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SUMMARY

Primordial germ cells (PGCs) are the embryonic precursors of the gametes. In rodents, PGCs readily form self-renewing embryonic germ
cell (EGC) lines in vitro. Although human PGCs undergo a similar conversion during germ cell tumorigenesis, no comparable in vitro sys-
tem has yet been established in humans. Here we report that hPGC-like cells (hPGCLCs) undergo conversion to human EGC-like cells
(hEGCLC:s) using the inductive signals previously identified in mice. This feeder-free culture system allows efficient derivation of
hEGCLC:s that are transcriptionally similar to human induced pluripotent stem cells and can give rise to hPGCLCs once more demon-
strating the interconvertibility of pluripotent states. This is also evident at the chromatin level, as the initial DNA demethylation that
occurs in hPGCLCs is reversed in hEGCLCs. This new in vitro model provides a highly tractable system to study human pluripotent
and early developmental transitions, including those driving germ cell tumorigenesis and epigenetic inheritance.

INTRODUCTION

In sexually reproducing organisms, germ cells play a crucial
role in transmitting the genetic and epigenetic information
necessary for the development of a new organism, serving
as an enduring link between generations (Leitch et al.,
2013a; Ramakrishna et al.,, 2021). Primordial germ cells
(PGCs), the earliest embryonic precursors of the gametes
(Saitou and Hayashi, 2021), are likely specified in humans
around embryonic day 12-16 (post-conceptional week 2)
(Alberio et al., 2021). At weeks 3-5, human PGCs (hPGCs)
migrate from the yolk sac to the developing gonads and
commence a wave of global DNA demethylation, including
significant loss of DNA methylation at imprinting control re-
gions (Gkountela et al., 2015; Guo et al., 2015; Tang et al.,
2015; von Meyenn and Reik, 2015), which heralds the
most extensive epigenetic reprogramming process during
development.

PGC:s are traditionally regarded as unipotent, as physio-
logically they give rise only to gametes. However, mouse
PGC (mPGC) development is dependent on the expression
of pluripotency genes (Campolo et al., 2013; Kehler et al.,

2004; Zhang et al., 2018), and PGCs exhibit pluripotent
characteristics. For instance, mPGCs are the cell of origin
of pluripotent germ cell tumors such as teratocarcinomas,
from which mouse embryonal carcinoma cells were first
derived (Finch and Ephrussi, 1967; Kleinsmith and Pierce,
1964), and, in culture, mPGCs can directly give rise to
pluripotent stem cells (PSCs) called embryonic germ cells
(EGCs) (Matsui et al., 1992; Resnick et al., 1992). Mouse
EGCs can contribute to chimeras (Labosky et al., 1994;
Stewart et al., 1994) and their properties are indistinguish-
able from those of naive embryonic stem cells (ESCs),
despite their different origin (Leitch et al., 2013b). In fact,
mouse EGC conversion from mPGCs is highly efficient,
calling into question the designation of PGCs as a unipotent
lineage (Leitch et al., 2013c¢). Indeed, we have recently revis-
ited the classic chimaera experiments (Leitch et al., 2014),
concluding that mPGCs exhibit a latent form of pluripo-
tency that distinguishes them from somatic precursor cells
(Sepulveda-Rincon et al., 2024).

The latent pluripotency of PGCs is not a mouse-specific
property. Naive pluripotent EGC lines have also been
derived from rats (Blair et al., 2012; Leitch et al., 2010;
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Figure 1. Derivation of pluripotent hEGCLCs from hPGCLCs in defined and feeder-free conditions

(A) Workflow of hPSC differentiation to hPGCLCs, conversion to hEGCLCs, and associated omics assays.

(B) Representative phase contrast images of the key steps and cellular states of the protocol. Scale bars: 250 pm and 25 pm for hPGCLC-
hEGCLC image taken 48 h after sorting.

(C) Representative flow cytometry density plot of day 6 hPGCLC aggregates from BTAG (left) and CTLO8A (right) lines. Double-positive cell
percentages are indicated.

(D) Representative immunofluorescence images of CTLO8A hiPSC and hEGCLC colonies stained for SOX2, 0CT4, and TFAP2C markers; nuclei
stained with Hoechst. Scale bars, 150 pm.

(E) CTLO8A hEGCLC tri-germ layer differentiation: representative immunofluorescence staining for lineage specification markers: SO0X17
(endoderm), a-SMA (mesoderm), MAP2 (ectoderm); nuclei stained with Hoechst. Scale bars, 150 pm.

(F) Left: representative phase contrast images of day 6 hPGCLC aggregates differentiated in parallel from CTLO8A hiPSCs (top) and hEGCLCs
(bottom). Scale bars, 250 pm. Right: corresponding flow cytometry density plots. Percentages of EpCAM*/CD49f* cells (i.e., hPGCLCs) are
shown.

(G) Principal-component analysis (PCA) of BTAG bulk RNA-seq profiling of the samples indicated in the legend (hiPSC in duplicate; day 4
hPGCLC in duplicate; hEGCLC PO [14 days after EGC induction] in triplicate; and hEGCLC P3 and hEGCLC P5, nine replicates each).

(legend continued on next page)
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Northrup et al., 2011), completing the naive PSC repertoire
in this species, following the derivation of rat ESCs (Buehr
et al.,, 2008; Li et al.,, 2008) and induced PSCs (iPSCs)
(Kobayashi et al., 2010). In humans, hPGCs can give rise
to germ cell tumors, many of which have pluripotent prop-
erties (Oosterhuis and Looijenga, 2019). However,
although the derivation of human ESCs (Thomson et al.,
1998) and iPSCs (Takahashi et al., 2007) was reported de-
cades ago, to date, human EGCs that exhibit the same
properties have not been derived (Turnpenny et al.,
2006). This inability may stem from species-specific differ-
ences—such as the lack of SOX2 expression in hPGCs
(Perrett et al., 2008)—and the limited access to hPGCs,
particularly at the pre-migratory and migratory stages,
known to be most amenable to EGC conversion in mice
(Labosky et al., 1994; Leitch et al., 2013c). The recent ad-
vances in in vitro induction of human PGC-like cells
(hPGCLCs) have provided a new and exciting tool to study
the early human germline (Irie et al., 2015; Sasaki et al.,
2015). Of note, several labs have developed culture condi-
tions for hPGCLCs’ expansion that maintain their PGC-
like properties (Gell et al., 2020; Kobayashi et al., 2022;
Murase et al., 2020). Modifications to the media composi-
tion can allow the emergence of PSC colonies from prolif-
erating cultures of hPGCLCs (Kobayashi et al., 2022). How-
ever, a defined culture system to consistently trigger this
conversion is still lacking. Building on our previously estab-
lished fully defined, feeder-free culture system for the deri-
vation of mouse EGCs (Borkowska and Leitch, 2021; Leitch
et al., 2013c¢), here we report the development of a fully
defined, feeder-free culture system that enables the transi-
tion of human germline cells (hPGCLCs) to PSCs, called
human embryonic germ cell-like cells (hREGCLCs). We
demonstrate the utility of our novel culture system by un-
dertaking a high-resolution, multi-omics profiling during
the conversion of hPSCs to hPGCLCs and back again, pro-
ducing a rich dataset that provides insight into these
unique and clinically relevant pluripotent transitions and
providing a comprehensive resource for the broader
research community.

RESULTS

hEGCLC derivation from hPGCLC in defined and
feeder-free conditions

Given the similar requirements for PGCLC induction be-
tween mouse and human, we hypothesized that the factors

that trigger the conversion of PGCs (or PGCLCs) to PSCs
might also be conserved.

First, hPGCLCs were differentiated from human PSCs
(hPSCs) through incipient mesoderm like-cells (iMeLCs), us-
ing a well-established protocol (Sasaki et al., 2015)
(Figures 1A and 1B). At day 4 or 6, hPGCLCs were identified
by the expression of BLIMP1 and TFAP2C fluorescent re-
porters (BTAG) (Sasaki et al., 2015) or by using previously
published cell surface markers, EpCAM (CD326) and
integrina6 (CD49f) (Sasaki et al., 2015; Yamashiro et al.,
2020) (Figure 1C). After sorting, hPGCLCs were plated on
Geltrex in an induction medium containing the same factors
that trigger efficient EGC conversion in mice (N2B27 basal
medium supplemented with human leukemia inhibitory
factor [hLIF], the GSK3 inhibitor CHIR99021 [CH], forskolin
[FK], basic fibroblast growth factor [bFGF], human stem cell
factor [hSCF], and retinoic acid [RA] [see methods]). After
48 h, the medium was transitioned to standard hPSC media
by half medium changes. In these defined and feeder-free
culture conditions, we observed the emergence of colonies
that resembled hPSCs. After 10-14 days, these colonies
were picked, expanded, and maintained using standard
hPSC culture protocols (Figures 1A and 1B). Using this proto-
col, we have derived multiple such cell lines from hPGCLCs
induced from both hiPSCs and ESCs (male and female,
supplemental methods). In keeping with a previous study
(Kobayashi et al., 2022), we have designated these cell lines
as hEGCLC:s to reflect their origin from hPGCLCs.

Next, we monitored the transition from hPGCLC to
hEGCLC using live cell imaging. Cultured hPGCLCs
initially exhibited a typical migratory morphology, but
over the first week of culture, small colonies began to form
and by day 14 colonies with the typical appearance of hPSCs
were present (Figure 1B). Live imaging of the BTAG fluores-
cent reporters (Sasaki et al., 2015) indicated that the hPGC
hallmark genes TFAP2C and BLIMP1 are downregulated
from around day 7 of the culture and are no longer expressed
in hEGCLC lines (Videos S1 and S2). In addition, we per-
formed live imaging using a previously published SOX2 re-
porter cell line (Balboa et al., 2017), which revealed a recip-
rocal transcriptional upregulation of the pluripotency gene
SOX2 over a similar time frame. As expected, SOX2 expres-
sion was maintained thereafter in hEGCLCs (Video S3).
Thus, live imaging indicates that downregulation of the
PGC program occurs in a similar time frame to the upregula-
tion of SOX2 and also rules out that hEGCLC colonies
emerge from contaminating undifferentiated hPSCs.
hEGCLCs maintain karyotypic stability when assessed at

(H) Mean average (MA) plot showing the mean normalized counts (x axis) and shrunken log2 fold-change values of expressed genes for the
following pairwise comparisons: hEGCLC PO vs. hiPSC; hEGCLC P3 vs. hiPSC; hEGCLC P5 vs. hiPSC (from left to right, respectively), BTAG line.
Differentially expressed genes (DEGs) after p value adjustment (g value < 0.01) are displayed in red (upregulated) or in blue

(downregulated).
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Figure 2. Longitudinal transcriptomic profiling at single-cell resolution

(A) Schematic of the pseudo-bulk differential expression analysis done on the scRNA-seq data (CTLO8A line). From left to right: UMAP
visualization of all cells in the dataset, after pre-processing and filtering, colored by annotated cell type (hiPSC, human induced
pluripotent stem cell; iMeLC, incipient mesoderm-Like cell; hPGCLC, human primordial germ cell-like cell; hEGCLC, human embryonic germ
cell-like cell; MLC, mesoderm-like cell; AmLC, amnion-like cell; EndLC, endoderm-like cell; HEP, hemato-endothelial progenitor. PCA plot of
pseudo-bulk counts, colored by annotated cell types. An unsupervised approach was used to identify the clusters of gene expression
patterns, which were then used as input for functional enrichment analysis.

(B and C) Boxplots of pseudo-bulk log-normalized level of expression (y axis) of representative genes upregulated or downregulated in
hPGCLC. Boxes depicts the lower and upper quartiles of the distribution while whiskers extend to the minimum and maximum of the
distribution up to 1.5 of the inter-quartile range of the box.

(D) Heatmap of gene clusters obtained as described in (A). Clusters of genes upregulated (cluster 6) or downregulated (cluster 1) in hPGCLC
compared to hiPSC, iMeLC, and hEGCLC are highlighted with a red box.

(legend continued on next page)
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passage 5 (PS) and P10 (Figure S1A), can be freeze-thawed,
and maintain the same undifferentiated morphology after
at least 20 further passages. They express pluripotency
markers SOX2, OCT4, NANOG, and SSEA-4 and no longer
express PGC markers such as TFAP2C, BLIMP1, and
SOX17 (Figures 1D and S1B-S1D; Video S2). hEGCLCs can
differentiate into all three germ layers (Figures 1E and S1E)
and can form hPGCLCs once again, with an efficiency com-
parable to that of the parental hiPSCs (Figure 1F). Thus,
hEGCLCs show the broad in vitro differentiation capacity ex-
pected from hPSC lines.

Finally, we investigated the efficiency with which
hPGCLCs can give rise to hEGCLCs. In initial experiments,
we plated 10 hPGCLCs per well in a 96-well plate and
counted the number of hEGCLC colonies that emerged after
14 days. This revealed a derivation efficiency between 3%
and 18% (Figure S1F). The variability in derivation efficiency
is in keeping with findings in hiPSC derivation and EGC
derivation from other species. However, we also observed
broad patterns depending on the parental cell line used,
which may reflect genetic background or other cell-line-spe-
cific factors. The highest efficiencies obtained approach
those reported for mouse EGC derivation from wild-type
PGCs in optimized conditions (Leitch et al., 2013c). Howev-
er, as we have previously observed that mPGCs can give rise
to more than one EGC colony (Leitch et al., 2013¢), we
sought to confirm these findings using singly plated
hPGCLCs. For the cell line tested, we obtained a broadly
similar derivation efficiency (Figure S1G) and observed no
examples of wells containing more than one primary col-
ony. This confirms that single hPGCLCs can give rise to
hEGCLCs and suggests, unlike for mouse PGCs, that signif-
icant overestimation of conversion efficiencies is unlikely to
occur due to single hPGCLCs forming multiple hEGCLC
colonies. Collectively, these results establish the first fully
defined and highly efficient method to derive hEGCLCs.

Transcriptional profiling of the hPGCLC-to-hEGCLC
transition

A benefit of an efficient and defined cell culture system is
that it facilitates downstream molecular profiling. We first

undertook transcriptomic profiling by bulk RNA sequencing
(RNA-seq) of the hiPSC parental line, day 4 hPGCLCs, and
hEGCLCs at PO (14 days after hEGCLC induction), P3
(hEGCLCs P3), and P5 (hEGCLCs PS) (Figure 1G). This re-
vealed that by PS, hEGCLCs cluster together with hiPSCs
in principle-component analysis (PCA), pointing to the
similarity of their transcriptomes (Figure 1G). Further, the
number of differentially expressed genes (DEGs)
between hEGCLCs and hiPSCs is reduced from 467 at PO
to only 46 at P3 and 50 at PS5 (Figure 1H; Table S1). The
high number of DEGs at PO likely reflects a still mixed
population of hEGCLCs and non-reprogrammed cell types.
Established hEGCLC lines express pluripotency genes at
similar levels to hiPSCs and have downregulated PGC genes
(Figure S1H). These results confirm that hEGCLCs estab-
lished from hPGCLCs are transcriptionally similar to
hiPSCs, further confirming their identity as PSCs.

To increase the resolution of transcriptome analysis, we
profiled hiPSC, iMeLC, day 6 hPGCLC aggregates, and
hEGCLC transcriptomes at the single-cell level, obtaining
27,925 high-quality cells (see methods). To reduce the
dimensionality of the dataset, we applied PCA (Figure S2A)
on highly variable genes (HVG) selected with Triku
(Ascension et al., 2022) and uniform manifold approxima-
tion and projection (UMAP) (Figure S2B).

We first confirmed hiPSC, hEGCLC, and iMeLC identity
by checking the expression of pluripotency (SOX2, DPPA4,
PRDM14, and ZICS5) and iMeLC (EOMES, SP5, and MIXL1)
markers, respectively (Figures 2A left, S2C, and S2D). This
first instance of hEGCLC single-cell RNA sequencing
(scRNA-seq) profiling exposed their remarkable, hiPSC-
equivalent degree of homogeneity (Messmer et al., 2019)
(Figures 2A left and S2B). We then systematically annotated
the identity of each cell population captured by analyzing
the expression of validated markers from the existing
knowledge bases (Chialastri et al., 2022; Choi et al., 2012;
Guo et al,, 2015; Kojima et al.,, 2017; Nakamura et al.,
2016; Sasaki et al., 2015; Zheng et al., 2021), including
markers from a reference single-cell dataset of a gastrulating
human embryo (Tyser et al., 2021) (Figure 2A left; Table S2).
We annotated cells expressing PGC markers (NANOS3,

(E and F) Dot plot of significantly enriched gene ontology (GO) terms (biological processes category, BP) for gene clusters 6 (E) and 1 (F),
highlighted in (D). y axis: GO term; x axis: —log(p value). Color gradient indicates the enrichment ratio (ER) > 2, and dot dimension
indicates gene ratio. The dotted vertical line indicates the p value threshold at 0.01.

(G) Clustered heatmap of Spearman’s correlation coefficient between the annotated cell types.

(H) Heatmap of Pearson’s correlation coefficient of TF activity between annotated cell types.

(I) Heatmap of pseudo-bulk gene expression of the 82 genes upregulated in hEGCLC compared to hiPSC. Color gradient: scaled log-

normalized expression.

(J) Dot plot of significantly enriched GO terms (BP category) of DEGs in (I). Threshold as in (E).

(K) Top 12 genes by false discovery rate (FDR) for each of the top 5 GO terms shown in panel (J). Color gradient indicates logFDR.

(L) Boxplots of pseudo-bulk log-normalized level of expression (y axis) of PIWIL2 gene in hiPSC, iMeLC, hPGCLC, and hEGCLC (x axis). Boxes
depicts the lower and upper quartiles of the distribution while whiskers extend to the minimum and maximum of the distribution up to 1.5

of the inter-quartile range of the box.
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CD38, KLF4, TFAP2C, PRDM1, SOX17, KLF4, and PIFO) as
hPGCLCs; cells expressing amnion markers (TFAP2A,
GATA3, ISL1, WNT6, GABRP, and HAND1) as amnion-like
cells (AmLCs), cells expressing endoderm markers
(FOXA2, APOA1, APOB, TTR, FGB, and MTTP) as endo-
dermd-like cells (EndLCs), cells expressing hemato-endothe-
lial markers (MEF2C, GMFG, LAPTMS5, ICAM2, and LMO2)
as hemato-endothelial progenitors, and cells expressing
mesoderm markers (HAND1, GATA6, FOXF1, and SNAI2)
as mesoderm-like cells (Figures 2A left, S2C, and S2D).
These data outline a heterogeneous composition of
hPGCLC aggregates (Figure S2B, green cluster), recapitu-
lating cell types present in the early phases of human em-
bryo development (Rossant and Tam, 2022; Shahbazi and
Zernicka-Goetz, 2018), as also highlighted in other studies
(Bleckwehl et al., 2021; Castillo-Venzor et al., 2023).

To compare our in vitro model with publicly available
in vitro data, we projected our longitudinal scRNA-seq
data on the scRNA-seq dataset from an external in vitro
reference (Chen et al., 2019), where hPGCLCs were differ-
entiated from human ESCs (hESCs) using the same proto-
col (Sasaki et al., 2015) (Figure S2E). We confirmed how
our hPGCLCs map onto the published NANOS3* cells
(i.e., hPGCLCs), as well as iMeLCs onto iMeLCs and hiPSCs
onto hESCs (Figure S2F). Interestingly, hEGCLCs, present
only in our dataset, map onto published hESCs, further
confirming their transcriptional overlap with hPSCs
(Figure S2F), as also evident from their quite even distribu-
tion among the clusters we annotated as hEGCLC and
hiPSC in our dataset (Figures 2A left and S2B; Table S2).

Finally, we benchmarked our in vitro data with in vivo
fetal references (human prenatal gonads from 6 to 16 weeks
post-fertilization (Chitiashvili et al., 2020; Guo et al,,
2021), Figure S2G and Table S2) noting how our hPGCLCs
resemble germ cells rather than fetal somatic cells
(Figure S2H).

Longitudinal gene expression patterns reveal the
emergence and dissolution of germline identity
To identify gene expression patterns throughout differenti-
ation, we analyzed our scRNA-seq data through a pseudo-
bulk approach (Hao et al., 2021; Lun and Marioni, 2017;
Zimmerman et al., 2021) to leverage the statistical rigor of
generalized linear models for differential expression anal-
ysis (Squair et al., 2021). We aggregated the cells according
to the annotated cell types (Figure 2A), keeping each repli-
cate separate, and found that different replicates of the
same cell type cluster together, as do hiPSCs and hEGCLCs
(Figure 2A middle), as also confirmed by Spearman’s corre-
lation analysis (Figure 2G).

Next, we defined groups of DEGs showing specific longi-
tudinal expression patterns, in the four key cell types
(namely, hiPSCs, iMeLCs, hPGCLCs, and hEGCLCs), using
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an unsupervised approach. We computed the log fold-
change (1ogFC) of genes in the latter three cell types with
respect to their expression levels in hiPSC, filtered by a min-
imum significance of 0.01, and then used the logFC to
identify the groups of interest (Robinson et al., 2010)
(supplemental methods; Figure 2A right). Of the 15 clusters
identified (Figure 2D; Table S3), we noted that clusters 2
and 6 include genes (such as NANOS3, SOX17, CD38,
TFAP2C, and DNMT3L; Figure 2B) whose expression in-
creases in hPGCLCs and decreases again in hEGCLCs and
clusters 5 and 1 that include genes (such as SOX2, SOX3,
ZICS, SALL1, and DNMT3B; Figure 2C) that show the
reciprocal pattern. These expression patterns are aligned
with what is already known from hiPSC-to-hPGCLC
developmental transition (Chen et al., 2019; Sasaki et al.,
2015), demonstrating the robustness of our experimental
and analytical approach and adding new insights into
hPGCLC-to-hEGCLC transition.

We then performed functional enrichment analysis
(Alexa and Rahnenfiihrer, 2022) on these DEGs, focusing
on clusters 6 and 1, which show the strongest up/downre-
gulation in hPGCLCs compared to the other three cell
types (Table S3). For cluster 6 (genes upregulated in
hPGCLCs), we identified terms related to cell fate determi-
nation and embryo development and morphogenesis
(Figure 2E). Interestingly, top genes (by false discovery
rate) associated with these terms are SOX17, CD38,
ITGB3, and GATA transcription factors (TFs), known early
PGC markers (Irie et al., 2015; Kojima et al., 2021), genes
related to WNT signaling pathway (such as WNT7A
[Castillo-Venzor et al., 2023; Overeem et al., 2021]), already
known to be upregulated upon hPGCLC differentiation (Jo
et al., 2022; Kojima et al., 2017; Yamashiro et al., 2018), as
well as genes involved in PGC migration (such as EDN1,
MSX1, and MSX2 Kojima et al., 2017; Kojima et al., 2021;
Sun et al., 2016) (Figure S2I). Instead, among DEGs from
cluster 1 (genes downregulated in hPGCLCs), we identified
terms related to differentiation toward other lineages, such
as regulation of dendrite extension, platelet activation, and
inflammatory response (Figures 2F and S2J). This is consis-
tent with the need to not only activate germ-cell-specific
genes but also to repress genes specific for other cell line-
ages (Kojima et al., 2017; Sasaki et al., 2015; Surani et al.,
2007; Tang et al., 2022).

Next, to investigate the regulatory logic of the develop-
mental transitions exposed by our longitudinal design,
we performed TF activity inference using decoupleR pack-
age (Badia-I-Mompel et al., 2022) and DoRothEA regulons
collection (Garcia-Alonso et al., 2019). First, we conducted
a correlation analysis of TF activity that highlighted
the highest regulatory similarity between hiPSCs and
hEGCLCs (Pearson’s correlation coefficient equal to 0.99)
(Figure 2H). Among the 292 TFs considered in the analysis



(see supplemental methods), we selected those relevant to
pluripotency, as well as germ cell and endoderm specifica-
tion pathways, and plotted them in a UMAP to visualize
the inferred TF activity scores. NANOG and OCT4 (i.e.,
POUSF1) scores are higher in hiPSC and hEGCLC clusters,
whereas TFAP2C score is higher in AmLC and hPGCLC
clusters, and FOXAZ2 score in EndLC cluster, consistent
with our own and others’ previous findings (Castillo-
Venzor et al., 2023) (Figure S2K).

To deepen the investigation of finer differences between
hiPSCs and hEGCLCs, we performed differential expres-
sion analysis focusing specifically on this comparison. We
used the pseudo-bulk approach and found 34 genes down-
regulated (Figure S2L; Table S3) and 82 genes upregulated
(Figure 2I; Table S3) in hEGCLCs compared to hiPSCs. By
performing a functional enrichment analysis on the
hEGCLC upregulated genes, we found terms related to
PIWI-interacting RNA (piRNA) metabolic processes and
spermatogenesis. PIWIL2 is one of the top genes associated
with these terms (Irie et al., 2023) (Figures 2J and 2K;
Table S3), and we noted its expression level is higher in
hPGCLCs than in hiPSCs and then does not decrease in
hEGCLCs (Figure 2L).

In summary, this longitudinal transcriptomic profiling
at single-cell resolution elucidated the gene expression
patterns and the transcriptional logic underlying the tran-
sitions from the hPSC state to hPGCLCs and back.

GRN analysis highlights key regulators of hEGCLC
transcriptional program

To better investigate the regulatory logic governing the
reprogramming from PSCs to germ cells and back, we
performed gene regulatory network (GRN) analysis using
CellOracle (Kamimoto et al., 2023), leveraging our own
scRNA-seq dataset alongside publicly available Assay for
Transposase-Accessible Chromatin using sequencing
(ATAC-seq) profiles (Chen et al., 2018; Gu et al., 2024).
For GRN construction, we associated each regulatory re-
gion (identified by chromatin accessibility) with a target
gene (among the HVGs and a list of selected genes, see
supplemental methods and Table S4) and with one or
more TFs, building the TF-target gene graphs. From this
first GRN, we harnessed our transcriptomic data to build
four different cell-type-specific GRNs (hiPSC, iMeLC,
hPGCLC, and hEGCLC GRN, Table S4).

First, we considered two key GRN parameters: the
betweenness centrality (i.e.,, a measure proportional to
the number of times each TF connects to other nodes in
the network, indicating the importance of each TF in that
GRN, Figure 3A) and the out-degree centrality (i.e., a mea-
sure of the number of edges that go out from that node, a
measure of the number of targets regulated by that TF
within the network, Figure S3A). This analysis revealed

that the top regulators of hiPSC and hEGCLC GRN are
MYC, HDAC2, ZIC5, and SP3. Instead, for iMeLC, EOMES
and SP5 emerged as master regulators, as expected (Sasaki
et al., 2015), together with TFs such as ENO1 and HDAC2
that are in common with their pluripotent precursors. As
for hPGCLC, among the top regulators we identified
TFAP2C, PRDM1 (i.e., BLIMPI), and KLF4, in line with
what is already known in literature (Chen et al., 2018;
Kojima et al., 2017, 2021; Saitou and Hayashi, 2021), con-
firming the robustness of our analysis, but also REST, which
has been only recently identified as an important TF in
PGCs (Cheng et al., 2024) (Figures 3A and S3A). These
top regulators also emerged when comparing GRNs of
these cell types in pairs (Figure 3B).

We then assessed the cooperativity among the TFs of the
GRN, for each cell type, by using a hypergeometric test to
evaluate the statistical significance of their overlap in terms
of shared targets. In hiPSC and hEGCLC GRNs, among the
top cooperating TFs we identified TFs belonging to ID, TCEF,
FOXO, and SOX families, known to be associated with plu-
ripotency (Jiang et al., 2022; Santini et al., 2024; Sierra
et al., 2018; Wong et al., 2016); in iMeLC again, ID, TCF,
FOXO, but also REST, SP3, and SP5; and in hPGCLC,
KLF4, PRDM1, TFAP2C, REST, and STATZ2 (Figure 3C). We
also performed the same analysis, in a supervised way,
focusing on known TFs of interest, confirming the results
obtained so far and highlighting the high number of com-
mon targets between top cooperating TFs for each cell type.
For example, the pairs MYC-HDACZ2 and MYC-SP3 in hiPSC
and hEGCLC with 761 and 811, 742 and 806 common tar-
gets, respectively, and TFAP2C and PRDM1 with 389 com-
mon targets in hPGCLC (Figure S3B).

In summary, GRN analysis highlighted how hiPSC and
hEGCLC have a similar regulatory logic in terms of key
TFs and target genes, suggesting MYC, ZIC5, HDAC2, and
SP3 as the key regulators and how these regulatory net-
works differ from that of hPGCLC, in which TFAP2C,
PRDM1, KLF4, and REST emerged as master regulators.

Longitudinal DNA methylation profiling to
investigate the reversibility of epigenetic states

During their migratory phase, hPGCs initiate a wave of
global DNA demethylation, including significant loss of
methylation at imprinting control regions (Gkountela
etal., 2015; Guo et al., 2015; Tang et al., 2015). To evaluate
the extent to which our in vitro model recapitulates the
genome-wide reprogramming events occurring in vivo, we
profiled its DNA methylation levels longitudinally by enzy-
matic methyl sequencing (EM-seq) (Vaisvila et al., 2021).
As evident from the PCA plot, samples corresponding to
the same differentiation step cluster together, with the first
principal component (PC1) explaining 36% of the vari-
ance, mainly driven by hPGCLCs (Figure 4A). hiPSCs and
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Figure 3. GRN analysis highlights key regulators of hEGCLC transcriptional program
(A) Dot plot of top-ranking transcription factors (TF) based on betweenness centrality (x axis) measured for each cell type (reported in

each plot title).
(B) Scatterplot of eigenvector centrality measured for each TF in each cell type. Each plot represents the comparison of two cell types

reported in the axis title.
(C) Dot plot of enrichments measured in each cell type (indicated in each plot title) for the overlap of targets for each couple of TF

considered. The top 30 TF couples are reported based on the significance (—log10[p value]) of the hypergeometric test measured on the
overlap between targets of the two TF reported on the y axis, with respect to the genes expressed in each cell type. Dot size is proportional

to the size of the intersection. Color is proportional to significance.
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Figure 4. Longitudinal DNA methylation profiling to investigate the reversibility of epigenetic states

(A) PCA plot of CpG methylation levels of hiPSC, iMeLC, day 6 hPGCLC, and hEGCLC (hiPSC and iMeLCin quadruplicate; hPGCLC and hEGCLC in
triplicate; CTLO8A Lline). PC1 and PC2 explain 36% and 19% of the variability, respectively.

(B) Violin plots show the distribution of single CpG methylation levels (as percentage, y axis) at each measured region in each sample,
x axis. Red horizontal bars indicate the median methylation level.

(C) Bar plots showing the number of differentially methylated regions (DMRs, x axis) for each comparison between the four cell types in
pairs (v axis). Green/orange bars indicate the number of DMRs that gain/loss methylation in the first term of the comparison, respectively.
(D-F) Heatmaps of CpG average methylation level for each DMR (on the rows), for each of the samples analyzed (columns: hiPSC and iMeLC
in quadruplicate, day 6 hPGCLC and hEGCLC in triplicate). (D) hPGCLC vs. hiPSC comparison; (E) hPGCLC vs. hEGCLC comparison; (F) hEGCLC
vs. hiPSC comparison. Color gradient indicates the level of CpG methylation. DMRs are clustered on the rows according to the genomic
region annotation depicted in the figure legend.

(G) Heatmap of pseudo-bulk expression level in hiPSC, iMeLC, hPGCLC, and hEGCLC of key genes involved in DNA demethylation and
imprinting regulation.

(H) Clustered heatmap of average methylation levels of CpGs belonging to imprinted genes (rows) for each of the samples analyzed.

(I and J) DMR plots of four imprinted regions. Each dot represents the methylation level (y axis) of an individual CpG locus in a single
sample. Size is proportional to the coverage. The lines represent smoothed methylation levels for each sample (hiPSC, iMeLC, hPGCLC, and
hEGCLC). Gene exons and CpG annotations are shown below the plot if nearby.
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hEGCLCs do not separate along the first principal compo-
nent (PC1) but do so along the second one (PC2), which ex-
plains 19% of the variance (Figure 4A).

Violin plots showing the percentage of global genomic
DNA (gDNA) methylation for each sample suggests a
gradual decrease in median methylation level along differ-
entiation (hiPSC - iMeLC — day 6 hPGCLC), with a vari-
ation in median methylation levels between hiPSCs and
hPGCLCs of about 20% (Figure 4B; Table S5), consistent
with previous reports (Kobayashi et al., 2022; Sasaki et al.,
2015). However, median gDNA methylation recovers in
hEGCLGCs, reaching levels just slightly below those of
hiPSCs, indicating that the global gDNA demethylation
in hPGCLC:s is largely reversible (Figure 4B; Table S5).

Next, we focused on the regions that in pairwise compari-
sons between the cell types show significant DNA methyl-
ation differences (i.e., greater than 25%), and designated
these as differentially methylated regions (DMRs, see
supplemental methods). Bar plots showing the total number
of DMRs for each comparison confirm that hPGCLCs pre-
sent lower methylation relative to all other cell types
(Figure 4C). This is also evident by plotting CpG mean
methylation levels for each DMR in heatmaps (Figures 4D-
4F) and violin plots (Figures S4A-S4C; Table S5). Considering
the DMRs identified in the hiPSC-hPGCLC comparison
(Figure 4D), hEGCLCs have CpG methylation levels similar
to hiPSCs. The examples of regions showing a significant
loss of methylation in hPGCLCs compared to hiPSCs and
hEGCLCs are depicted in Figure S4D. Functional enrichment
analysis performed on genes associated with these DMRs
(hPGCLC-hiPSC and hPGCLC-hEGCLC) highlights the
terms mainly related to the regulation of cell shape, histone
deacetylation, and regulation of Hippo signaling (Figure S4E;
Table SS5).

To quantify thelevels of both 5-methylcytosine (5SmC) and
5-hydroxymethylcytosine (ShmC), we used liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS, see
supplemental methods). This analysis confirmed a decrease
in 5mC levels in hPGCLCs compared to hiPSCs and
hEGCLCs (Figure S4F top) and highlighted an increase in
ShmC levels in hPGCLCs compared to the pluripotent cell
types (Figure S4F bottom). This is in line with the initiation
of methylome resetting in nascent hPGCLCs via oxidation
of 5SmC to ShmC by TET enzymes at certain loci (Iurlaro
et al., 2017; Tang et al., 2015; Zeng and Chen, 2019).

We also examined the expression of genes involved in
the regulation of DNA methylation in our scRNA-seq data-
set. The expression of DNA methyltransferases (DNMT1
and DNMT3A/B) decreases in hPGCLCs compared to
hiPSCs but recovers in hEGCLCs. In contrast, the expres-
sion of TET1 and TET2 demethylases and of DNMT3L is
low in hiPSCs and hEGCLCs and increases in hPGCLCs
(Figure 4G). However, we were surprised to find that the
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expression of the DNMT1 cofactor UHRF1 increases as
hiPSCs differentiate to hPGCLCs but does not decrease in
hEGCLCs (Figure 4G).

Finally, we explored specific DMRs in hEGCLCs
compared to hiPSCs, of which we identified 712 hypome-
thylated and 20 hypermethylated regions (Figures 4C and
4F). Functional enrichment analysis performed on hypo-
methylated regions highlighted the terms related to cell
adhesion and regulation of small GTPase-mediated signal
transduction (Figure S4G). Intriguingly, the promoter of
PIWIL2 is among these hypomethylated regions, in keep-
ing with its increased expression in hEGCLCs compared
with hiPSCs (Figure S4H). These hypomethylated regions
emerge as PSCs passage through a germ cell state and there-
fore may reflect an “epigenetic memory” of this cell fate
transition. To investigate how stable these epigenetic dif-
ferences are, we analyzed DNA methylation in later passage
hEGCLCs (P10) and found almost complete reversion to
the pattern observed in hiPSCs (Figures S5A and SS5B).
Indeed, hEGCLCs_P10 show only 99 hypomethylated
and 26 hypermethylated regions compared to hiPSCs
(Figure S5C). Some of these DMRs remain demethylated
to the same extent as in hEGCLCs_P5 (such as HTRA4 pro-
moter region, Figure S5D), while other regions show a par-
tial remethylation (such as ZNF490 promoter region,
Figure SSE). It is possible that with further passaging,
DNA methylation may completely recover at these regions.
Indeed, the majority of DMRs at PS5 are fully methylated by
P10, including the PIWIL2 promoter region (Figure SSF).

We next focused on regions subjected to genomic
imprinting. Loss of DNA methylation at imprinting control
regions has been observed in many mouse EGC lines
(Labosky et al., 1994; Shovlin et al., 2008; Tada et al.,
1998), although EGC lines derived from early PGCs can
emerge with imprints intact (Leitch et al., 2013b). Global
methylation levels at the different human imprinted re-
gions are similar in hiPSCs, iMeLCs, hPGCLCs, and
hEGCLCs (Figure 4H; Table S6). This pattern is exemplified
by PEG3 (Li et al., 2016; Yeung et al., 2018) and PEG10-
SGCE (Ono et al., 2001; Peall et al., 2013), the two im-
printed regions with the highest coverage in terms of the
number of CpGs detected in our dataset (Figures 41 and
S5@G). As such, hPGCLCs largely recapitulate early hPGC
development (around post-conceptional weeks 2-3),
when imprinted regions have not yet undergone DNA de-
methylation (Gell et al.,, 2020; Hackett et al.,, 2013b;
Hargan-Calvopina et al., 2016; Hill et al., 2018; Vincent
etal., 2013; Yamashiro et al., 2020). Interestingly, however,
we noted that hPGCLCs downregulate ZFP57 and ZNF445
(Figure 4G), two regulators critical for imprinting mainte-
nance (Takahashi et al., 2019), and that selected imprinted
regions including PLAGI-HYMAI (Arima et al., 2006),
GNAS (Kalish et al.,, 2014; Kelsey, 2010; Turan and



Bastepe, 2013) (Figures 4] and S5H), and MEST (Kobayashi
et al,, 1997), exhibited lower levels of methylation in
hEGCLCs (both at PS5 and P10) when compared with
hiPSCs and hPGCLCs. These imprinted regions overlap
with those that have recently been reported to be demethy-
lated during the early stages of hPGCLC culture (Murase
et al., 2024). It is therefore possible that these loci are
more susceptible to DNA demethylation or that factors
used to culture hPGCLCs in vitro play a role in triggering
their demethylation. We also note that imprint instability
in culture is a well-described phenomenon during PSC cul-
ture (Baretal., 2017; Humpherys etal., 2001). The extent to
which loss of DNA methylation at imprinted regions dur-
ing in vitro culture of PGCs/PGCLCs accurately reflects
the in vivo process of imprint erasure and whether this
can be manipulated by altering the culture environment
are important areas for future study.

Overall, these data confirm that the initial demethyla-
tion associated with hPGCLC induction is largely revers-
ible, but subtle epigenetic differences remain, including
reduced DNA methylation at a subset of imprinted loci.

Multi-omics GRN analysis identifies key regulators of
the pluripotency-germline transitions

Leveraging the multi-omics nature of our longitudinal da-
taset, we integrated DNA methylation and transcriptomic
data to further dissect the master regulators governing
the pluripotency-germline transitions. Focusing on genes
exhibiting an inverse correlation between methylation
levels at their regulatory regions and their expression, we
specifically examined those that were upregulated or
downregulated in hPGCLCs compared to PSCs (both hiPSC
and hEGCLC) (Figures 2D and 5A).

Master regulator analysis (MRA) on these differentially
methylated and expressed genes (AMdE, see supplemental
methods) identified 136 key TFs (Figures 5B and S6B). Inter-
estingly, while only 7 of these TFs emerged as key regulators
across all 4 cell types, we observed that subsets of the TFs
exhibited cell-type specificity, with 52 TFs, including
members of the GATA, SOX (Kojima et al., 2021), and
ZNF families (Tang et al., 2015), specific for hPGCLCs, 10
TFs specific for hiPSC (IRX3, NFATC4, ATOHS, PRDM11,
PKNOX2, NR5A2, TBX3, MEF2B, GBX2, and HDAC?2), and
4 specific for hEGCLC (SOX18, ZNF394, RXRG, and
MYC). This observation confirms our previous identifica-
tion—from the transcriptomic-specific analysis—of MYC
and HDAC2 as top regulators of pluripotency networks.
However, despite the similarities between hiPSC and
hEGCLC GRNs, key regulatory differences exist, particu-
larly in genes that display dynamic expression and
methylation profiles during the reprogramming process
(Figure S6A). Furthermore, our analysis revealed that
among the 136 TFs regulating dMdE genes, 11 were them-

selves dMdE (Figures 5C, 5D, and S6C) and 17 were methyl-
ation-sensitive TFs, namely TFs for which the methylation
state of their recognition sequence can directly modulate
their binding affinity (Grand et al., 2024; Isbel et al.,
2022; Kaluscha et al., 2022; Yin et al., 2017) (Figure S6D;
Table S7).

These findings highlight the intricate interplay between
DNA methylation and transcriptional regulation during
germline differentiation and reprogramming, and under-
score the importance of considering both epigenetic and
transcriptomic dynamics to study these processes.

Escapee regions are hypermethylated compared to
non-escapee regions and resistant to reprogramming
Previous studies reported “escapee” regions that exhibit
resistance to DNA demethylation in both mouse (Hackett
et al., 2013a) and human PGCs (Tang et al., 2015) and
proposed these as candidates that might mediate epige-
netic inheritance (Tang et al., 2015). Our protocol presents
a unique opportunity to study how these epialleles behave
during germline induction and subsequent reprogram-
ming to hEGCLCs. Among the 3,680,616 CpG loci
analyzed, 9,113 fall within the escapee regions identified
by Tang et al. (2015) (Table S6). A PCA plot of CpG methyl-
ation levels at the escapee regions shows how hiPSCs and
hPGCLCs separate along the first PC (explaining 20% of
the variance); however, conversion to hEGCLCs is not
accompanied by a reversion in methylation at early pas-
sages, as hEGCLCs_P5 cluster together with hPGCLCs
along PC1. hPGCLCs and hEGCLCs separate only along
PC2 (that explains 16% of the variance) (Figure 6A). This
contrasts markedly with the PCA plot of non-escapee re-
gions (Figure S7A). The non-escapee pattern is almost iden-
tical to the combined PCA plot (Figure 4A), as expected,
since the majority of the CpG loci belong to non-escapee
regions.

We then compared the distribution of CpG mean
methylation levels in escapees vs. non-escapee regions
(Figure 6B), noting how non-escapee regions follow a
bimodal distribution (Figures 6B and S7B), as expected,
whereas escapee regions follow a unimodal distribution,
shifted toward higher methylation levels (Figures 6B
and 6C). A recent paper from Saitou’s laboratory also
identified escapee regions in their hPGCLC expansion
culture (Murase et al.,, 2024). We therefore checked
the CpG methylation level of the list of escapee
regions from (Murase et al., 2024; 192,309 escapee regions,
207,478 CpGs), confirming a similar unimodal distribution
(Figure S7D). We also explored the behavior of escapee re-
gions from Tang et al. (2015) in a whole genome bisulfite
sequencing (WGBS) dataset from Hsu et al. (2023), con-
firming both in hESC and day 4 hPGCLC the unimodal dis-
tribution skewed toward high methylation levels
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Figure 5. Multi-omics GRN analysis identifies key regulators of pluripotent state transitions

(A) Schematics of the selection strategy for differentially methylated and expressed (dMdE) genes by integration of DEGs and DMRs. MRA
was then performed to identify TFs responsible for the regulation of those genes.

(B) Dot plot of TFs (y axis) significantly requlating dMdE genes in each cell type (x axis). Dot color represents enrichment (>2) and dot size
represents —log10(p value) > 1.3 (p value < 0.05).

(C) Dot plot of dMdE TFs (x axis) significantly regulating dMdE genes in each cell type (v axis). Dot color represents enrichment (>2) and dot
size represents —log10(p value), (p value < 0.05).

(D) GRNs visualization (one for each of the four cell types), highlighting the 11 TFs (colored) that are differentially expressed and
differentially methylated and that requlate dMdE genes. Their targets and regulators are in gray.
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Figure 6. Context-dependent regulation of DNA methylation at escapee regions

(A) PCA plot of CpG methylation levels of escapee regions of hiPSC, iMeLC, day 6 hPGCLC, and hEGCLC, CTLO8A line. PC1 and PC2 explain 20%
and 16% of the variability, respectively.

(B) Density plot of methylation level distributions of the 9,113 CpGs within escapee regions and of 500 sets of 9,113 randomly selected
CpGs within non-escapee regions (cell types collapsed by average).
(C) Density plot of the methylation level distribution of the 9,113 CpGs within escapee regions, colored by cell type.

(D) Violin plots of CpG methylation levels of escapee regions (percentages, y axis) for each sample (x axis). Red horizontal bars indicate the
median methylation level.

(E) Dot plot of enriched GO terms (BP category) for the genes annotated to the escapee regions. y axis: GO term; x axis: —log(p value). Color
gradient indicates ER > 2, and dot dimension indicates gene ratio. The dotted vertical line indicates the p value threshold at 0.01.
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(Figures S7E and S7F). These data are consistent with the
tendency of these regions to be hypermethylated and to
escape DNA demethylation (Gao et al., 2023; Tang
et al., 2015).

However, when looking at the escapee regions CpG
methylation distribution by cell type (Figure 6C), we
noticed that methylation levels are lower in hPGCLCs
compared to hiPSCs and even lower in hEGCLCs_P5
(Figures 6D and S7C) (noticeable despite the unimodal
distribution skewed toward increased methylation of these
regions in all cell types). This result points to a peculiar
behavior of these regions during the conversion of
hPGCLCs to hEGCLCs. While the majority of genomic
loci re-accumulate DNA methylation to levels similar to
hiPSCs by PS5, the escapee regions remain relatively deme-
thylated. It is only upon extended culture to P10 that
DNA methylation levels fully recover (Figures S7G and
S7H). Thus, these regions are not simply characterized
by an inherent propensity to maintain high levels of
DNA methylation. Rather, they exhibit a context-depen-
dent response to different forms of epigenetic resetting—
remaining relatively hypermethylated during epigenetic
reprogramming in late PGCs, while remaining relatively
hypomethylated during the generalized reacquisition of
DNA methylation during hEGCLC derivation.

Functional enrichment analysis of the genes
associated with escapee regions included in our analysis
shows an enrichment for terms related to neurodevelop-
ment (Figure 6E), in keeping with previous findings (Tang
et al.,, 2015). As this original study specifically raised the
possibility of intergenerational epigenetic inheritance at
these regions, our finding that escapee regions might be
specifically protected from initial remethylation during
hPGCLC-to-hEGCLC conversion may suggest context-
dependent regulation of DNA methylation at these loci
and establish our culture system as a new paradigm to
investigate the targeted alteration and inheritance of clini-
cally relevant epialleles.

DISCUSSION

Here, we report the first fully defined system to track the
pluripotent state transitions between hPSCs and hPGCLCs.
We demonstrate that hPGCLCs can efficiently convert
back to the PSC state from which they are derived, both
at the functional and molecular level. Our multi-omics
tracking of these transitions provides a high-resolution
map of the transcriptional and epigenomic transitions
upon entry to and exit from the human germline.

Since the first reports of EGC derivation in mice, there
has been significant progress in identifying the factors
that either promote PGC proliferation and/or their conver-
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sion to EGCs (Leitch et al., 2013a). These advances led to
the development of a fully defined system to culture mouse
PGCs and track their conversion to EGCs (Leitch et al.,
2013c). Despite these advances in the mouse, bona fide hu-
man EGCs derived from hPGCs have not yet been reported.
While recent studies have highlighted the differences be-
tween mouse and human PGC development, there are
nevertheless many similarities between the two, both
in vivo and in vitro (Kobayashi and Surani, 2018). Impor-
tantly, the same factors used to trigger mPGCLC induction
are also effective in hPGCLCs (Saitou and Hayashi, 2021).
Our findings establish that the factors that support the deri-
vation of mEGCs also trigger the efficient transition of
hPGCLCs to hEGCLCs, suggesting that the mechanisms
of conversion might be evolutionarily conserved between
mammals, an exciting avenue for future investigation. In
particular, future experiments should address whether the
essential role of LIF-STAT3 signaling in mice is also
conserved in humans.

There has been a previous report of hEGCLC derivation
(Kobayashi et al., 2022), in which the authors initiate
hPGCLC cultures on a feeder cell layer, transition them to
Matrigel in a feeder-cell conditioned medium for long-
term expansion, and then, by subsequent removal of
conditioned medium and culture with FGF2 and SCF
lead to the formation of PSC colonies that can be picked
and expanded as hEGCLC lines. Intriguingly, a recent
report also noted that dedifferentiation can occur in long-
term hPGCLC cultures maintained on feeder cells, albeit
using a different culture medium (Murase et al., 2024).
Thus, it seems possible that feeder cells produce a range
of factors that can either promote or inhibit the emergence
of hEGCLC:s in different contexts. Rather than relying on
their spontaneous emergence from long-term hPGCLC cul-
tures, we have established a dedicated hEGCLC derivation
protocol. Notably, our hEGCLC derivation medium does
not support long-term expansion of hPGCLCs, in keeping
with the idea that unknown factors produced by feeder
cells and present in conditioned medium are key to this
long-term expansion. The system reported here may be
one route to screen for such factors as, unlike other sys-
tems, cultures are initiated and maintained without feeders
or feeder cell-conditioned medium. This will also facilitate
future studies to identify the essential factors and pathways
that enable hPGCLCs to transition to a PSC state. For
instance, performing a time course of single-cell assays
commencing at early time points will allow further charac-
terization of this transition, including a direct comparison
with hPGCLCs that do not convert to hEGCLCs. Future
work should also address whether hPGCLCs can also give
rise directly to naive PSCs, helping to deepen our under-
standing of pluripotent states in humans. In addition, the
recent report that hPGCLCs can be differentiated toward



pro-spermatogonia and oogonia (Murase et al., 2024) will
enable experiments to address whether there is a specific
developmental time window during which hEGCLC deri-
vation is possible.

Our defined culture system facilitated multi-omics longi-
tudinal profiling, which in turn allowed us to capture germ-
line transcriptional program emergence and dissolution.
While hiPSCs and hEGCLCs exhibit substantial transcrip-
tomic similarity, we identified a small subset of genes that
are upregulated in hPGCLCs but do not return to their pre-
vious hiPSC levels in hEGCLCs. In keeping with previous
findings (Kobayashi et al., 2022), this included the germ-
cell-specific gene PIWIL2. Our data demonstrates that this
transcriptional memory of transition through a germline
state coincides with failure to re-establish DNA methyl-
ation at PIWIL2’s promoter at early passages, suggesting
that the gene expression differences may be driven by an
initial incomplete epigenetic resetting. Upon extended
passaging, DNA methylation levels recovered at PIWIL2
and most other loci. Intriguingly, we observed a similar
phenomenon at previously reported escapee regions, sug-
gesting that these regions are not simply resistant to DNA
demethylation in PGCs but may also exhibit more
complex, context-dependent epigenetic regulation than
previously appreciated. More broadly, our culture system
may enable future studies to investigate the inheritance
and targeted alteration of clinically relevant epialleles dur-
ing transition through a germline state.

Our detailed multi-omics analysis of changes in gene
expression and epigenetic state enabled us to describe the
gene regulatory logic of the hPSC-to-hPGCLC-to-hEGCLC
transitions and identify key transcription factors that con-
trol these changes in cell state. This knowledge may have
significant applications in both stem cell and cancer fields.
For instance, our study represents an important step to-
ward the derivation of hEGC from in vivo hPGC. By using
our defined protocol, hEGC derivation can now be ap-
proached in an iterative and targeted manner, such as by
adjusting media components to more specifically regulate
TFs and pathways that drive the hPGCLC to hEGCLC tran-
sition. Access to early-stage hPGC:s is likely to remain a ma-
jor challenge, although such samples do rarely become
available to researchers (Cui et al.,, 2025; Tyser et al.,
2021). The derivation of hEGC would be a major break-
through in the field, establishing that the ability to give
rise to the full repertoire of embryo-derived PSCs is not a ro-
dent-specific phenomenon. This in turn will help us better
understand the different pluripotent states in humans,
including how well they map to the naive, formative,
primed, and latent states that are increasingly well-defined
in mice (Hackett and Surani, 2014; Leitch and Smith, 2013;
Nichols and Smith, 2009; Sepulveda-Rincon et al., 2024;
Smith, 2017).

Comprehending how hPGCs transition to a PSC state is
also of clear relevance to our understanding of the patho-
genesis of human germ cell tumors (GCTs), many of which
are derived from hPGCs and have pluripotent and stem cell
characteristics. In particular, sacrococcygeal teratomas
represent the commonest neonatal tumors in humans
(Geurten et al., 2020), GCTs are among the most common
childhood cancers (Public Health England, 2021). Variants
in SPRY4, GAB2, and KITLG are associated with an
increased risk of GCTs (Marcotte et al., 2017), and it is note-
worthy that each of the associated signaling pathways are
targeted by factors in our hEGCLC derivation medium. A
role for environmental factors, including endocrine-dis-
rupting chemicals, has also been proposed (McGlynn and
Cook, 2009). Therefore, our culture system represents a
new method to screen potential genetic, signaling, and
chemical triggers of GCT formation in humans. In addi-
tion, the TFs we have identified as drivers of hPGCLC-
hEGCLC transition warrant future investigation for their
possible role in GCT pathogenesis.

In conclusion, this reference multi-omics longitudinal
profiling will be a valuable resource in several domains,
from deepening the understanding of pluripotent states
in humans to the studying of the genetic and environ-
mental factors involved in GCT pathogenesis and to the
investigation of the epigenetic dynamics during the germ-
line cycle.

METHODS

Human PSC lines culture

Healthy control-derived hPSC lines from different genetic
backgrounds and sexes were used in this study. Culture
conditions and specific line usage are detailed in the
supplemental methods.

Induction of iMeLCs and hPGCLCs and fluorescence-
activated cell sorting

hPGCLCs were induced from hPSCs via iMeLCs as
described in (Sasaki et al., 2015; Yamashiro et al., 2020),
with minor modifications detailed in the supplemental
methods.

hEGCLCs’ derivation from sorted hPGCLCs

To reprogram hPGCLCs into hEGCLCs, sorted day 4 or
day 6 hPGCLCs were plated directly into 96 multi-well
flat bottom plates (10 cells/well), pre-coated with Geltrex
(Thermo Scientific, #A1413201), according to the manu-
facturer’s instructions, and containing 100 pL/well of
hEGCLC induction medium (i.e., N2B27 medium [Cold
Spring Harbor Laboratory, 2017] containing 10 ng/mL
hLIF (PeproTech, #300-05), 3 pM CH (Sigma-Aldrich,
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#SML1046-5MG), 10 pM FK (Sigma-Aldrich, #F3917-
25MG), 25 ng/mL bFGF (Preprotech, #100-18B), 100 ng/
mL hSCF (PeproTech, #300-07), 2 uM RA (Sigma-Aldrich,
#R2625), and antibiotics (penicillin 100 U/mL and strepto-
mycin 100 pg/mL, Thermo Fisher, #15140122). They were
grown at 37°C, 5% CO,, and 5% O,. After 48 h, 100 pL of
StemFit (Amsbio, #SFB-504-CT) was added to each well.
On day 3, 100 pL of the medium was removed, and
100 pL of StemFit was added. On day 4, 150 pL of the me-
dium was removed, and 100 pL of StemFit was added. On
day 5, all medium was removed, and 100 pL of StemFit
was added. From day 6 onwards, total media change was
performed every other day. In these defined and feeder-
free culture conditions, 10%-15% of hPGCLCs undergo
conversion to form hEGCLC colonies over a period of
two weeks (conversion efficiency was calculated as the total
number of hEGCLC colonies obtained divided by the total
number of hPGCLCs seeded (i.e., 10 x total number of
wells seeded, since we plated 10 hPGCLCs/well). These
hEGCLC colonies were then picked, expanded, and main-
tained in conventional human PSC conditions. hEGCLC
pluripotency was validated by immunofluorescence anal-
ysis and three germ layers differentiation, as described in
the supplemental methods.

RNA extraction, bulk RNA-seq library preparation,

and data analysis

Frozen pellets were submitted to GENEWIZ for RNA isola-
tion, library preparation with poly(A) selection, and
150-bp paired-end sequencing on Illumina. The analytical
pipeline is described in the supplemental methods.

Single-cell dissociation, scRNA-seq library

preparation, and data analysis

hiPSCs, iMeLCs, hEGCLCs, and day 6 hPGCLC aggregates
dissociation into single-cell and library preparation are
detailed in the supplemental methods. scRNA-seq data
were aligned against the probe reference file v1.0.0 from
CellRanger. 27,925 high-quality cells were obtained after
standard quality checks and filters. The detailed analytical
pipeline is described in the supplemental methods.

DNA extraction, EM-seq library preparation, and data
analysis

gDNA was extracted using DNeasy Blood & Tissue Kit (Qia-
gen, #69504). Library preparation and the detailed analyt-
ical pipeline are described in the supplemental methods.

RESOURCE AVAILABILITY

Lead contact
Requests for further information should be directed to the lead
contact, Harry G. Leitch (harry.leitch@ucl.ac.uk).
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Materials availability
hEGCLC clones generated in this study are available from the lead
contact with a completed materials transfer agreement.

Data and code availability

® Data generated in this study are available at the following
links and accession numbers: low-pass whole-genome
sequencing: GEO: GSE288719 (for BTAG line); BioSudies:
E-MTAB-15528 for CTLO8A line); bulk RNA-seq: GEO:
GSE286998;  scRNA-seq:  BioStudies: E-MTAB-15244;
EM-seq: BioStudies: E-MTAB-15142.

@ Full code used for the analyses can be retrieved at https://
github.com/GiuseppeTestaLab/EGCLC_paper_release.
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