase SETDB1,
which deposits H3K9me3 at TEs in a KAP1-dependent manner
(15, 22). To efficiently deplete SETDB1 in hESCs, we modified
the AID-degron system by inserting an AID-T2A–enhanced
green fluorescent protein (EGFP) tag into the SETDB1 locus
(SETDB1-AID) and expressed a fusion protein consisting of TIR1
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and the estrogen receptor (ER-TIR1; Fig. 9A). Targeting TIR1 to the
nucleus promoted degradation of the nuclear protein SETDB1 after
stimulation with auxin (IAA) and tamoxifen (TAM). At the same
time, EGFP levels remained unaffected, indicating an efficient
cleavage of the T2A peptide (Fig. 9, B and C, and fig. S10A). Deple-
tion of SETDB1 in hESCs cultured in conventional Essential 8
medium resulted in cell death after 6 to 8 days (fig. S10B). Next,
we converted conventionally cultured hESCs into the naïve state
using the previously published five inhibitors (5iALF) protocol
(41), FACS-purified the naïve cell population growing on feeder
cells, and validated the expression of key naïve marker genes
DNMT3L and TFCP2L1 (Fig. 9D and fig. S10, C and D) as well as
the genome-wide loss of 5mC (fig. S10E). Notably, parental
SETDB1-wild type (SETDB1-WT); ER-TIR1 and SETDB1-AID;
ER-TIR1 hESC lines grew similarly and converted with similar ef-
ficiency to the naïve state (fig. S10, B and F).

SETDB1 depletion in the naïve state for 4 days resulted in the
induction of 2221 genes and 5928 TEs relative to SETDB1-WT con-
trols (fig. S11, A and B). TEs induced in SETDB1-depleted nhESCs
showed enrichment for TE families that tend to be occupied by
H3K9me3 in fhPGCs (Fig. 9E and fig. S11C). Notably, many evolu-
tionarily young TEs induced upon SETDB1 depletion, e.g., L1HS,
SVA, LTR12C, and ERVK elements (Fig. 9F and fig. S11, D and E)
were occupied by H3K9me3 in fhPGCs, suggesting that these ele-
ments are directly regulated through SETDB1 in both cell types.

Next, we identified genes likely directly regulated through
SETDB1 by intersecting genes induced upon SETDB1 depletion
and occupied by H3K9me3 in hPGCs. Among the direct putative
SETDB1 targets are several regulators of gametogenesis, including
DAZL, CREM, andMAEL (Fig. 9G). However, most genes induced
in SETDB1-depleted nhESCs were not occupied by H3K9me3 in
fhPGCs, suggesting that H3K9me3 may not directly regulate these

Fig. 7. H3K27me3 is required for somatic gene repression in ex vivo cultured fhPGCs. (A) Schematics describing treatment of ex vivo cultured genital ridges and
purification of hPGCs (see Materials and Methods). (B) Portion of CD117/alkaline phosphatase (AP) double-positive hPGCs within UNC1999 and control treated, ex vivo
cultured female andmale genital ridges. Biological replicates, n = 4 (fhPGCs) and n = 2 (mhPGCs). One-tailed, paired Student’s t test is shown. (C) H3K27me3 levels in wk9
fhPGCs at promoters associated with DE genes in control and UNC1999 inhibitor–treated fhPGCs. (D) Chromatinmarks at promoters induced in UNC1999-treated fhPGCs.
Color code indicates the co-occupancy with H3K4me3 (opal), H3K27ac (green), both marks (orange), or neither (gray). H3K27me3 levels in wk7 fhPGCs are shown. (E)
Epigenetic modifications in fhPGCs at promoters induced (red), repressed (green), or unchanged (blue) in UNC1999-treated fhPGCs compared to control. (F) Portion of
promoters induced (red) or repressed (green) upon UNC1999 treatment, occupied by H3K27me3 or associated with H3K27me3/H2aK119ub-TEs in wk9 fhPGCs. (G) DE of
H3K27me3-marked TEs (wk9 fhPGCs) in UNC1999- and control-treated fhPGCs (top) and DE of H3K27me3-marked TEs associatedwith promoters induced upon UNC1999
treatment (bottom). Average expression of two biological replicates, with significantly (P < 0.05) DE-TEs depicted in green. (H) All DE-TEs in UNC1999- or vehicle-treated
fhPGCs (P< 0.05, n = 2 biological replicates). TEs transcriptionally induced in UNC1999-treated fhPGCswith (dark red) andwithout (light red) H3K27me3 occupancy inwk9
fhPGCs, and TEs repressed in inhibitor-treated fhPGCs with (dark green) and without (light green) H3K27me3 occupancy.
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genes in nhESCs (Fig. 9G and fig. S11F). Alternatively, H3K9me3
might regulate more genes in nhESCs than in fhPGCs. A substantial
proportion of the 3697 DE genes harbored DE-TEs in their vicinity.
Here, the expression of DE genes and upstream-located DE-TEs
were positively correlated, supporting a link between TE and gene
expression (fig. S11G). Notably, among the induced genes that

harbored induced DE-TEs upstream of their promoter were
DAZL (32), EED (42), and FGF2 (43), which have been shown to
participate in germ line development (fig. S11G).

In conclusion, H3K9me3 might play a role in the temporal
control of germ line gene expression in hypomethylated hPGCs.
Accordingly, in wk8/9 hPGCs when the DAZL locus had lost

Fig. 8. H3K9me3 is more prominent at evolutionarily young TEs than 5mC in fhPGCs. (A) Expression and occupancy with indicated epigenetic marks of TEs falling
into the indicated TE subgroups in fhPGCs (Wilcoxon effect size). Right panel depicts number of fhPGC-induced TEs normalized to the TE subgroups size (enrichment
rates and chi-square goodness-of-fit effect size of fhPGC-induced TEs are shown). (B) Enrichment of TE families in TE subgroups marked by H3K9me3 alone or in com-
bination with H3K4me3 and H3K27ac. Enrichment among genomic TE loci (gray) and fhPGC-specifically induced TEs (green). Note that specific evolutionarily young TE
families (arrows) are enriched in H3K9me3, H3K4me3, and H3K27ac co-occupied TEs but not in TEs occupied by H3K9me3 alone. Chi-square goodness-of-fit effect size is
shown. (C) Portion of TEs within major TE families (left) and LINE:L1 subfamilies (right) showing H3K9me3 (top) or 5mC (bottom) occupancy specifically in fhPGCs (green),
fGSCs (red), or both cell types (blue). LINE:L1 subfamilies were ranked by the frequency of H3K9me3 occupancy. Shown are LINE:L1 subfamilies representing the highest
and lowest H3K9me3 occupancy (separated by dotted line), respectively. (D) Comparison of the epigenetic state of L1HS (top) and DNA:hAT elements (bottom) in fhPGCs
and fGSCs. H3K27me3 occupancy in wk9 fhPGCs/fGSCs is shown. (E) Model comparing TEs occupied by 5mC and H3K9me3 in fhPGCs and fGSCs. Epigenetic states of
evolutionarily young L1HS (gray bar) and SVA (black bar) elements (top) and evolutionarily old TEs (bottom) in fhPGCs and fGSCs are shown. Effect size levels as in Fig. 1.
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Fig. 9. H3K9me3 is essential for TE and gene repression in the hypomethylated human genome. (A) Schematics of the SETDB1-AID system, established in NANOS3-
tdTomato hESCs by introducing a HA-AID-T2A-EGFP-tag into the SETDB1 locus and random integration of an estrogen receptor-coupled TIR1 (ER-TIR1) transgene (see
Materials and Methods). (B and C) Western blot (B) and immunofluorescence staining (C) analyzing SETDB1 levels in SETDB1-WT and SETDB1-AID hESCs, with or without
ER-TIR1 transgene. Cells were cultured in Essential 8 medium and treated for 16 hours with 20 nM tamoxifen and 25 μM auxin (IAA) or vehicle (vehicle treatment only
shown in B). Note that detection of EGFP but loss of SETDB1-HA-AID in SETDB1-AID; ER-TIR1 hESCs due to T2A cleavage (C). (D) Marker gene expression in FACS-purified
naïve (5iALF, AP+/CD75+), converting (5iALF, AP+), and Essential 8-cultured (AP+) SETDB1-WT hESCs (n ≥ 4 independent technical replicates). Student’s t test, **P < 0.01
and ***P < 0.005. (E) Enrichment of H3K9me3-marked TEs in fhPGCs (left) and TEs transcriptionally induced upon SETDB1 depletion in naïve hESCs (right). Enrichment
under both conditions (violet) and fhPGC-specific enrichment (blue). Chi-square effect size is shown. Effect size levels as in Fig. 1. (F) Number of TEs belonging to LINE:L1
subfamilies induced upon SETDB1 depletion. Color code indicates H3K9me3 occupancy in fhPGCs. (G) Overlap between genes induced upon SETDB1 depletion and
H3K9me3-occupied genes in fhPGCs (top). GO analysis of genes induced upon SETDB1 depletion and marked by H3K9me3 in fhPGCs (bottom). (H) DAZL expression in
mhPGCs and fhPGCs. scRNA-seq data reanalyzed from GSE63818 (30). Sleuth’s likelihood ratio test: ****P < 0.001. (I) Model of H3K9me3-mediated gene and TE regulation
in hPGCs and somatic cells.
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virtually all DNA methylation but remained H3K9me3-occupied,
DAZL expression was weaker than in later germ line development
(Fig. 9H and fig. S11H). In addition, H3K9me3 at many evolution-
arily young TEs, including L1HS and SVA elements, was essential
for their repression in the hypomethylated genome (Fig. 9I).

DISCUSSION
Our extensive epigenomic analysis provides further insights into the
comprehensive epigenetic resetting of the human germ line, com-
prising canonical repressive chromatin marks, with some sex-spe-
cific differences. Because heterochromatic features were maintained
only in a subset of genes and TEs, transcriptional repression in
hPGCs likely relies substantially on the absence of activating TFs
or signaling, which requires consideration for the development of
human in vitro gametogenesis (44).

Most genic promoters, hypomethylated in fhPGCs, lacked en-
richment of canonical repressive chromatin marks such as
H3K9me3 or H3K27me3 or acquisition of H3K4me3 and transcrip-
tional activity, while many of these promoters had higher H3K4me1
levels than in GSCs. In mammalian cells, unimodally distributed
H3K4me1 at promoters has been designated as a poised epigenetic
state with reduced transcription activity (45). In zebrafish, “place-
holder” nucleosomes marked by H3K4me1 occupy transcriptional-
ly quiescent promoters in the absence of 5mC before zygotic
genome activation (46). Consequently, H3K4me1 might establish
a poised epigenetic state upon promoter demethylation in the
germ line.

Previously, MSGs were identified that become specifically de-
methylated and expressed in the human germ line (2). A subpopu-
lation of MSGs, including DAZL, an essential driver of PGC
differentiation (32), retained H3K9me3 in hypomethylated
hPGCs. Here, the lower DAZL expression in mitotically active
fhPGCs compared to later fetal germ cells, along with the DAZL ac-
tivation in hypomethylated naïve hESCs and murine ESCs (15)
upon SETDB1 depletion, supports the notion that 5mC and
H3K9me3 coregulate the transcription level and timing of some
MSGs during germ cell maturation. Another gene group enriched
for H3K9me3 occupation in hPGCs was ORGs, which merits con-
sideration because the stochastic reduction of H3K9me3 levels at
olfactory receptor alleles triggers the expression of a single ORG
in murine olfactory sensory neurons (47, 48). In mice, biases in
ORG expression might be inherited transgenerationally (49),
which could explain the need for strong repression of ORGs in
the germ line.

We uncovered male-specific H3K27me3 and H2aK119ub occu-
pancy of genes associated with cell signaling and adhesion in wk9
hPGCs, which could promote subsequent sex-specific germ cell de-
velopment. The more pronounced genome-wide reduction of
H3K27me3 and H2aK119ub in fhPGCs could be associated with
the reactivation of Xi, which is, in part, repressed by H3K27me3
(12, 50). Consistently, we detected elevated expression of the X
chromosome–encoded H3K27me3 demethylase KDM6A in
fhPGCs. The bi-allelic expression of X chromosomal genes is
already detected in wk4 fhPGCs (30), with most fhPGCs show
clear signs of two active X chromosomes by wk7 (51). However,
complete epigenetic Xi reactivation might only be completed later.

In murine PGCs, H3K27me3 occupancy reduces in males and
females between the mitotically active gonadal PGC state and the

onset of sex differentiation, with male murine PGCs substantially
gaining H3K9me3 (7). The transcriptional network driving PGC
development has diverged in humans and mice, potentially result-
ing in different resetting kinetics (52). Accordingly, murine PGCs
undergo profound DNA demethylation during the transition from
migratory to gonadal stage (8), while hPGCs lose the bulk of 5mC
before the gonadal stage (2, 53). Consequently, the difference in
histone modification levels between hPGCs and murine PGCs
might reflect species-specific kinetics in epigenetic remodeling.

Our analysis also reveals that H3K27me3-occupied regions con-
taining evolutionarily old TEs near genic promoters could partici-
pate in gene regulation in hPGCs. Notably, H3K27me3-rich regions
in the human genome have recently been shown to loop to proximal
or distal promoters mediating gene repression (54). Hence, it is con-
ceivable that during evolution, some promoter-proximal TEs might
have been co-opted to recruit TFs regulating H3K27me3 occupancy
and consequently affecting proximal gene expression, for example,
through enhancer inactivation, which merits functional validation
in the future.

The epigenetic environment of TEs in hPGCs varied substan-
tially among TE classes and families. Most evolutionarily old TEs
were devoid of repressive or active chromatin features in the
hPGCs, likely through accumulated mutations impairing promoter
function during evolution. In contrast, most evolutionarily young
TEs, such as SVA elements, remained repressed predominantly
through H3K9me3 but gained H3K4me3, indicating that activating
and repressing pathways target these loci simultaneously. Increased
TE expression following SETDB1 depletion in nhESCs supports an
essential role of H3K9me3 for the suppression of young TEs, which
is likely mediated through Krüppel-associated box zinc finger pro-
teins that gain expression in hPGCs and target evolutionarily young
TEs (2, 55). In mice, small noncoding RNAs such as piRNAs have
been shown to mediate TE repression through H3K9me3 deposi-
tion, albeit in later germ cell development (56). While there are
no data supporting an active piRNA pathway in mitotically active
hPGCs, other layers of defense, such as tRNA fragments (57) and
RNA modifications (58), might contribute to TE repression,
H3K9me3 deposition, or prevention of transcriptional activation.

The loss of DNA methylation in mammalian PGCs is obligatory
for imprint erasure and germ cell maturation. However, the evolu-
tionary benefit of reducing levels of major repressive histone mod-
ifications in the hypomethylated germ line has yet to be explored. In
mammals, mechanisms such as the mitochondria bottleneck,
mPGC apoptosis, and fetal oocyte attrition, an elimination
process of meiotic prophase I oogonia, suggest that the germ line
can function as a filter to prevent the propagation of disadvanta-
geous traits (59, 60). Notably, the completion of the DNA demethy-
lation in murine germ cells falls within a period of increased mPGC
apoptosis (23, 61). In addition, fetal oocyte attrition has been linked
to elevated L1 expression levels, suggesting the existence of a selec-
tion mechanism sensing elevated TE expression (62). Hence, it is
tantalizing to consider that reducing the repressive chromatin
state in a substantial portion of the genome could promote a puri-
fying selection against the hPGCs harboring aberrantly active TEs.

Our extensive epigenomic characterization of hypomethylated
hPGCs reveals an exemplary balanced gene regulatory system
relying on localized maintenance of repressive chromatin and the
absence of inductive cues. These findings can serve as a basis for
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decoding the epigenetic resetting for successful gametogenesis and
the totipotent zygote.

MATERIALS AND METHODS
Ethics statement
Permission to use the human embryonic tissues in this study was
granted by the National Health Service Research Ethical Commit-
tee, UK [Research Ethics Committee number (REC number): 96/
085] with informed patient consent. Medical or surgical termina-
tion of pregnancy was carried out at Addenbrooke’s Hospital, Cam-
bridge, UK.

Collection of murine gonadal cells
Animal studies were authorized by a U.K. Home Office Project
License (license number PE596D1FE) and carried out in the
home office–designated facility at the Wellcome Trust/Cancer Re-
search UK Gurdon Institute, Cambridge, UK in accordance with
the Institute Animal Care and Use Committee guidelines. Timed
matings of ΔPE-Oct4-GFP (GOF-GFP) mice (63, 64) were used
to generate embryonic day (E)12.5 embryos, with noon of the day
of vaginal plug detection was scored as E0.5 after coitum. Pregnant
females were euthanized, the embryos were extracted from the uteri,
and genital ridges were dissected in cold phosphate-buffered saline
(PBS). Limb development and number of tail somites were used to
stage the embryos (65). Genital ridges were incubated for 5 min in
0.25% Trypsin/EDTA at 37°C and dissociated by pipetting after the
addition of Dulbecco’s Modified Eagle Medium: Nutrient Mixture
F12(DMEM) F/12 (Gibco) and 10% fetal calf serum (FCS). After
pelleting through centrifugation for 5 min at 500g, cells were resus-
pended in PBS, 3% FCS, 5% EDTA, and mGSCs and murine PGCs
were separated by FACS using GFP marking the germ cells. Cells
were washed once with PBS and stored on −80°C. The embryos
sex was determined by polymerase chain reaction (PCR) as de-
scribed previously (66).

Collection of human gonadal cells
Purification of hPGCs and hGSCs was performed as described
before (28). In brief, embryonic crown-rump length and anatomical
features and approximate pregnancy length were used to determine
the developmental stage of human embryos with reference to Car-
negie staging (CS), while the embryo sex was determined by PCR
(66). Human genital ridges were dissected from male and female
wk7 to wk10 embryos and dissociated with collagenase IV
(Sigma-Aldrich, C5138) and deoxyribonuclease I (DNase I) in
DMEM F/12 (Gibco) at 37°C and resuspended in PBS, 3% FCS,
and 5% EDTA. To efficiently separate hPGCs from GSCs, gonadal
cells were incubated with Alexa Fluor 488–conjugated anti-alkaline
phosphatase (5 μl; BD Pharmingen 561495) and allophycocyani-
n(APC)-conjugated anti–c-KIT (5 μl; Invitrogen CD11705) anti-
bodies for 15 min at room temperature (RT) in an orbital rotor
(10 rpm) in the dark. After washing and filtering through a 35-
μm cell strainer, the cells were FACS-purified using SH800Z Cell
Sorter (Sony). To validate the purity of the alkaline phosphatase
and cKIT double-positive and double-negative cell populations,
about 100 cells were sorted onto poly-L-lysine slides (Thermo
Fisher Scientific), fixed in 4% paraformaldehyde (PFA), and subse-
quently subjected to alkaline phosphatase staining performed with a
leukocyte alkaline phosphatase kit (Sigma-Aldrich). Only samples

with >97% purity were used for epigenomic analysis. Cells for
ChIP-seq analysis were stored in 20 μl of Nuclei EZ storage buffer
(Nuclei EZ prep nuclei isolation kit, Sigma-Aldrich) at −80°C, and
cells for Western blot were stored in 10 μl of PBS at −80°C.

Generation of ChIP-seq libraries
Overall, the histone modification ULI-NChIP-seq was conducted as
described previously (26, 28), while aDrosophila S2 cell spike-in was
introduced, allowing the adjustment for genome-wide changes of
histone modification levels. The spike-in was generated by FACS
(SH800Z Cell Sorter, Sony) sorting S2 cells into 10,000 cell aliquots
and stored in 20 μl of Nuclei EZ storage buffer at−80°C. Before con-
ducting the ChIP, FACS-purified hPGCs, GSCs, and S2 cell spike-in
were thawed on ice and S2 cells corresponding to 1/20th of the
hPGC and GSC number were added to the hPGC and GSC
samples, respectively. One aliquot of spike-in was used for one set
of ChIPs analyzing one histone modification. ChIPs on all biolog-
ical samples used to analyze one histone modification were con-
ducted in parallel. Samples including the spike-in were digested
with MNase (NEB) and subsequently incubated with 11 μl of 100
mM EDTA to terminate MNase activity. Per IP sample, 5 μl of
protein A Dynabeads with 5 μl of protein G Dynabeads was com-
bined and blocked by incubation with 500 μl of blocking buffer
[yeast tRNA (100 μg/ml) and 0.1% bovine serum albumin (BSA)
in IP buffer] for 1.5 hours while rotating at 4°C. The cell lysate
was precleared for 2 hours through incubation in the presence of
5 μl of blocked protein A/G beads. In parallel, the antibody-bead
complex was generated by incubating per IP 5 μl of blocked
protein A/G beads with specific antibodies (table S1) for 3 hours
while rotating at 4°C. After the removal of the protein A/G beads,
the precleared cell lysate was combined with the antibody-bead
complex and incubated for 16 hours rotating at 4°C. Unbound chro-
matin was removed, and beads were washed consecutively for 4 min
for (i) two times with low salt wash buffer, (ii) two times with high
salt buffer, and (iii) two times with LiCl wash buffer [20 mM tris-
HCl (pH 8.0), 2 mM EDTA, 250 mM LiCl, 1% NP-40, and 1%
sodium deoxycholate]. The antigene-bound DNA was eluted from
the beads through incubation in Proteinase K digestion buffer [20
mM Hepes (pH 8.0), 1 mM EDTA, 0.5% SDS, ribonuclease (1 mg/
ml), and Proteinase K (0.4 mg/ml)] for 15 min at 55°C and 1 hour at
65°C. The eluted DNA was purified using AMPure XP beads
(Beckman Coulter), eluted in 20 μl of EB buffer (MinElute Reaction
Cleanup Kit, Qiagen), and subsequently used to generate libraries
for next-generation sequencing using the KAPA Hyper Prep Kit
(KAPA Biosystems). To minimize adaptor dimer formation, the
NEBNext Adaptor and NEBNext Index PCR Primers from the
NEBNext Multiplex Oligos for Illumina (NEB, E7335S) were
used. ChIP-seq libraries were purified by AMPure XP beads with
double-sided size selection and analyzed on 2200 TapeStation
2200 (Agilent) to verify the absence of adaptor dimers. After quan-
tification and quality validation, libraries were subjected to paired-
end sequencing on HiSeq 4000 sequencing system (Illumina), re-
sulting in 27 to 73 million paired-end reads per sample. The sensi-
tivity and specificity of all antibodies used in this study were
extensively tested by the manufacturer and our laboratory by
ChIP–quantitative PCR (qPCR) and ULI-NChIP-seq. Notably,
the H3K27me3, H3K4me3, H3K27ac, and H3K4me1 antibodies
used here are identical to the antibodies used in a previous study
from our laboratory (28).
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Generation of RNA-seq libraries
Between 1000 and 5000 cells were FACS-sorted directly into the ex-
traction buffer (PicoPure RNA Isolation Kit, Applied Biosystems),
snap frozen, and stored at −80°C. RNA was extracted using the Pi-
coPure RNA Isolation Kit including an on-column DNase I digest
(Qiagen, 79254) following the manufacturer’s instructions. RNA-
seq libraries were generated from 2 to 5 ng of total RNA using the
NEBNext Single Cell/Low Input RNA Library Prep Kit for Illumina
(NEB, E6420) and NEBNext Multiplex Oligos for Illumina (NEB,
E7335S). Library quality was accessed by TapeStation 2200
(Agilent) with High Sensitivity D1000 ScreenTape (Agilent), quan-
tified, and multiplexed. The multiplexed libraries were subjected to
paired-end 100–base pair (bp) sequencing on HiSeq 4000 sequenc-
ing system (Illumina), resulting in >30 million reads per sample.

Ex vivo culture of human genital ridges
The ex vivo culture of human genital ridges was adapted from pre-
viously published protocols (67–69). The CS stage of the embryos
was determined through crown-rump length and anatomical fea-
tures, and the embryo sex was determined by PCR (66). Human
genital ridges were dissected from wk8 to wk9 embryos and cut sag-
ittally to generate two to three fragments per genital ridge to allow
better penetration of inhibitors. The fragments were placed on agar
blocks [1% agar and minimum essential medium–α (MEM-α)
(22561021, Gibco)], and culture medium [10% FCS, penicillin-
streptomycin (100 U/ml; 15140122, Gibco), and MEM-α (Gibco)]
was added until the edge of the agar block to generate an air-liquid
interface. The fragments originating from one genital ridge were
cultured for 10 days in the presence of 1 μM UNC1999 [in dimethyl
sulfoxide (DMSO) (CAY14621, Cambridge Bioscience)], while
fragments of the second genital ridge of the same embryo were cul-
tured in the presence of DMSO. Subsequently, hPGCs and GSCs
were FACS-purified as described in the “Collection of human
gonadal cells” section. A portion of GSCs and all hPGCs were
sorted directly into extraction buffer (PicoPure RNA Isolation
Kit, Applied Biosystems) and used for RNA-seq, while some
somatic cells were used to verify the reduction of H3K27me3
levels by Western blot.

Chromatin ChIP-seq data processing
Adapter-and quality-trimmed reads were mapped to the human
[University of California, Santa Cruz (UCSC) GRCh38/hg38)]
and Drosophila (UCSC dm6) reference genomes. Using bowtie
(http://bowtie-bio.sourceforge.net; version: 1.1.0) with parameters
“-m1 –v2 –best –strata” reads were selected that uniquely align to
single human genomic repeat copies (3,040,811 TEs, RepeatMasker)
or promoters [−2000, +500 bp TSS, 66,495 promoters, Genecode
promoters (version 31)], allowing two mismatches. A spike-in nor-
malization factor was determined across all IP samples generated
with the same antibody, through the total number of reads specifi-
cally mapping Drosophila genome. IP read counts were normalized
to input reads, the length of the TE or promoter, and spike-in nor-
malization factor. Genome-wide profiles were generated by apply-
ing the spike-in normalization factor to sliding 50-nt windows (25-
nt offset). Peaks for ChIP-seq libraries were called following the
ENCODE replicated peak calling guidelines (www.encodeproject.
org/pipelines/ENCPL272XAE/) (70) with modifications to accom-
modate for paired-end libraries. Peaks were initially called for each
biological replicate, for the pooled replicates, and for the pooled

pseudoreplicates of each biological replicate using MACS2 (2.1.2)
with a relaxed P value threshold of 0.05. Each pseudoreplicate con-
sists of half the reads of each biological replicate, chosen at random
without replacement. Broad peaks from the pooled replicate set
were retained if they overlapped peaks from both biological repli-
cates or peaks from both pooled pseudoreplicates. This peak
calling strategy allows for the retention of marginal peaks in one
replicate to be rescued by a strong biological replicate. To obtain a
final high confidence peak set, the reproducible peaks were further
filtered using the MACS2 q value (false discovery rate < 0.0001 for
ATAC peaks and false discovery rate < 0.001 for histone peaks). Pro-
moters or TEs were considered as occupied by a specific histone
modification when overlap with a broad peak was detected, and
the normalized number of reads mapping to these regions exceeded
the average number of normalized reads in negative regions.

SOM analysis
SOMs for TEs (3,040,811 TEs, RepeatMasker) and promoters
[66,495 promoters, Gencode promoters (version 31)] were generat-
ed with R kohonen package (71) using 10 × 10 circular grids. Data-
sets included in the SOM analysis comprised all normalized ChIP-
seq datasets on fhPGCs and fGSCs (spike-in, input, and size-nor-
malized), ATAC-seq data on fhPGCs (male ATAC-seq data,
GSE159654), RNA-seq data [National Center for Biotechnology In-
formation (NCBI) Sequence Read Archive (SRA): SRP057098], and
whole-genome BS-seq (NCBI SRA: SRP057098). Reads on TEs and
promoters were quantified with the R Bioconductor edgeR package.
ATAC-seq and RNA-seq datasets were normalized by the total
number of reads, and ChIP-seq reads were normalized by spike-
ins. ChIP-seq, ATAC-seq, and RNA-seq datasets were further nor-
malized to the length of TE or promoter regions. BS-seq datasets
were analyzed as described (2), and DNA methylation levels of
TEs and promoters were quantified as average over all CpGs with
more than 5× BS-seq read coverage. ChIP-seq, ATAC-seq, and
RNA-seq datasets were subsequently log2-transformed, and all da-
tasets were scaled. SOMs were trained for 5000 cycles (rlen = 5000)
with linearly declining learning rates (alpha = 0.09, 0.01).

TE expression analysis
Analysis of TE expression in hPGCs and GSCs (using previously
published RNA-seq data, NCBI SRA: SRP057098) and in ex vivo
cultured fhPGCs and fGSCs was conducted as previously described
(2). To evaluate single TE copies (3,040,811 TEs, RepeatMasker),
adapter-trimmed RNA-seq reads were mapped to the human refer-
ence genome (GRCh38/hg38) with bowtie (parameters: -m1 –v2 –
best –strata), allowing two mismatches and keeping uniquely
mapping reads only. Reads aligned to repeat regions were quantified
by featureCounts, normalized by the total number of RNA-seq
reads that mapped to protein-coding gene regions, and normalized
to the repeat length. The R Bioconductor edgeR package was used to
determine differential repeat expression across samples. Because
total repeat expression was underestimated by rejecting multiply
mapping reads, RNA-seq reads were further mapped with
bowtie2 using default parameters to evaluate the average expression
of repeat families. In addition, repeats that intersected with exons of
annotated long noncoding RNAs (lncRNAs) were evaluated inde-
pendently by using TopHat2 and considering the total read counts
for the annotated lncRNA transcripts. Differentially TE expression
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between hPGCs and GSCs was defined as (i) ≥4-fold difference of
expression and (ii) the higher expressed TEs log2(RPKM + 1) > 0.4.

To determine the differential TE expression in SETDB1-WT and
SETDB1-AID hESCs, adapter-trimmed RNA-seq reads were
mapped to a reference set of human TEs set using SQUiRE (72)
package. Mapped reads were quantified by SQUiRE Call, which in-
corporated the R Bioconductor package DESeq2 (72).

Categorizing TE and gene expression
Thresholds for categorizing TE and gene expression (Fig. 1) in
hPGCs and GSCs into “not expressed,” “lowly expressed,” and “ex-
pressed”were empirically set on the basis of the bimodal distributed
expression in hPGCs. The mode around zero was designated as not
expressed, with the second mode representing expressed genes. The
region between these two modes was designated as lowly expressed.
Thresholds for TE expression [log2(RPKM + 1)] are not expressed:
≤0.4, lowly expressed: >0.4 and ≤1.4, and expressed: >1.4. Thresh-
olds for gene expression [log2(RPKM + 1)] are not expressed: ≤1.5,
lowly expressed: >1.5 and ≤5.0, and expressed: >5.0.

Gene expression analysis
Gene expression in hPGCs and GSCs was quantified by analyzing
published RNA-seq data (NCBI SRA: SRP057098) as described pre-
viously (2). Briefly, trimmed RNA-seq reads were mapped to the
reference genome (GRCh38/hg38) using TopHat2 with default pa-
rameters, and transcript counts were determined by featureCounts.
Replicates were evaluated, counts were normalized, and DE of tran-
scripts was evaluated using the R Bioconductor DEseq2 package.
Normalized transcript counts were further normalized by transcript
length (per kilobase). Transcript annotations in all bioinformatics
analyses were based on Ensembl (Release 96), considering protein
coding and lncRNAs only.

Gene expression in SETDB1-AID and SETDB1-WT naïve hESCs
was analyzed as described before (28). Adaptor sequences were
removed by Trim Galore (v0.4.1) using the default parameters,
and reads were mapped to the human reference genome (UCSC
GRCh38/hg38) using STAR (2.7.1a) (parameters: “--outFilterMis-
matchNoverLmax 0.05 --outFilterMultimapNmax 50 --outMulti-
mapperOrder Random”) guided by the GENCODE Human
Release 30 comprehensive gene annotation. Raw read counts per
gene were extracted by the featureCounts function of the Subread
package (1.6.2) using the default parameters. Normalized read
counts and DE genes were obtained using DEseq2 (1.26.0) in R
(3.6.2)/Bioconductor (3.10.1). For all expression analysis, a log2-
(normalized counts +1) transformation was applied. Only “pro-
tein_coding” and “lncRNA” genes were retained in subsequent
genome-wide analysis.

Gene expression in ex vivo cultured fhPGCs and fGSCs were
processed as described for SETDB1-AID and SETDB1-WT hESCs,
except that the adaptor sequences were removed by Flexbar (3.5.0)
as specified by NEB (https://github.com/nebiolabs/nebnext-single-
cell-rna-seq) with additional options (“--qtrim TAIL --qtrim-
format i1.8 -qt 20”) to remove low-quality reads [deposited at
Zenodo (7339593)].

Published scRNA-seq data from Wk4-Wk19 human PGCs
(GSE63818) (30) were downloaded, trimmed using TrimGalore!
(www.bioinformatics.babraham.ac.uk/projects/trim_galore/), and
aligned to human transcriptome (GENCODE v30) using kallisto
0.45.0 (73). DE at the transcript or gene level was evaluated using

a likelihood ratio test with Sleuth v0.30.0 (74). Expression plots of
transcripts per million were generated using ggplot2 3.2.1.

Western blot analysis
Western blot analysis on Essential 8 hESCs was performed as de-
scribed previously (28). Briefly, 105 frozen cells were resuspended
in 50 mM tris-HCl (pH 8.0), 1% SDS, 10 mM EDTA, and 1× pro-
tease inhibitor cocktail (Roche) and lysed by 10 min of incubation
on ice. Samples were sonicated for five cycles (30 s on/off) in a Bio-
ruptor Plus (Diagenode) and subsequently incubated for 5 min at
95°C at 1300 rpm in a shaker (Eppendorf). In addition, 5 μl of 20%
SDS were added before another five cycles of sonification. Cell
lysates were cleared through 10 min of centrifugation at 13,000g,
protein concentrations (determined using the Bicinchoninic Acid
Kit, Sigma-Aldrich) were adjusted, and samples were incubated
for 5 min at 95°C following the addition of Laemmli buffer. Proteins
were separated on 10% polyacrylamide gel using the Mini-
PROTEAN system (Bio-Rad) and transferred to an Immobilon-P
transfer membrane (Millipore). After blocking in 5% skimmed
milk in tris-buffered saline, 0.1% Tween 20 (0.1% TBST) for 1.5
hours, the membrane was cut according to the molecular weight
marker and decorated primary antibodies overnight at 4°C (table
S1). Membranes were washed three times with 0.1% TBST for 10
min at RT and decorated with secondary antibodies conjugated to
fluorophores or horseradish peroxidase (HRP; table S1) for visual-
ization on the Odyssey CLx (IRDye 680RD, LI-COR) and Western
Detection System (GE Healthcare), respectively. The Western blot-
ting reagent (Merck) was used to generate luminescence from the
HRP-coupled antibodies.

For Western blots on purified murine and human PGCs and
GSCs, 5000 FACS-purified cells were incubated in Laemmli buffer
for 5 min on ice and 5 min at 95°C and 1300 rpm in shaker (Eppen-
dorf). Subsequently, samples were sonicated for five cycles (30-s on/
off ) in a Bioruptor Plus and incubated again for 5 min at 95°C and
1300 rpm in an Eppendorf shaker. The lysates were analyzed on
12.5% polyacrylamide gels as described above.

Immunofluorescence microscopy
For immunofluorescence microscopy on naïve or Essential 8
hESCs, cells were grown on mouse embryonic fibroblast (MEF)–
coated or vitronectin-coated ibiTreat eight-well μ-Slides (Ibidi)
for 2 days, respectively. Cells were washed three times with PBS
and fixed with 4% PFA (Thermo Fisher Scientific) in PBS at RT
for 10 min. After three washes in PBS, 10-min permeabilization
in 0.25% Triton X-100 (Sigma-Aldrich) in PBS, samples were
blocked [0.1% Triton X-100, 5% normal donkey serum (Stratech),
and 1% BSA (Sigma-Aldrich)] for 30 min at RT. Primary antibodies
were diluted in blocking buffer and incubated with the samples
overnight at 4°C (table S1). After washing in 0.1% Triton X-100
in PBS, samples were incubated with Alexa fluorophore (AF-488,
AF-568, and/or AF-647)–conjugated secondary antibodies (Invi-
trogen, used in 1:500 dilutions in the blocking buffer) for 1 hour
at RT in the dark. After three washes, the samples were incubated
in PBS with 4′,6-diamidino-2-phenylindole (1 μg/ml) for 10 min at
RT and imaged using the Leica SP8 upright or inverted scanning
confocal microscope and analyzed using Volocity (6.3).

For staining against 5mC, cells were washed three times for 5
min with PBS after fixation and incubated for 10 min with 3 N
HCl, which was neutralized with 100 mM tris-HCl (pH 8) for 10
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min. Subsequently, cells were washed three times with PBS and dec-
orated with the primary and secondary antibodies as de-
scribed above.

Human ESC culture and purification of naïve hESCs
The SETDB1-AID-HA-T2A-EGFP; ER-TIR1; NANOS3-tdTomato
(SETDB1-AID), SETDB1 wild type; ER-TIR1; NANOS3-tdTomato
(SETDB1-WT), and parental NANOS3-tdTomato (75) hESCs were
maintained on vitronectin-coated plates in Essential 8 (E8) medium
(Thermo Fisher Scientific) at 37°C and 5% CO2. Culture medium
was changed daily. Cells were passaged every 3 to 5 days through
incubation with 0.5 mM EDTA in PBS for 2 to 3 min at 37°C and
subsequent manual dissociation of the ESC colonies. Conversion of
Essential 8 hESCs into the naïve state as described previously (41).
Briefly, irradiated CF1 MEFs (Gibco) were seeded on gelatine-
coated dishes in MEF medium [10% FCS, penicillin-streptomycin
(100 U/ml), and DMEM]. The Essential 8-cultured hESCs were
washed with PBS, incubated with 0.25% Trypsin-EDTA (Gibco)
for 3 min at 37°C, and dissociated in MEF medium by pipetting.
Subsequently, cells were seeded on MEFs and incubated at 37°C
and 5% CO2 in Essential 8 medium supplemented with 10 μM
Rock inhibitor [Y27632 (Tocris Bioscience)] for 16 hours. On the
next day, the medium was changed to 5iALF medium published
before (41) supplemented with ascorbic acid (100 μg/ml; Sigma-
Aldrich) and incubated at 37°C with 5% CO2 and 5% O2 for 9 to
10 days with daily medium changes. After conversion, cells were
washed, dissociated with Accutase (Gibco), seeded to new MEF-
coated dishes, and incubated for 4 to 5 days in 5iALF medium at
37°C with 5% CO2 and 5% O2, which was considered the first
naïve passage. Subsequently, cells were passaged ever 3 to 5 days.
All cell lines were confirmed as mycoplasma negative.

For depletion of SETDB1 in Essential 8 hESCs, SETDB1-AID,
SETDB1-WT, and parental hESCs were seeded on vitronectin-
coated plates. After 16 hours, medium was change into Essential
8 medium supplemented with 20 nM tamoxifen (Sigma-Aldrich)
and 25 μM IAA or vehicle (1:40,000, 96% ethanol). Cells were
washed and harvested after 16 hours, 48 hours, and 6 days
through incubation with 0.5 mM EDTA in PBS for 5 min at 37°C.
Single-cell suspension was generated through pipetting, and
100,000 cells were counted using electronic cell counter, pelleted
by centrifugation, and stored at −80°C.

To analyze the effect of SETDB1 depletion in the naïve state,
SETDB1-AID and SETDB1-WT hESCs of naïve passage one were
seeded in 5iALF medium supplemented with ascorbic acid (100
μg/ml), 20 nM tamoxifen (Sigma-Aldrich), and 25 μM IAA and cul-
tured for 4 days. Subsequently, cells were harvested by incubation
with Accutase for 3 min at 37°C and subsequent dissociation by pi-
petting in MEF medium. Cells were pelleted, resuspended (PBS, 3%
FCS, and 5 mM EDTA), filtered through a 35-μm cell strainer, and
stained with anti-CD75 eFluor 660 (5 μl; eBioscience) and Anti-
Human Alkaline Phosphatase BV421 (5 μl; BD Biosciences) for
15 min at RT while rotating in darkness at 10 rpm in an orbital
rotor. Subsequently, alkaline phosphatase and CD75 double-posi-
tive and double-negative cell populations were purified using
SH800Z Cell Sorter (Sony), directly lysed using extraction buffer
(PicoPure RNA Isolation Kit, Applied Biosystems), and stored at
−80°C until RNA extraction.

Quantitative real-time PCR analysis
RNAwas extracted using the PicoPure RNA Isolation Kit (Applied
Biosystems) including a DNase I on-column digest (Qiagen) and
used to generate cDNA through the SuperScript III Kit (Invitrogen).
qPCR was performed on a QuantStudio 6 Flex Real-Time PCR
Systems (Applied Biosystems) using SYBR Green JumpStart Taq
ReadyMix (Sigma-Aldrich) and specific primers (table S2). The
ΔΔCt method was used for quantification of gene expression.

SETDB1-AID hESC generation
CRISPR-Cas9–mediated insertion of an AID-HA-T2A-EGFP-tag at
the 3′ end of the endogenous SETDB1 locus was conducted as the
targeting of the PRDM14 locus described previously (76). Briefly, a
guide RNA (gRNA) were chosen close to the STOP codon of the
SETDB1 locus by the Custom Alt-R CRISPR-Cas9 gRNA design
tool of Integrated DNA Technologies (https://eu.idtdna.com/site/
order/designtool/index/CRISPR_SEQUENCE), annealed, and
ligated into the pX300 vector (77) digested with Bds1 (table S2).
The donor vector harboring the AID-HA-T2A-EGFP cassette
flanked by the SETDB1 locus homology arms for homology-direct-
ed repair was generated using In-Fusion cloning (Clontech) accord-
ing to the manufacturer ’s recommendations. For selection, the
donor vector contained a puromycin resistance cassette flanked
by Rox sites, located 3′ of the 3′ SETDB1 homology arm.

To generate a double-inducible TIR1 transgene (pPB-EF1α-
osTIR1-ERT2), the osTIR1-ERT2 fusion protein was clone into a
piggyBac backbone harboring a puromycin resistance cassette
under the control of an EF1α promoter. The osTIR1 and ERT2 cas-
settes were obtained from constructs published previously (76, 78).

Transgenic hESCs were generated by cotransfecting male
NANOS3-tdTomato reporter hESCs passage number 56 and cul-
tured in Essential 8 medium with the pX300 (gRNA) and donor
vector using the Lonza 4D-Nucleofector. Single hESCs were seed
in Essential 8 medium supplemented with 10 μM Rock inhibitor
(Y-27632, Tocris bioscience) for 24 hours. Selection was started 2
days after electroporation by supplementing Essential 8 medium
with puromycin (0.5 μg/ml; Sigma-Aldrich) and continued for 14
days. Homozygous insertions in individual hESCs clones were con-
firmed by genotyping and sequencing of the SETDB1 locus. Co-
transfection of SETDB1-AID homozygous, SETDB1-AID
heterozygotes, and wild-type hESCs with pCAG-Dre–internal ribo-
somal site–hygromycin, pPBase, and pPB-EF1α-osTIR1-ERT2
using the Lonza 4D-Nucleofector allowed the removal of the puro-
mycin resistance cassette from the SETDB1 locus through transient
expression of the Dre recombinase and random insertion of the
TIR1-ERT2 transgene. Cells were selected for 2 days of hygromycin
B (50 μg/ml). The removal of the puromycin resistance cassette
from the SETDB1 locus and the insertion of the TIR1-ERT2 were
verified by genotyping.

Assignment of TEs to promoters
A specific set of TEs, e.g., H3K27me3- or H2aK119ub-occupied
TEs, was assigned to the nearest promoter (distance to TSS of
<100 kb) using BETA (1.0.7).

Statistical analysis
Because of the large sample size of our dataset, we used Wilcoxon
and chi-square “goodness of fit” effect size as statistical measure for
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differences in the data (R rstatix package). For the analysis of smaller
samples, we used Student’s t and chi-square test (R rstatix package).

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
1. W. W. C. Tang, T. Kobayashi, N. Irie, S. Dietmann, M. A. Surani, Specification and epigenetic

programming of the human germ line. Nat. Rev. Genet. 17, 585–600 (2016).
2. W. W. C. Tang, S. Dietmann, N. Irie, H. G. Leitch, V. I. Floros, C. R. Bradshaw, J. A. Hackett,

P. F. Chinnery, M. A. Surani, A unique gene regulatory network resets the human germline
epigenome for development. Cell 161, 1453–1467 (2015).

3. K. Siklenka, S. Erkek, M. Godmann, R. Lambrot, S. McGraw, C. Lafleur, T. Cohen, J. Xia,
M. Suderman, M. Hallett, J. Trasler, A. H. F. M. Peters, S. Kimmins, Disruption of histone
methylation in developing sperm impairs offspring health transgenerationally. Science
350, eaab2006 (2015).

4. F. Zenk, E. Loeser, R. Schiavo, F. Kilpert, O. Bogdanović, N. Iovino, Germ line-inherited
H3K27me3 restricts enhancer function during maternal-to-zygotic transition. Science 357,
212–216 (2017).

5. Y. Li, Z. Zhang, J. Chen, W. Liu, W. Lai, B. Liu, X. Li, L. Liu, S. Xu, Q. Dong, M. Wang, X. Duan,
J. Tan, Y. Zheng, P. Zhang, G. Fan, J. Wong, G.-L. Xu, Z. Wang, H. Wang, S. Gao, B. Zhu, Stella
safeguards the oocyte methylome by preventing de novo methylation mediated by
DNMT1. Nature 564, 136–140 (2018).

6. C. Eguizabal, L. Herrera, L. De Oñate, N. Montserrat, P. Hajkova, J. C. Izpisua Belmonte,
Characterization of the epigenetic changes during human gonadal primordial germ cells
reprogramming. Stem Cells 34, 2418–2428 (2016).

7. T.-C. Huang, Y.-F. Wang, E. Vazquez-Ferrer, I. Theofel, C. E. Requena, C. W. Hanna, G. Kelsey,
P. Hajkova, Sex-specific chromatin remodelling safeguards transcription in germ cells.
Nature 600, 737–742 (2021).

8. P. W. S. Hill, H. G. Leitch, C. E. Requena, Z. Sun, R. Amouroux, M. Roman-Trufero, M. Bor-
kowska, J. Terragni, R. Vaisvila, S. Linnett, H. Bagci, G. Dharmalingham, V. Haberle,
B. Lenhard, Y. Zheng, S. Pradhan, P. Hajkova, Epigenetic reprogramming enables the
transition from primordial germ cell to gonocyte. Nature 555, 392–396 (2018).

9. S. Yokobayashi, C.-Y. Liang, H. Kohler, P. Nestorov, Z. Liu, M. Vidal, M. van Lohuizen,
T. C. Roloff, A. H. F. M. Peters, PRC1 coordinates timing of sexual differentiation of female
primordial germ cells. Nature 495, 236–240 (2013).

10. M. V. C. Greenberg, D. Bourc’his, The diverse roles of DNA methylation in mammalian
development and disease. Nat. Rev. Mol. Cell Biol. 20, 590–607 (2019).

11. J. A. Simon, R. E. Kingston, Mechanisms of polycomb gene silencing: Knowns and un-
knowns. Nat. Rev. Mol. Cell Biol. 10, 697–708 (2009).

12. A. Bousard, A. C. Raposo, J. J. Żylicz, C. Picard, V. B. Pires, Y. Qi, C. Gil, L. Syx, H. Y. Chang,
E. Heard, S. T. da Rocha, The role of Xist-mediated Polycomb recruitment in the initiation of
X-chromosome inactivation. EMBO Rep. 20, e48019 (2019).

13. B. Schuettengruber, H.-M. Bourbon, L. Di Croce, G. Cavalli, Genome regulation by poly-
comb and Trithorax: 70 Years and counting. Cell 171, 34–57 (2017).

14. A. Magklara, A. Yen, B. M. Colquitt, E. J. Clowney, W. Allen, E. Markenscoff-Papadimitriou,
Z. A. Evans, P. Kheradpour, G. Mountoufaris, C. Carey, G. Barnea, M. Kellis, S. Lomvardas, An
epigenetic signature for monoallelic olfactory receptor expression. Cell 145,
555–570 (2011).

15. M. M. Karimi, P. Goyal, I. A. Maksakova, M. Bilenky, D. Leung, J. X. Tang, Y. Shinkai,
D. L. Mager, S. Jones, M. Hirst, M. C. Lorincz, DNA methylation and SETDB1/H3K9me3
regulate predominantly distinct sets of genes, retroelements, and chimeric transcripts in
mESCs. Cell Stem Cell 8, 676–687 (2011).

16. M. Ninova, B. Godneeva, Y.-C. A. Chen, Y. Luo, S. J. Prakash, F. Jankovics, M. Erdélyi,
A. A. Aravin, K. Fejes Tóth, The SUMO ligase Su(var)2–10 controls hetero- and euchromatic
gene expression via establishing H3K9 trimethylation and negative feedback regulation.
Mol. Cell 77, 571–585.e4 (2020).

17. M. Ninova, K. Fejes Tóth, A. A. Aravin, The control of gene expression and cell identity by
H3K9 trimethylation. Development 146, dev181180 (2019).

18. W. Tang, S. Mun, A. Joshi, K. Han, P. Liang, Mobile elements contribute to the uniqueness of
human genome with 15,000 human-specific insertions and 14 Mbp sequence increase.
DNA Res. 25, 521–533 (2018).

19. R. E. Mills, E. A. Bennett, R. C. Iskow, S. E. Devine, Which transposable elements are active in
the human genome? Trends Genet. 23, 183–191 (2007).

20. R. Fueyo, J. Judd, C. Feschotte, J. Wysocka, Roles of transposable elements in the regulation
of mammalian transcription. Nat. Rev. Mol. Cell Biol. 23, 481–497 (2022).

21. E. Lee, R. Iskow, L. Yang, O. Gokcumen, P. Haseley, L. J. Luquette III, J. G. Lohr, C. C. Harris,
L. Ding, R. K. Wilson, D. A. Wheeler, R. A. Gibbs, R. Kucherlapati, C. Lee, P. V. Kharchenko,
P. J. Park, Landscape of somatic retrotransposition in human cancers. Science 337,
967–971 (2012).

22. S. Liu, J. Brind’Amour, M. M. Karimi, K. Shirane, A. Bogutz, L. Lefebvre, H. Sasaki, Y. Shinkai,
M. C. Lorincz, Setdb1 is required for germline development and silencing of H3K9me3-
marked endogenous retroviruses in primordial germ cells. Genes Dev. 28,
2041–2055 (2014).

23. S. Seisenberger, S. Andrews, F. Krueger, J. Arand, J. Walter, F. Santos, C. Popp, B. Thienpont,
W. Dean, W. Reik, The dynamics of genome-wide DNA methylation reprogramming in
mouse primordial germ cells. Mol. Cell 48, 849–862 (2012).

24. T. Kobayashi, A. Castillo-Venzor, C. A. Penfold, M. Morgan, N. Mizuno, W. W. C. Tang,
Y. Osada, M. Hirao, F. Yoshida, H. Sato, H. Nakauchi, M. Hirabayashi, M. A. Surani, Tracing the
emergence of primordial germ cells from bilaminar disc rabbit embryos and pluripotent
stem cells. Cell Rep. 37, 109812 (2021).

25. Q. Zhu, F. Sang, S. Withey, W. Tang, S. Dietmann, D. Klisch, P. Ramos-Ibeas, H. Zhang,
C. E. Requena, P. Hajkova, M. Loose, M. A. Surani, R. Alberio, Specification and epigenomic
resetting of the pig germline exhibit conservation with the human lineage. Cell Rep. 34,
108735 (2021).

26. J. Brind’Amour, S. Liu, M. Hudson, C. Chen, M. M. Karimi, M. C. Lorincz, An ultra-low-input
native ChIP-seq protocol for genome-wide profiling of rare cell populations. Nat. Commun.
6, 6033 (2015).

27. D. A. Orlando, M. W. Chen, V. E. Brown, S. Solanki, Y. J. Choi, E. R. Olson, C. C. Fritz,
J. E. Bradner, M. G. Guenther, Quantitative ChIP-seq normalization reveals global modu-
lation of the epigenome. Cell Rep. 9, 1163–1170 (2014).

28. W. W. C. Tang, A. Castillo-Venzor, W. H. Gruhn, T. Kobayashi, C. A. Penfold, M. D. Morgan,
D. Sun, N. Irie, M. A. Surani, Sequential enhancer state remodelling defines human
germline competence and specification. Nat. Cell Biol. 24, 448–460 (2022).

29. L. Li, J. Dong, L. Yan, J. Yong, X. Liu, Y. Hu, X. Fan, X. Wu, H. Guo, X. Wang, X. Zhu, R. Li, J. Yan,
Y. Wei, Y. Zhao, W.Wang, Y. Ren, P. Yuan, Z. Yan, B. Hu, F. Guo, L. Wen, F. Tang, J. Qiao, Single-
cell RNA-seq analysis maps development of human germline cells and gonadal niche in-
teractions. Cell Stem Cell 20, 891–892 (2017).

30. F. Guo, L. Yan, H. Guo, L. Li, B. Hu, Y. Zhao, J. Yong, Y. Hu, X. Wang, Y. Wei, W. Wang, R. Li,
J. Yan, X. Zhi, Y. Zhang, H. Jin, W. Zhang, Y. Hou, P. Zhu, J. Li, L. Zhang, S. Liu, Y. Ren, X. Zhu,
L. Wen, Y. Q. Gao, F. Tang, J. Qiao, The transcriptome and DNA methylome landscapes of
human primordial germ cells. Cell 161, 1437–1452 (2015).

31. B. E. Bernstein, T. S. Mikkelsen, X. Xie, M. Kamal, D. J. Huebert, J. Cuff, B. Fry, A. Meissner,
M. Wernig, K. Plath, R. Jaenisch, A. Wagschal, R. Feil, S. L. Schreiber, E. S. Lander, A bivalent
chromatin structure marks key developmental genes in embryonic stem cells. Cell 125,
315–326 (2006).

32. Y. Lin, D. C. Page, Dazl deficiency leads to embryonic arrest of germ cell development in XY
C57BL/6 mice. Dev. Biol. 288, 309–316 (2005).

33. G. Sienski, D. Dönertas, J. Brennecke, Transcriptional silencing of transposons by Piwi and
maelstrom and its impact on chromatin state and gene expression. Cell 151,
964–980 (2012).

34. Y. Matsumura, R. Nakaki, T. Inagaki, A. Yoshida, Y. Kano, H. Kimura, T. Tanaka, S. Tsutsumi,
M. Nakao, T. Doi, K. Fukami, T. F. Osborne, T. Kodama, H. Aburatani, J. Sakai, H3K4/H3K9me3
bivalent chromatin domains targeted by lineage-specific DNA methylation pauses adi-
pocyte differentiation. Mol. Cell 60, 584–596 (2015).

35. R. Sorek, G. Ast, D. Graur, Alu-containing exons are alternatively spliced. Genome Res. 12,
1060–1067 (2002).

36. N. Gilbert, S. Lutz-Prigge, J. V. Moran, Genomic deletions created upon LINE-1 retro-
transposition. Cell 110, 315–325 (2002).

37. S. Djebali, C. A. Davis, A. Merkel, A. Dobin, T. Lassmann, A. Mortazavi, A. Tanzer, J. Lagarde,
W. Lin, F. Schlesinger, C. Xue, G. K. Marinov, J. Khatun, B. A. Williams, C. Zaleski, J. Rozowsky,
M. Röder, F. Kokocinski, R. F. Abdelhamid, T. Alioto, I. Antoshechkin, M. T. Baer, N. S. Bar,
P. Batut, K. Bell, I. Bell, S. Chakrabortty, X. Chen, J. Chrast, J. Curado, T. Derrien, J. Drenkow,
E. Dumais, J. Dumais, R. Duttagupta, E. Falconnet, M. Fastuca, K. Fejes-Toth, P. Ferreira,
S. Foissac, M. J. Fullwood, H. Gao, D. Gonzalez, A. Gordon, H. Gunawardena, C. Howald,
S. Jha, R. Johnson, P. Kapranov, B. King, C. Kingswood, O. J. Luo, E. Park, K. Persaud,
J. B. Preall, P. Ribeca, B. Risk, D. Robyr, M. Sammeth, L. Schaffer, L.-H. See, A. Shahab,
J. Skancke, A. M. Suzuki, H. Takahashi, H. Tilgner, D. Trout, N. Walters, H. Wang, J. Wrobel,
Y. Yu, X. Ruan, Y. Hayashizaki, J. Harrow, M. Gerstein, T. Hubbard, A. Reymond,
S. E. Antonarakis, G. Hannon, M. C. Giddings, Y. Ruan, B. Wold, P. Carninci, R. Guigó,
T. R. Gingeras, Landscape of transcription in human cells. Nature 489, 101–108 (2012).

Gruhn et al., Sci. Adv. 9, eade1257 (2023) 18 January 2023 20 of 22

SC I ENCE ADVANCES | R E S EARCH ART I C L E

https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.ade1257


38. P. Nigumann, K. Redik, K. Mätlik, M. Speek, Many human genes are transcribed from the
antisense promoter of L1 retrotransposon. Genomics 79, 628–634 (2002).

39. B. J. Lesch, S. J. Silber, J. R. McCarrey, D. C. Page, Parallel evolution of male germline epi-
genetic poising and somatic development in animals. Nat. Genet. 48, 888–894 (2016).

40. K. D. Konze, A. Ma, F. Li, D. Barsyte-Lovejoy, T. Parton, C. J. Macnevin, F. Liu, C. Gao, X.-
P. Huang, E. Kuznetsova, M. Rougie, A. Jiang, S. G. Pattenden, J. L. Norris, L. I. James,
B. L. Roth, P. J. Brown, S. V. Frye, C. H. Arrowsmith, K. M. Hahn, G. G. Wang, M. Vedadi, J. Jin,
An orally bioavailable chemical probe of the lysine methyltransferases EZH2 and EZH1. ACS
Chem. Biol. 8, 1324–1334 (2013).

41. T. W. Theunissen, B. E. Powell, H. Wang, M. Mitalipova, D. A. Faddah, J. Reddy, Z. P. Fan,
D. Maetzel, K. Ganz, L. Shi, T. Lungjangwa, S. Imsoonthornruksa, Y. Stelzer, S. Rangarajan,
A. D’Alessio, J. Zhang, Q. Gao, M. M. Dawlaty, R. A. Young, N. S. Gray, R. Jaenisch, Systematic
identification of culture conditions for induction and maintenance of naive human pluri-
potency. Cell Stem Cell 15, 471–487 (2014).

42. M. Lowe, M.-R. Yen, I. Gorgy, Z. Hu, L. Hosohama, T. Hunt, P.-Y. Chen, A. Clark, EED is re-
quired for male and female primordial germ cell differentiation in the embryonic gonad.
SSRN Electron. J., 10.2139/ssrn.3476688 (2019).

43. Y. Takeuchi, K. Molyneaux, C. Runyan, K. Schaible, C. Wylie, The roles of FGF signaling in
germ cell migration in the mouse. Development 132, 5399–5409 (2005).

44. C. Yamashiro, K. Sasaki, Y. Yabuta, Y. Kojima, T. Nakamura, I. Okamoto, S. Yokobayashi,
Y. Murase, Y. Ishikura, K. Shirane, H. Sasaki, T. Yamamoto, M. Saitou, Generation of human
oogonia from induced pluripotent stem cells in vitro. Science 362, 356–360 (2018).

45. S. Bae, B. J. Lesch, H3K4me1 distribution predicts transcription state and poising at pro-
moters. Front. Cell Dev. Biol. 8, 289 (2020).

46. P. J. Murphy, S. F. Wu, C. R. James, C. L. Wike, B. R. Cairns, Placeholder nucleosomes underlie
germline-to-embryo DNA methylation reprogramming. Cell 172, 993–1006.e13 (2018).

47. E. J. Clowney, M. A. LeGros, C. P. Mosley, F. G. Clowney, E. C. Markenskoff-Papadimitriou,
M. Myllys, G. Barnea, C. A. Larabell, S. Lomvardas, Nuclear aggregation of olfactory receptor
genes governs their monogenic expression. Cell 151, 724–737 (2012).

48. L. Tan, C. Zong, X. S. Xie, Rare event of histone demethylation can initiate singular gene
expression of olfactory receptors. Proc. Natl. Acad. Sci. U.S.A. 110, 21148–21152 (2013).

49. B. G. Dias, K. J. Ressler, Parental olfactory experience influences behavior and neural
structure in subsequent generations. Nat. Neurosci. 17, 89–96 (2014).

50. D. Colognori, H. Sunwoo, A. J. Kriz, C.-Y. Wang, J. T. Lee, Xist deletional analysis reveals an
interdependency between xist RNA and polycomb complexes for spreading along the
inactive X. Mol. Cell 74, 101–117.e10 (2019).

51. T. Chitiashvili, I. Dror, R. Kim, F.-M. Hsu, R. Chaudhari, E. Pandolfi, D. Chen, S. Liebscher,
K. Schenke-Layland, K. Plath, A. Clark, Female human primordial germ cells display X-
chromosome dosage compensation despite the absence of X-inactivation. Nat. Cell Biol.
22, 1436–1446 (2020).

52. N. Irie, L. Weinberger, W. W. C. Tang, T. Kobayashi, S. Viukov, Y. S. Manor, S. Dietmann,
J. H. Hanna, M. A. Surani, SOX17 is a critical specifier of human primordial germ cell fate.
Cell 160, 253–268 (2015).

53. L. Li, L. Li, Q. Li, X. Liu, X. Ma, J. Yong, S. Gao, X. Wu, Y. Wei, X. Wang, W. Wang, R. Li, J. Yan,
X. Zhu, L. Wen, J. Qiao, L. Yan, F. Tang, Dissecting the epigenomic dynamics of human fetal
germ cell development at single-cell resolution. Cell Res. 31, 463–477 (2021).

54. Y. Cai, Y. Zhang, Y. P. Loh, J. Q. Tng, M. C. Lim, Z. Cao, A. Raju, E. Lieberman Aiden, S. Li,
L. Manikandan, V. Tergaonkar, G. Tucker-Kellogg, M. J. Fullwood, H3K27me3-rich genomic
regions can function as silencers to repress gene expression via chromatin interactions.
Nat. Commun. 12, 719 (2021).

55. A. Iouranova, D. Grun, T. Rossy, J. Duc, A. Coudray, M. Imbeault, J. de Tribolet-Hardy,
P. Turelli, A. Persat, D. Trono, KRAB zinc finger protein ZNF676 controls the transcriptional
influence of LTR12-related endogenous retrovirus sequences. Mob. DNA. 13, 4 (2022).

56. D. Pezic, S. A. Manakov, R. Sachidanandam, A. A. Aravin, piRNA pathway targets active
LINE1 elements to establish the repressive H3K9me3 mark in germ cells. Genes Dev. 28,
1410–1428 (2014).

57. A. J. Schorn, M. J. Gutbrod, C. LeBlanc, R. Martienssen, LTR-retrotransposon control by
tRNA-derived small RNAs. Cell 170, 61–71.e11 (2017).

58. N. B. Ramakrishna, K. Murison, E. A. Miska, H. G. Leitch, Epigenetic regulation during pri-
mordial germ cell development and differentiation. Sex. Dev. 15, 411–431 (2022).

59. V. I. Floros, A. Pyle, S. Dietmann, W. Wei, W. C. W. Tang, N. Irie, B. Payne, A. Capalbo, L. Noli,
J. Coxhead, G. Hudson, M. Crosier, H. Strahl, Y. Khalaf, M. Saitou, D. Ilic, M. A. Surani,
P. F. Chinnery, Segregation of mitochondrial DNA heteroplasmy through a developmental
genetic bottleneck in human embryos. Nat. Cell Biol. 20, 144–151 (2018).

60. T. Wai, D. Teoli, E. A. Shoubridge, The mitochondrial DNA genetic bottleneck results from
replication of a subpopulation of genomes. Nat. Genet. 40, 1484–1488 (2008).

61. R. A. Wang, P. K. Nakane, T. Koji, Autonomous cell death of mouse male germ cells during
fetal and postnatal period. Biol. Reprod. 58, 1250–1256 (1998).

62. S. Malki, G. W. van der Heijden, K. A. O’Donnell, S. L. Martin, A. Bortvin, A role for retro-
transposon LINE-1 in fetal oocyte attrition in mice. Dev. Cell 29, 521–533 (2014).

63. Y. I. Yeom, G. Fuhrmann, C. E. Ovitt, A. Brehm, K. Ohbo, M. Gross, K. Hübner, H. R. Schöler,
Germline regulatory element of Oct-4 specific for the totipotent cycle of embryonal cells.
Development 122, 881–894 (1996).

64. T. Yoshimizu, N. Sugiyama, M. De Felice, Y. I. Yeom, K. Ohbo, K. Masuko, M. Obinata, K. Abe,
H. R. Schöler, Y. Matsui, Germline-specific expression of the Oct-4/green fluorescent
protein (GFP) transgene in mice. Dev. Growth Differ. 41, 675–684 (1999).

65. A. Hacker, B. Capel, P. Goodfellow, R. Lovell-Badge, Expression of Sry, the mouse sex de-
termining gene. Development 121, 1603–1614 (1995).

66. J. Bryja, A. Konecny, Fast sex identification in wild mammals using PCR amplification of the
Sry gene. Folia Zool. 52, 269–274 (2003).

67. H. Albalushi, L. Sahlin, E. Åkesson, M. Kurek, K. R. Kjartansdóttir, R. Lindh, O. Söder,
E. Rotstein, O. Hovatta, J.-B. Stukenborg, Hormone production by human first-trimester
gonads in a functional in vitro system. Endocrinology 160, 133–142 (2019).

68. A. Jørgensen, J. E. Nielsen, S. Perlman, L. Lundvall, R. T. Mitchell, A. Juul, E. Rajpert-DeMeyts,
Ex vivo culture of human fetal gonads: Manipulation of meiosis signalling by retinoic acid
treatment disrupts testis development. Hum. Reprod. 30, 2351–2363 (2015).

69. A. Jørgensen, J. Macdonald, J. E. Nielsen, K. R. Kilcoyne, S. Perlman, L. Lundvall, L. Langhoff
Thuesen, K. Juul Hare, H. Frederiksen, A.-M. Andersson, N. E. Skakkebæk, A. Juul,
R. M. Sharpe, E. Rajpert-De Meyts, R. T. Mitchell, Nodal signaling regulates germ cell de-
velopment and establishment of seminiferous cords in the human fetal testis. Cell Rep. 25,
1924–1937.e4 (2018).

70. S. G. Landt, G. K. Marinov, A. Kundaje, P. Kheradpour, F. Pauli, S. Batzoglou, B. E. Bernstein,
P. Bickel, J. B. Brown, P. Cayting, Y. Chen, G. DeSalvo, C. Epstein, K. I. Fisher-Aylor,
G. Euskirchen, M. Gerstein, J. Gertz, A. J. Hartemink, M. M. Hoffman, V. R. Iyer, Y. L. Jung,
S. Karmakar, M. Kellis, P. V. Kharchenko, Q. Li, T. Liu, X. S. Liu, L. Ma, A. Milosavljevic,
R. M. Myers, P. J. Park, M. J. Pazin, M. D. Perry, D. Raha, T. E. Reddy, J. Rozowsky, N. Shoresh,
A. Sidow, M. Slattery, J. A. Stamatoyannopoulos, M. Y. Tolstorukov, K. P. White, S. Xi,
P. J. Farnham, J. D. Lieb, B. J. Wold, M. Snyder, ChIP-seq guidelines and practices of the
ENCODE and modENCODE consortia. Genome Res. 22, 1813–1831 (2012).

71. R. Wehrens, J. Kruisselbrink, Flexible self-organizingmaps in kohonen 3.0. J. Stat. Softw. 87,
1–18 (2018).

72. W. R. Yang, D. Ardeljan, C. N. Pacyna, L. M. Payer, K. H. Burns, SQuIRE reveals locus-specific
regulation of interspersed repeat expression. Nucleic Acids Res. 47, e27 (2019).

73. N. L. Bray, H. Pimentel, P. Melsted, L. Pachter, Near-optimal probabilistic RNA-seq quan-
tification. Nat. Biotechnol. 34, 525–527 (2016).

74. H. Pimentel, N. L. Bray, S. Puente, P. Melsted, L. Pachter, Differential analysis of RNA-seq
incorporating quantification uncertainty. Nat. Methods 14, 687–690 (2017).

75. T. Kobayashi, H. Zhang, W. W. C. Tang, N. Irie, S. Withey, D. Klisch, A. Sybirna, S. Dietmann,
D. A. Contreras, R. Webb, C. Allegrucci, R. Alberio, M. A. Surani, Principles of early human
development and germ cell program from conserved model systems. Nature 546,
416–420 (2017).

76. A. Sybirna, W. W. C. Tang, M. Pierson Smela, S. Dietmann, W. H. Gruhn, R. Brosh, M. A. Surani,
A critical role of PRDM14 in human primordial germ cell fate revealed by inducible
degrons. Nat. Commun. 11, 1282 (2020).

77. L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu, X. Wu, W. Jiang,
L. A. Marraffini, F. Zhang, Multiplex genome engineering using CRISPR/Cas systems.
Science 339, 819–823 (2013).

78. S. W. Cheetham, W. H. Gruhn, J. van den Ameele, R. Krautz, T. D. Southall, T. Kobayashi,
M. A. Surani, A. H. Brand, Targeted DamID reveals differential binding of mammalian
pluripotency factors. Development 145, dev170209 (2018).

Acknowledgments:We thank R. Barker and X. He for providing human embryonic tissues and
C. Bradshaw for bioinformatic support. We also thank the Weizmann Institute of Science for the
WIS2 hESC line and the Genomics Core Facility of CRUK Cambridge Institute for sequencing
services and members of the Surani laboratory for insightful comments and critical reading of
the manuscript. Funding: This work was supported by the Wellcome Investigator Awards in
Science 209475/Z/17/Z (to M.A.S., F.C.K.W., and S.D.), the Wellcome Investigator Awards in
Science 096738/Z/11/Z (to M.A.S., F.C.K.W., and S.D.), the BBSRC research grant G103986 (to
M.A.S. and W.H.G.), the Croucher Postdoctoral Research Fellowship (to W.W.C.T.), the Marie
Skłodowska-Curie Actions- Individual Fellowship (836291: GERMINOID) from the European
Commission (to J.P.A.-L.), and the International Postdoc Fellowship (2019-06316) from the
Swedish Research Council (to J.P.A.-L.). Author contributions:M.A.S. and W.H.G. conceived the
study. W.H.G. and W.W.C.T. designed experiments, collected human embryonic tissues. S.D.,
W.H.G., and W.W.C.T. performed bioinformatic analysis. W.H.G. and W.W.C.T. optimized and
generated ATAC-seq and ULI-NChIP-seq libraries. J.P.A.-L. and W.H.G. optimized the ex vivo
culture of human genital ridges and generated RNA-seq libraries. W.H.G. and W.W.C.T. generate
the transgenic SETDB1-AID hESC line and performed RNA-seq. F.C.K.W. cloned the TIR1-ER
construct. C.A.P. reanalyzed scRNA-seq data. W.H.G., C.A.P., and N.B.R. conducted statistical

Gruhn et al., Sci. Adv. 9, eade1257 (2023) 18 January 2023 21 of 22

SC I ENCE ADVANCES | R E S EARCH ART I C L E



analysis. W.H.G., W.W.C.T., and M.A.S. wrote the manuscript with inputs from all authors.
Competing interests: W.W.C.T. is currently employed by Adrestia Therapeutics Ltd. The other
authors declare that they have no competing interests. Data and materials availability: The
datasets generated in this study have been deposited to NCBI Gene Expression Omnibus
(GSE215283). Packages and code used for data analysis are freely available or have been
deposited at Zenodo (7339593). Previously published datasets that were reanalyzed in this
study are mhPGC ATAC-seq and ChIP-seq for H3K27me3 (wk7), H3K4me3, H3K4me1, H3K27ac
(GSE159654) (28), hPGC and GSC RNA-seq and BS-seq data (NCBI SRA: SRP057098) (2), round
spermatid H3K27me3 ChIP-seq data (GSE68507) (39), and scRNA-seq data on mhPGCs/fhPGCs
(GSE63818) (30). Genome databases used are UCSC GRCh38/hg38, Ensembl GrCh38 v90, and
GENCODE Human Release 30. All data needed to evaluate the conclusions in the paper are
present in the paper, the Supplementary Materials, or are freely available through the

repositories mentioned in this statement. Plasmids generated in this study will be made freely
available upon request to M.A.S. Requests for plasmids should be submitted to M.A.S. (a.
surani@gurdon.cam.ac.uk). The genetically modified hESC lines generated in this study can be
provided by us pending a completed material transfer agreement. Requests for these cell lines
should be submitted to M.A.S. (a.surani@gurdon.cam.ac.uk) and the Innovation and
Technology Transfer office of the Weizmann Institute of Science, Rehovot 7610001 Israel, which
holds ownership of the parental WIS2 cell line.

Submitted 27 July 2022
Accepted 20 December 2022
Published 18 January 2023
10.1126/sciadv.ade1257

Gruhn et al., Sci. Adv. 9, eade1257 (2023) 18 January 2023 22 of 22

SC I ENCE ADVANCES | R E S EARCH ART I C L E

mailto:a.surani@gurdon.cam.ac.uk
mailto:a.surani@gurdon.cam.ac.uk
mailto:a.surani@gurdon.cam.ac.uk

	INTRODUCTION
	RESULTS
	Global epigenetic differences between hPGCs and surrounding somatic cells
	Sex-specific epigenetic promoter regulation in hPGCs
	Integrative epigenetic states of promoters in hypomethylated fhPGCs
	Epigenetic compensation for the loss of 5mC in the germ line
	Epigenetic regulation of TEs in hPGCs
	Interconnection between gene and proximal TE expression in fhPGCs
	Coregulation of H3K27me3/H2aK119ub occupied TEs and promoters
	PRC2 inhibition results in the derepression of somatic genes in fhPGCs
	H3K9me3 is enriched at evolutionarily young TEs in fhPGCs
	SETDB1-H3K9me3 axis regulates evolutionarily young TEs and specific germ cell marker genes in the hypomethylated genome

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement
	Collection of murine gonadal cells
	Collection of human gonadal cells
	Generation of ChIP-seq libraries
	Generation of RNA-seq libraries
	Ex vivo culture of human genital ridges
	Chromatin ChIP-seq data processing
	SOM analysis
	TE expression analysis
	Categorizing TE and gene expression
	Gene expression analysis
	Western blot analysis
	Immunofluorescence microscopy
	Human ESC culture and purification of naïve hESCs
	Quantitative real-time PCR analysis
	SETDB1-AID hESC generation
	Assignment of TEs to promoters
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

