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ABSTRACT

Epigenetic reprogramming is a central component of the mammalian germline
development. Genome-wide DNA demethylation observed in primordial germ cells
(PGCs) is a prerequisite for erasure of epigenetic memory, preventing the transmission
of epimutations to the next generation. Apart from DNA demethylation, germline
reprogramming has been shown to entail reprogramming of histone marks and
chromatin remodelling. Contrary to other animal models, there is limited information
about the epigenetic dynamics during early germ cell development in humans. Here we
provide further characterization of the epigenetic configuration of the early human
gonadal PGCs. We show that early gonadal human PGCs are DNA hypomethylated and
their chromatin is characterized by low H3K9me2 and high H3K27me3 marks.
Similarly to the previous observation in the mouse, human gonadal PGCs undergo
dynamic chromatin changes concomitant with the erasure of genomic imprints.
Interestingly, and contrary to mouse early germ cells, expression of BLIMP1/PRDM1
persists in all gestational stages in human gonadal PGC and is associated with nuclear
LSD1. Our work provides important additional information regarding the chromatin
changes associated with human PGCs development between 6 and 13 weeks of

gestation in male and female gonads.



Introduction

Primordial germ cells (PGCs) derived from epiblast of the pre-gastrulating embryos are
the founder population of the future gametes. A unique characteristic of PGCs is the
ability to acquire totipotency to give rise to the next generation. This ability is crucially
underpinned by an existence of an extensive epigenetic reprogramming, that is a
hallmark of PGC development in mammalian species [1,2]. Genome-wide DNA
demethylation in mouse PGC results in the complete erasure of methylation marks in
single-copy and imprinted genes, and a moderate reduction of methylation levels of
retrotransposons and other repetitive elements [3,4]. This germline demethylation is
critical for erasing epigenetic memory and preventing the transmissions of epimutations
to the next generation [3,5]. Apart from dynamic changes in DNA methylation, early
mouse germ cells are characterised by distinctive chromatin signature [1]. Reduction in
the heterochromatin H3K9me2 mark observed in nascent mouse PGCs is followed by
an increase in repressive H3K27me3 in migrating mouse germ cells between E7.5 and
E8.5, at the time when these cells undergo G2 arrest and transcriptional quiescence [6].
Following their migration and the entry into the genital ridges, mouse PGCs undergo
erasure of genomic imprints followed by major conformational changes in chromatin
including loss of linker histone H1 and the replacement of nucleosomal histones [7,8].
Together, these dynamic events define a critical period for the epigenetic

reprogramming in the mouse germ line [3,6,7].

Considerable progress has been made regarding our understanding of the molecular
regulation of the mouse developing germ line in recent years. In particular, the

establishment of the germline fate has been attributed to the combination of three key



transcription factors: Blimp1/Prdm1, Prdm14 and Tfap2cAp2gamma [9,10] and the key
transcriptional changes associated with the early mouse PGC development have been
described. Interestingly, although it has been shown that cells recapitulating early
mouse PGC development (PGC like cells, PGCICs) can be derived in vitro from
cultured pluripotent mouse ESCs, these cells resemble migratory mouse PGCs and
require transplantation into the gonadal environment to undergo the epigenetic changes
(including erasure of genomic imprints) normally associated with the gonadal germline
reprogramming [1,11]. These observations clearly advocate the need for better

understanding of the gonadal germline reprogramming process on the molecular level.

Most of our knowledge regarding mammalian germline development originates from
studies in mice. Only limited knowledge is available regarding the sequence of events
during PGC development in other species; studying these events in non-rodents is thus
important to establish whether conserved mechanisms underlie PGC development in
mammals. In this context, porcine model has been considered as a suitable model to
study mammalian development [12,13], due to the developmental and physiological
similarities with most other mammals, including humans. Recent studies of porcine
PGCs demonstrated that, similarly to previous observation in the mouse,
reprogramming of H3K9me2 and H3K27me3 histone marks precedes also germline
DNA demethylation in pig, suggesting that hallmarks of germline epigenetic
reprogramming might be conserved [14,15]. Nonetheless, limited information is

available regarding these epigenetic events in human.

The presented study focuses on the investigation of the gonadal epigenetic

reprogramming in the human germ line. Our results document that early human gonadal



PGCs are DNA hypomethylated and share the distinct chromatin configuration
previously observed in PGCs in the mouse and pig. Using bisulphite sequencing of the
isolated human gonadal PGCs we furthermore show, that the imprinted H19 DMR
undergoes methylation erasure around week 11 of gestation. This is accompanied by
loss of H3K27me3 and dynamic gain in transcriptionally permissive histone
modifications. Our results thus draw parallels between the chromatin changes observed
in human gonadal germ cells and the previously described observations in the mouse
and pig PGCs. Interestingly, although in the mouse Blimpl/Prdm1 expression is lost in
PGCs soon following their entry into the genital ridge, human PGCs retain
BLIMP1/PRDML1 expression in all gestational stages analysed (up to 12 weeks of
gestation). Expression of this germline determinant is also not associated with nuclear
PRMTS5 as previously observed in the mouse [16], but is concomitant with the nuclear
LSD1, a histone demethylase previously shown to associate with BLIMP1/PRDML in
human plasma cells [17].

Collectively, our work provides new information about human PGCs reprogramming in
vivo aiding to our efforts towards understanding of the cellular and epigenetic

mechanisms leading to and governing human totipotency.



Materials and Methods

Human fetal sample collection

Human fetal samples from 6 to 13 weeks postconception (wpc) were used. Oral and
written information was given and informed consent was obtained from all women,
according to and approved by The Spanish and Catalan Committee on Biomedical
Research Ethics (N°:1811521). Calculation of gestational age was based on the
information about the last menstrual period, and measurements of crown rump and foot
lengths. The sex of all samples was confirmed by performing genomic PCR for human

gender determination according to US patent (US007432362B2) (Suppl Fig 1).

Immunofluorescence microscopy

The specimens were fixed in 4% paraformaldehyde, dehydrated with graded alcohols,
cleared in xylene and embedded in paraffin wax. Serial sections (5um) were de-
paraffinized, rehydrated and antigen retrieval (pH:9) was performed. The
immunofluorescence staining was performed as previously described [18] The
following antibodies and their dilutions were used: OCT-3/4 (sc-5279 and sc-8628,
SantaCruz, 1:25), NANOG (AF1997, R&D systems, 1:25), SSEA-1 (MC-480,
Developmental Studies Hybridome Bank at University of lowa, 1:1), cKIT/CD117
(A4502, Dako, 1:100), VASA (AF2030, R&D systems, 1:20), H3K4mel (ab8895,
Abcam, 1:50), H3K9ac (ab10812, Abcam, 1:50), H3K27me3 (07-449, Millipore, 1:50),
H3K4me3 (07-473, Millipore, 1:50), H3K9me2 (07-441, Millipore, 1:50), H3K9me3
(07-442, Millipore, 1:50), LSD-1 (ab17721, Abcam, 1:50), DHX38 (10098-2-AP,
ProteinTech Group, 1:50), PRMTS5 (sc-22132, SantaCruz, 1:25), BLIMP1 (9115S, Cell

Signalling, 1:100) . The Alexa Fluor Series from Invitrogen were used as secondary



antibodies (all 1:200). Images were taken using a Leica SP5 confocal microscope.
Quantitative analyses were performed by counting cKIT/OCT4 and VASA/OCTA4. Data

are expressed as mean + SD (Suppl Fig 2).

Quantification of staining intensity by confocal microscopy

The quantification of staining intensity was performed using LAS AF Leica Software.
Fluorescence was detected using same confocal settings. Mean fluorescence
intensity/area values were measured for 30 nuclei germ cells and surrounding somatic
cells. To normalize between different samples, the intensity of each histone mark
staining was calculated as the mean pixel intensity in every PGC divided by the mean
pixel intensity in surrounding somatic cells [7] (Suppl Fig 7). The error bars represents
standard deviations. Statistics of immunofluorescence staining data according to T-tests
significance [p <0.05 (*), p<0.01 (**) and p<0.001 (***)] (Fig 1, Fig 2, Fig 3, Fig 4, Fig

6, Suppl Fig 3 and Suppl Fig 4).

5meC staining

Sections were dewaxed, rehydrated and antigen retrieval (pH:6) were performed. In
order to block non-specific binding, alkaline phosphatase and endogenous peroxidase
activity, sections were first blocked with 3% donkey serum, secondly were incubated
with levamisole and finally treated with 2% H202. All sections were incubated with
VASA (AF2030, R&D systems, 1:25) and 5meC (16233D3, Calbiochem, 1:50)
antibodies. For detecting VASA antibody, sections were incubated with a secondary
antibody alkaline phosphatase conjugated (705-055-147, Jackson Lab., 1:100). Finally

sections were revealed by using EnVisionTM System, BCIP/NBT (Dako) and DAB.



Isolation of human PGCs

Human fetal gonads were dissociated in 0.25% trypsin-EDTA (Gibco) at 37° C for 20
min and collected by centrifugation at 2000 rpm in a microcentrifuge. Dissasociated
cells were resuspended in a buffer containing 1% FBS (Gibco). cKit+/CD117+ cells
were selected by using an immunomagnetic separation system (MiniMACS, 130-091-
332, Miltenyi Biotec). Purification efficiency (higher than 90%) was verified by

alkaline phosphatase staining (SK-5100, Vector Laboratories) (Suppl Fig 1).

Promoter methylation analysis

The isolated hPGCs and their gonadal somatic cells were embedded in agarose, lysed
and the chromosomal DNA subjected to the bisulphite treatment [19]. The promoter
sequences for H19 were amplified by a nested PCR with two subsequent reactions using
primers and conditions previously described [20,21]. The resulting amplified products
were cloned into pGEM T Easy plasmids, amplified in TOP10 chemically competent
cells, purified and sequenced. Plasmid purification and sequencing were performed for
at least 12-20 positive clones. To analyse the data, mutagenesis rates of > 95%,
excluding putative methylation sites, were considered acceptable to proceed. Sequences
were aligned to the reference sequence by Quantification tool for methylation analysis
(QUMA). Percentage of methylation was calculated according to the number of

conserved CpG islands related to the total CpG islands analysed.



Results

The dynamics of cKIT, VASA, OCT4 and NANOG expression in human fetal gonads.
Following their migration, human PGCs have been shown to colonize the fetal gonads
between week 6 and 8 of gestation [22].To follow epigenetic changes occurring during
human early gonadal PGC development, we have collected and analysed 90 samples of
human fetal gonads between week 6 and 13 of gestation. We first carried out assessment
of the expression of cKIT, VASA, OCT4 and NANOG in human fetal gonads (male and
female) between 6 to 12 weeks of gestation by immunofluorescence. We observed that
cKIT, VASA, OCT4 and NANOG were present in PGCs of all stages studied in both
sexes. Expression of these markers was restricted to germ line, as expected. Although
all human PGCs were expressing cKIT across all analysed stages (see also [23]) early
gonadal PGCs showed heterogeneity in VASA staining (gestation week 6-9) (see
asterisks in Fig 1, Fig 5, Fig 6 and Suppl. Fig 5). Additionally, starting from gestation
week 11 we observed presence of PGCs that were VASA+/cKIT+ but OCT4-/NANOG-
(see arrows in Suppl Fig 2 and arrowheads in Fig 1). We note that this timing coincides
with the reported initiation of meiosis in human female PGCs [18] (Suppl Fig 2). In this
context mouse gonadal PGCs have been shown to downregulate Oct4 expression upon

entry into meiosis [24].

Unique germline epigenetic signature is conserved across species

Chromatin features of the mouse early germ cells have been extensively studied [5,7].
In the mouse, early PGCs are characterized by a genome-wide loss of H3K9me2, a
facultative heterochromatin mark, followed by global increase in the polycomb
H3K27me3 histone modification [5,7]. Interestingly, the same chromatin configuration

is recapitulated in in vitro mouse derived PGC like cells (PGCLCs) [11,25]. In order to
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understand whether this specific germline chromatin configuration is conserved also in
human we stained human fetal gonads cells with specific antibodies recognizing these
chromatin marks. Consistent with findings in the mouse, both male and female human
PGCs stained weakly or below the level of detection for H3K9me2 in comparison with
somatic cells across all gestational stages analysed (Fig. 1; Suppl Fig 7). In addition,
early gonadal PGCs (gestation week 6-8 in the male and 6-7 in the female) were
characterized by high level of H3K27me3 in comparison to the surrounding somatic
cells of the fetal gonad (Fig. 2; Suppl Fig 7). This confirms that the chromatin germline
signature observed in the mouse might be conserved across species and thus represents
a unique germline attribute.

Although low H3K9me2 persists in the pre-meiotic mouse PGCs, H3K27me3 observed
in the migratory and early postmigratory PGCs disappears around the time of imprint
erasure (E11.5 in the mouse, [7]). Strikingly, and in agreement with the previous
observations [23], H3K27me3 diminishes also in human PGCs of both sexes after 9

weeks of gestation in (Fig. 2; Suppl Fig 7).

Chromatin modifications, permissive and repressive marks

To provide further characterization of the global chromatin dynamics during human
PGC development, PGCs and somatic cells were stained with specific antibodies
against the transcriptionally permissive marks: H3K4mel, H3K4me3 and H3K9ac.
Male and female germ cells stained strongly for H3K4mel and H3K4me3 in
comparison with the surrounding somatic cells in most of gestational stages analyzed
(Suppl Fig. 3; Suppl Fig 7 and Fig. 3). Although H3K9ac was also generally higher in
PGCs than in the surrounding somatic cells, we observed a clear peak of signal from 10

to 13 weeks of gestation in both sexes (Fig. 4; Suppl Fig 7).
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Contrary to general enrichment of transcriptionally permissive chromatin marks, we
observed lower H3K9me3 staining in male germ cells in comparison with the
surrounding somatic cells, (Suppl Fig. 4 and Suppl Fig 7). This was not apparent in the

female samples.

Methylation status of human gonadal PGCs

Dominant feature of the germline chromatin is the global erasure of DNA methylation
(5meC) [1,6,26]. In the mouse, although decrease in global 5mC levels is detectable
following the establishment of the low H3K9me2/ high H3K27me3 global chromatin
signature in migrating PGCs [5], the complete removal of genome-wide DNA
methylation including the erasure of genomic imprints proceeds only once the mouse
PGCs colonized the genital ridges of the midgestation mouse embryo at E11.5 [4,7].

In order to understand the general methylation status of human PGCs we carried out 5-
methyl cytosine (5meC) staining in combination with a germ cell specific marker,
VASA. Our results indicate that the 5meC levels detected in human gonadal PGCs were
lower than those found in the surrounding gonadal somatic cells. We also note that this
became particularly apparent from gestation week 10 (Suppl Fig 1).

We next evaluated the DNA methylation status of the promoter of the maternally
expressed, paternally imprinted gene H19. First, human PGCs were isolated by MACS
at different gestational stages using magnetic beads coupled to c-KIT antibody. The
purity of the isolated PGCs was confirmed (90-95%) by Alkaline Phosphatase staining
(Suppl Fig 1). Bisulphite sequencing analysis revealed that in the PGCs of both genders,
H19 DMR shows an apparent loss of methylation starting from gestation week 9. In
male PGCs we detected a decrease from 80% to 29%; in female PGCs we detected a

decrease from 60% to 20% (Suppl Fig 1). The loss of methylation at the H19 DMR
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corresponds with the timing of the pronounced global DNA hypomethylation observed
in the human gonadal PGCs by 5mC at gestation week 10 as discussed above (Suppl Fig
1). Concomitantly all these changes coincide with the timing of the observed chromatin

changes (loss of H3K27me3 — Fig 2 and upregulation of H3K9ac — Fig 4).

Blimp1-Prmt5 complex

Data from murine model indicates the important role of BLIMP/PRMT5 complex and
his target DHX38 during the specification of the mouse PGCs within the epigenetic
program. In order to ascertain whether the expression of BLIMP1/PRMT5 complex
follows a similar pattern to the one described in mouse we evaluated the presence of this
complex during human PGCs development. Although we confirmed germline specific
expression of BLIMP and high expression levels of PRMT5 in human PGCs, we
consistently found that the expression of BLIMP1 was restricted to the nucleus whereas
PRMTS5 expression was mainly localized in the cytoplasm of PGCs in both sexes across
all gestational stages examined (Fig 5 and Suppl Fig 5).

Dhx38 helicase has been previously shown to be one of the targets repressed by the
Blimpl/Prmt5 complex in the mouse PGCs [16]. In agreement with the apparent lack
of the BLIMP/PRMT5 complex formation in the human gonadal PGCs, DHX38 was
found in both nucleus and cytoplasm of all analysed human PGCs independently of

gestational stage and sex (Suppl Fig.6).

It has been previously shown that during plasma cell differentiation BLIMP1 directly
interacts with the histone lysine demethylase, LSD1 [17]. Considering the lack of
evidence for the BLIMP/PRMTS5 complex formation in the human gonadal PGCs it is of

interest that we detected high amount of LSD1 protein in male and female PGCs in

13



comparison with the somatic cells in all analysed gestational stages (Fig. 6; Suppl. Fig

7).

Discussion

The presented study provides characterization of epigenetic changes in early human
gonadal PGCs from 6 to 13 weeks of gestation. We evaluated the epigenetic status of
human PGCs by assessing changes in global chromatin marks, the methylation status of

H19 imprinted gene and changes associated to methylation status genome-wide.

We first characterized the expression of markers associated with stem cells and
pluripotency during the early gonadal stages of human PGC development. In agreement
with previous studies [14,23,24,27,28,29] we show that gonadal PGCs are characterized
by cKIT expression. Although it has been previously reported that human gonadal
PGCs are expressing SSEA-1 [30, 31], the expression of this marker is not restricted to
PGCs in human fetal gonads (Suppl Fig 2C). In agreement with a recent publication
[28], we observed that majority of PGCs were VASA positive at 6 weeks of gestation,
however all human PGCs were VASA positive by 9 weeks of gestation. This is in
agreement with the mouse model, where Vasa (mvh) expression becomes prominent
only once mouse PGCs colonize the genital ridges [32]. All early human gonadal PGCs
express OCT4 and NANOG, but the proportion of OCT4 and NANOG positive germ
cells declines from gestation week 9 onwards, with the fraction of cKIT +/OCT4-
PGCs increasing up to 25% in late stages (w12-w13). Our data are thus in agreement
with the recently published observations [28]. The absence of expression of OCT4 in
female PGC samples coincides with the reported entry of human PGCs into meiosis

[22,31] as also previously observed in the mouse [24].
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In the mouse, pre-migratory PGCs initiate a process of reprogramming that erases
epigenetic marks. One of the key epigenetic changes in pre-migratory and early
migratory mouse PGCs is a loss of H3K9me2 that is closely followed by an
accumulation of H3K27me3 signal [5,7,25]. Interestingly, our stainings of early human
gonadal PGCs confirm the presence of analogous chromatin changes also in the human
early developing germ line (Fig 1 and 2) [27,28,29]. As similar changes in global
chromatin configuration has been also reported in porcine PGCs, our findings clearly
document that unique chromatin features of early germ line are conserved, at least

within mammalian clade.

Following their entry into the genital ridges, mouse PGCs undergo erasure of genomic
imprints and dynamic changes in chromatin modifications [7]. In analogy to the mouse
model and in agreement with recent publications [23,27,28,29], our results show that
human gonadal PGCs lose H3K27me3 following week 9 of gestation. Again, similar
observation has been previously made using porcine model further strengthening the
notion of the existence of the conserved mechanism underlying germline epigenetic
reprogramming [15].

Interestingly, also in the human gonadal PGCs, the timing of the H3K27me3 loss
overlaps with the observed reduction of DNA methylation at imprinted H19 DMR and
also with a clear global hypomethylated state as observed by global 5mC staining
(Suppl Fig 1). This finding yet again parallels similar observations in the mouse, pig
and human models [7,14,15,27,28,29]. We also notice, that the presence of the early
germline chromatin signature (low H3K9me2, H3K27me3) prior to the erasure of

genomic imprints defines a distinct developmental window with high propensity of
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PGCs to give rise to pluripotent embryonic germ (EG) cells in both mouse and human

[30,31,32,33,34,35,36].

Finally, Blimpl, a transcriptional repressor, has been described as one of the key
determinants of the mouse germ line [10,16]. In the mouse migratory and early post-
migratory PGCs, Blimpl has been reported to form a repressive regulatory complex
with Prmt5, a type Il arginine specific histone methyltransferase [16]. Although a
previous report suggested a possible existence of a similar regulatory complex also
during human PGC development [27,29,37], our data clearly show that BLIMP1
expression is restricted to the nucleus of PGCs in human fetal gonads (Fig 5), while
PRMTS5 shows cytoplasmic localization in human germ cells across all gonadal stages
analysed (Suppl Fig 5). In addition, DHX38, a target of repressive Blimpl/Prmt5
complex in the mouse PGCs [16], was found to be expressed in all stages of human

PGCs analysed in our study (Suppl Fig 6).

Although our observations argue against the presence of the nuclear BLIMP1/PRMT5
complex in early gonadal human PGCs, we note that nuclear BLIMP1 coincides in
human PGCs with high levels of Lysine-specific demethylase-1 (LSD1) (Fig. 6). In this
context, BLIMP1 has been previously shown to interact with LSD1 during human
plasma cell differentiation [17]. Additionally, LSD1 has been implicated in gene
silencing in Drosophila PGCs and also during germline reprogramming in C.elegans
[38,39,40]. Further biochemical and functional studies will thus be required to confirm

the functional relevance of this intriguing observation.
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In summary our study provides further characterization of the epigenetic changes
observed in early human gonadal PGCs (Fig 7) and thus complements the recently
published genome-wide transcriptional and methylation studies [27,28,29]. Although
the relative timing might differ due to species specific developmental progression, our
data show that key epigenetic changes observed in the germ line are conserved between
mouse, pig and human. Our work further demonstrates that gonadal epigenetic
reprogramming starts in human PGCs around 9 weeks of gestation (Fig 7), which is in
agreement with the recently published observations [27,28,29]. Last, but not least, our
observations regarding BLIMP/PRMTS5 complex highlight potential differences
between germline regulatory complexes in mouse and human and suggest a potential

role for LSD1 as a new epigenetic regulator during gonadal reprogramming in humans.

Conclusion
In summary our work provides new information about human PGCs reprogramming in
vivo aiding to our efforts towards understanding of the cellular and epigenetic

mechanisms leading to and governing human totipotency.

Acknowledgements: We thank to bioimaging platform at CMR[B] for the histological
assistance and Clinica D"Ara for assistance in specimens collection. N.M. was partially
supported by SyG-2014-640525 REGMAMKID, RyC 2014-16242, Fundaci6é Privada
La Maratd de TV3 (121430/31/32), the Spanish Ministry of Economy and
Competitiveness (SAF2014-59778) and the Commission for Universities and Research
of the Department of Innovation, Universities, Enterprise of the Generalitat de
Catalunya (2014 SGR 1442) and Networking Center of Biomedical Research in

Bioengineering, Biomaterials and Nanomedicine (CIBER). J.C.1.B. was supported by

17



The Leona M. and Harry B. Helmsley Charitable Trust, G. Harold and Leila Y. Mathers

Charitable Foundation and The Moxie Foundation.

Conflict of interest: The authors declare that they have no conflict of interest

References

1.Surani MA, Hayashi K, Hajkova P. 2007 Genetic and epigenetic regulators of
pluripotency. Cell 128:747-62.

2.Nashun B, Hill PW, Hajkova P. Reprogramming of cell fate: epigenetic memory and
the erasure of memories past. EMBO J 2015 Mar 27. pii: €201490649.

3.Hajkova P, Erhardt S, Lane N et al.Epigenetic reprogramming in mouse primordial
germ cells. Mech Dev 2002; 117:15-23.

4.Seisenberger S, Andrews S, Krueger F et al. The dynamics of genome-wide DNA
methylation reprogramming in mouse primordial germ cells. Mol Cell 2012; 48:849-62.
5.Seki Y, Hayashi K, Itoh K et al. Extensive and orderly reprogramming of genome-
wide chromatin modifications associated with specification and early development of
germ cells in mice. Dev Biol 2005; 278:440-58.

6.Hackett JA, Zylicz JJ, Surani MA. Parallel mechanisms of epigenetic reprogramming
in the germline. Trends Genet 2012; 28:164-74.

7.Hajkova P, Ancelin K, Waldmann T et al. Chromatin dynamics during epigenetic
reprogramming in the mouse germ line. Nature 2008; 452:877-81.

8.Kagiwada S, Kurimoto K, Hirota T et al. Replication-coupled passive DNA

demethylation for the erasure of genome imprints in mice. EMBO J. 2013; 32:340-53.

18



9.Nakaki F, Hayashi K, Ohta H et al. Induction of mouse germ-cell fate by transcription
factors in vitro. Nature 2013; 501:222-6.

10.Magnusdéttir E, Dietmann S, Murakami K et al. A tripartite transcription factor
network regulates primordial germ cell specification in mice. Nat Cell Biol
2013;15:905-15.

11.Hayashi K, Ohta H, Kurimoto K et al. Reconstitution of the mouse germ cell
specification pathway in culture by pluripotent stem cells. Cell 2011; 146:519-32.
12.Byskov AG, Hgyer PE, Bjorkman N et al. Ultrastructure of germ cells and adjacent
somatic cells correlated to initiation of meiosis in the fetal pig. Anat Embryol (Berl)
1986; 175:57-67.

13. Takagi Y, Talbot NC, Rexroad CE Jr et al. Identification of pig primordial germ
cells by immunocytochemistry and lectin binding. Mol Reprod Dev 1997; 46:567-80.
14.Hyldig SM, Ostrup O, Vejlsted M et al. Changes of DNA methylation level and
spatial arrangement of primordial germ cells in embryonic day 15 to embryonic day 28
pig embryos. Biol Reprod 2011; 84:1087-93.

15.Hyldig SM, Croxall N, Contreras DA et al. Epigenetic reprogramming in the porcine
germ line. BMC Dev Biol 2011;11:11.

16.Ancelin K, Lange UC, Hajkova P et al. Blimpl associates with Prmt5 and directs
histone arginine methylation in mouse germ cells. Nat Cell Biol 2006; 8: 623 -630.
17.Su ST, Ying HY, Chiu YK et al. Involvement of histone demethylase LSD1 in
Blimp-1-mediated gene repression during plasma cell differentiation. Mol Cell Biol
2009; 29:1421-31.

18.Marti M, Mulero L, Pardo C et al. Characterization of pluripotent stem cells. Nat

Protoc 2013; 8:223-53.

19



19.Hajkova P, el-Maarri O, Engemann S et al. DNA-methylation analysis by the
bisulfite-assisted genomic sequencing method. Methods Mol Biol 2002; 200:143-54.
20.Park TS, Galic Z, Conway AE et al. Derivation of primordial germ cells from human
embryonic and induced pluripotent stem cells is significantly improved by coculture
with human fetal gonadal cells. Stem Cells 2009; 27:783-95.

21.Eqguizabal C, Montserrat N, Vassena R et al. Complete meiosis from human induced
pluripotent stem cells. Stem Cells 2011; 29:1186-95.

22. Hartshorne GM, Lyrakou S, Hamoda H et al. Oogenesis and cell death in human
prenatal ovaries: what are the criteria for oocyte selection?. Mol Hum Reprod
2009;15:805-19.

23.Gkountela S, Li Z, Vincent JJ et al. The ontogeny of cKIT+ human primordial germ
cells proves to be a resource for human germ line reprogramming, imprint erasure and
in vitro differentiation. Nat Cell Biol 2013;15:113-22.

24. Hu YC, Nicholls PK, Soh YQ et al. Licensing of primordial germ cells for
gametogenesis depends on genital ridge signaling. PLoS Genet 2015; 11:e10050109.
25.Kurimoto K, Yabuta Y, Hayashi K et al. Quantitative Dynamics of Chromatin
Remodeling during Germ Cell Specification from Mouse Embryonic Stem Cells. Cell
Stem Cell Mar 2015; 18. pii: S1934-5909(15)00113-7.

26.Hajkova P.Epigenetic reprogramming--taking a lesson from the embryo. Curr Opin
Cell Biol 2010; 22:342-50.

27.Gkountela S, Zhang KX, Shafiq TA et al. DNA Demethylation Dynamics in the
Human Prenatal Germline. Cell 2015;161:1425-36.

28.Guo F, Yan L, Guo H et al. The Transcriptome and DNA Methylome Landscapes of

Human Primordial Germ Cells. Cell 2015;161:1437-52.

20



29.Tang WW, Dietmann S, Irie N et al. A Unique Gene Regulatory Network Resets the
Human Germline Epigenome for Development. Cell 2015;161:1453-67.

30.Kerr CL, Hill CM, Blumenthal PD et al. Expression of pluripotent stem cell markers
in the human fetal testis. Stem Cells 2008; 26:412-21.

31.Kerr CL, Hill CM, Blumenthal PD et al. Expression of pluripotent stem cell markers
in the human fetal ovary. Hum Reprod 2008; 23:589-99.

32.Eguizabal C, Shovlin TC, Durcova-Hills G et al. Generation of primordial germ cells
from pluripotent stem cells. Differentiation 2009; 78:116-23.

33.Shamblott MJ, Axelman J, Wang S et al. Derivation of pluripotent stem cells from
cultured human primordial germ cells. Proc Natl Acad Sci U S A 1998; 95:13726-31.
34. HuaJ, Yu H, Liu S et al. Derivation and characterization of human embryonic germ
cells: serum-free culture and differentiation potential. Reprod Biomed Online 2009;
19:238-49.

35. Durcova-Hills G, Ainscough J, McLaren A. Pluripotential stem cells derived from
migrating primordial germ cells. Differentiation 2001; 68:220-6.

36. Durcova-Hills G, Adams IR, Barton SC et al. The role of exogenous fibroblast
growth factor-2 on the reprogramming of primordial germ cells into pluripotent stem
cells. Stem Cells 2006; 24:1441-9.

37.Eckert D, Biermann K, Nettersheim D et al. Expression of BLIMP1/PRMT5 and
concurrent histone H2A/H4 arginine 3 dimethylation in fetal germ cells, CIS/IGCNU
and germ cell tumors. BMC Dev Biol 2008; 7;8:106.

38.Rudolph T, Yonezawa M, Lein S et al. Heterochromatin formation in Drosophila is
initiated through active removal of H3K4 methylation by the LSD1 homolog

SU(VAR)3-3. Mol Cell 2007; 26: 103-15.

21



39.Katz DJ, Edwards TM, Reinke V et al. A C. elegans LSD1 demethylase contributes
to germline immortality by reprogramming epigenetic memory. Cell 2009; 137:308-20.

40.Késer-Pébernard S, Miller F, Wicky C. LET-418/Mi2 and SPR-5/LSD1
cooperatively prevent somatic reprogramming of C. elegans germline stem cells. Stem

Cell Reports 2014; 27:547-59.

22



Figure legends

Figure 1. Chromatin changes of H3K9me2 in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting
H3K9me2 (green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries
and testis were stained. Scale bar 10 pum. (*: Heterogeneity in VASA staining;
arrowheads: VASA+/OCT4- cells).

B Quantification of H3K9me2 signal in human germ and somatic cells. The error bars
represent standard deviation. (p<0.05 in some stages of fetal testis).

Figure 2. Chromatin changes of H3K27me3 in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting
H3K27me3 (green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal
ovaries and testis were stained. Scale bar 10 pm.

B Quantification of H3K27me3 signal in human germ and somatic cells. The error bars
represent standard deviation. (p<0.05 in a stage of fetal ovaries)

Figure 3. Chromatin changes of H3K4me3 in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting
H3K4me3 (green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries
and testis were stained. Scale bar 10 um.

B Quantification of H3K4me3 signal in human germ and somatic cells. The error bars
represent standard deviation. (p<0.05 in a stage of fetal testis; p<0.01 in a stage of fetal

ovaries).

Figure 4. Chromatin changes of H3K9ac in human fetal PGCs.
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A Immunofluorescence of primordial germ cells and somatic cells for detecting H3K9ac
(green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries and testis
were stained. Scale bar 10 pm.

B Quantification of H3K9ac signal in human germ and somatic cells. The error bars
represent standard deviation. (p<0.05; p<0.01 in some stages of fetal testis and ovaries).
Figure 5. The expression of Blimpl in human fetal gonads. Immunofluorescence of
primordial germ cells and somatic cells for detecting BLIMP1 (green), VASA (red),
OCT4 (yellow) and DAPI (blue) proteins. Scale bar 10 um. (*: Heterogeneity in VASA
staining).

A Fetal testis from 7 to 12 weeks of gestation

B Fetal ovaries from 7 to 12 weeks of gestation.

Figure 6. Chromatin changes of LSD1 in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting LSD1
(green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries and testis
were stained. Scale bar 10 um. (*: Heterogeneity in VASA staining).

B Quantification of LSD1 signal in human germ and somatic cells. The error bars
represent standard deviation. (p<0.05 in some stages of fetal testis and ovaries; p<0.01
in a stage of fetal ovaries).

Figure 7. Summarized time course of human gonadal epigenetic reprogramming

A Cellular dynamics and gonadal epigenetic reprogramming in human germ cells

B Mouse, Pig and Human epigenetic reprogramming time window in germ line
Supplementary Figure 1. Changes of global DNA methylation and methylation
status of H19 gene in human PGCs.

A Primordial germ cells and somatic cells were double stained with VASA antibody

(blue) in the cytoplasm and 5meC antibody (brown) in the nucleus.
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Immunohistochemistry by using fetal ovaries and testis from 7 to 12 weeks of gestation.
Cells in blue are PGCs and cells in brown are somatic cells. Scale bar 10 pum.

B Schematic of expected methylation status of 18 CpG islands in region 2000-2200 of
the H19 differentially methylated region (DMR). Each lane of circles represents one
individual clone. Open circles represent unmethylated CpGs, and closed circles
represent methylated CpGs.

C CpGs in the H19 promoter DMR were analysed by bisulphite sequencing in male
PGCs from 7 to 11 weeks of gestation

D CpGs in the H19 promoter DMR were analysed by bisulphite sequencing in female
PGCs from 7 to 10 weeks of gestation

E Control of somatic cell from gonads

F Sexing PCR. To determine the sex of the fetal gonads we performed a genomic PCR.
M: male; F: female; CM: control male and CM: control female.

G Alkaline phosphatase staining. To determine the purity of the cKIT+
immunomagnetic separation technique (MiniMACs) we performed the tissue non-
specific alkaline phosphatase staining, (a) cKIT positive fraction and (b) cKIT negative
fraction.

Supplementary Figure 2. Characterization of the human fetal gonads.

A Immunofluorescence of primordial germ cells and somatic cells for detecting OCT4
(green), cKIT (red), NANOG (yellow) and DAPI (blue) proteins. Fetal ovaries from 6
to 12 weeks of gestation and fetal testis from 7 to 12 weeks of gestation were stained.
Scale bar 25 pm. (Arrows: cKIT+/OCT4-/NANOG- cells).

B The dynamics of cKIT, OCT4 and VASA expression in the fetal gonad.
Quantification cKIT+, OCT4+, VASA+, cKIT+/OCT4+ and VASA+/OCT4+ in fetal

ovaries and testis
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C Immunofluorescence of primordial germ cells and somatic cells for detecting SSEA1
(red), NANOG (green) and DAPI (blue) proteins. Fetal testis from 14 weeks of
gestation were stained. Scale bar 50 um. (Arrowheads: SSEA1+/NANOG- cells).
Supplementary Figure 3. Chromatin changes of H3K4mel in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting
H3K4mel (green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries
and testis were stained. Scale bar 10 pm.

B Quantification of H3K4mel signal in human germ and somatic cells. The error bars
represent standard deviation.

Supplementary Figure 4. Chromatin changes of H3K9me3 in human fetal PGCs.

A Immunofluorescence of primordial germ cells and somatic cells for detecting
H3K9me3 (green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Fetal ovaries
and testis were stained. Scale bar 10 um.

B Quantification of H3K9me3 signal in human germ and somatic cells. The error bars
represent standard deviation.

Supplementary Figure 5. The expression of Prmt5 in human fetal gonads.
Immunofluorescence of primordial germ cells and somatic cells for detecting PRMT5
(green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Scale bar 10 pm. (*:
Heterogeneity in VASA staining).

A Fetal testis from 7 to 13 weeks of gestation

B Fetal ovaries from 7 to 13 weeks of gestation

C Quantification of nuclear and cytoplasmic PRMTS5 staining in fetal testis and ovaries.
Supplementary Figure 6. The expression of DHX38 in human fetal gonads.
Immunofluorescence of primordial germ cells and somatic cells for detecting DHX38

(green), VASA (red), OCT4 (yellow) and DAPI (blue) proteins. Scale bar 10 pum.
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A Fetal ovaries from 6 to 13 weeks of gestation
B Fetal testis from 6 to 13 weeks of gestation.
Supplementary Figure 7. Quantification of the overall histone marks in human

germ cells. The error bars represent standard deviation. Somatic cells normalized to 1.0.
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