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Abstract

Primordial germ cells (PGCs) develop only into sperm and oocytes
in vivo. The molecular mechanisms underlying human PGC specifi-
cation are poorly understood due to inaccessibility of cell materials
and lack of in vitro models for tracking the earliest stages of germ
cell development. Here, we describe a defined and stepwise differ-
entiation system for inducing pre-migratory PGC-like cells (PGCLCs)
from human pluripotent stem cells (PSCs). In response to cyto-
kines, PSCs differentiate first into a heterogeneous mesoderm-like
cell population and then into PGCLCs, which exhibit minimal
PRDM14 expression. PGC specification in humans is similar to the
murine process, with the sequential activation of mesodermal and
PGC genes, and the suppression of neural induction and of de novo
DNA methylation, suggesting that human PGC formation is induced
via epigenesis, the process of germ cell specification via inductive
signals from surrounding somatic cells. This study demonstrates
that PGC commitment in humans shares key features with that
of the mouse, but also highlights key differences, including
transcriptional regulation during the early stage of human PGC
development (3-6 weeks). A more comprehensive understanding of
human germ cell development may lead to methodology for
successfully generating PSC-derived gametes for reproductive
medicine.
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Introduction

There are two distinct germ cell specification modes in metazoans
(Extavour & Akam, 2003; Johnson et al, 2003; Saitou & Yamaji,
2012). One is “epigenesis”, in which the germ cell lineage is speci-
fied from pluripotent embryonic cells (PSCs) by inductive signals
from surrounding somatic cells. The other is “preformation”, in
which the germ cell lineage is specified by the inheritance of local-
ized determinants, the so-called germ plasm. Evolutionary studies
have shown that the epigenesis mode is ancestral and widespread in
metazoans (Extavour & Akam, 2003; Johnson et al, 2003; Saitou &
Yamaji, 2012). In mice and probably in most other mammals,
including humans, the germ line is determined by the epigenesis
mode. In mice, classical embryological studies have shown that cells
within the proximal epiblast begin their commitment to become
alkaline phosphatase (AP)-positive primordial germ cells (PGCs) at
the onset of gastrulation, between 5.5 and 6 days post-coitum (dpc)
(Yoshimizu et al, 2001) in response to BMP signaling from the
extraembryonic ectoderm (EXE) (Ginsburg et al, 1990; Lawson et al,
1999; Ohinata et al, 2009) and WNT signaling from the visceral
endoderm (Ohinata et al, 2009). Investigations at the single cell
level have revealed that PGCs share properties with their somatic
mesodermal neighbors at onset of specification, as evidenced by the
expression of the mesodermal factor T and Hoxbl (Saitou et al,
2002; Yabuta et al, 2006; Kurimoto et al, 2008). Subsequent repres-
sion of the somatic cell program and activation of the PGC program
enable the emergence of PGCs with AP activity and expression of
the PGC marker Stella. The mesodermal factor T downstream of
WNT/BMP signaling was shown to be essential for specifying
mouse PGCs and for directly regulating the germ cell determinants
Blimpl and Prdml14 (Aramaki et al, 2013). As T is activated in
response to WNT3 before the activation of germ cell-specific genes,
such as Blimpl (Liu et al, 1999; Rivera-Perez & Magnuson, 2005;
Kurimoto et al, 2008), and is required for the specification of not
only PGCs, but also other posterior mesoderm-derived tissues, such
as the allantois and notochord (Gluecksohn-Schoenheimer, 1944;
Yanagisawa et al, 1981; Wilson et al, 1995; Inman & Downs, 2006),
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it is likely that some of the somatic cell program genes are required
for proper PGC specification in vivo. This also suggests that PGCs
are segregated from common mesodermal precursors by as yet
unknown molecular mechanisms, with germ cells specified by
epigenesis (Extavour & Akam, 2003). Molecular analysis has
revealed that Blimpl and Prdml14 are key factors in mouse PGC
specification. They play an essential role in the repression of the
somatic mesodermal program, activation of the PGC program, and
global epigenetic reprogramming (Saitou et al, 2002; Yabuta et al,
2006; Seki et al, 2007). Furthermore, ectopic expression of Blimpl
and Prdm14, together with Tfap2c, has been found to be sufficient
for inducing mouse PGC-like cells (PGCLCs) from epiblast-like cells
(EpiLCs) in vitro, supporting the notion that they play a dominant
role in mouse PGC specification (Nakaki et al, 2013). Overexpres-
sion of Prdm14 induces the formation of PGCLCs from only EpiLCs,
but not from embryonic stem cells (ESCs), consistent with the role
of Prdm14 in safeguarding the maintenance of ESCs by preventing
induction of extraembryonic endoderm fates and promoting expres-
sion of genes associated with ESC self-renewal (Ma et al, 2011). In
addition, investigations on the molecular function of Prdm14 have
demonstrated that the factor interacts with the Polycomb Repressive
Complex 2 (PRC2) to mediate the repression of diverse sets of genes
via binding to H3K27me3, thereby ensuring a naive ESC state.
Knockout of Prdm14 leads to the differentiation of ESCs toward a
primed cell state in mice (Ma et al, 2011; Yamaji et al, 2013).

In humans, the molecular mechanisms underlying PGC specifica-
tion at gastrulation (that is, 2-3 weeks of embryonic development)
remain unclear, and a detailed analysis of gene expression dynam-
ics during PGC specification has not yet been performed due to the
lack of cell materials for experimental investigations. Nevertheless,
immunochemical studies of carcinomas, germ cell tumors, and
early-stage (10-15 week) germ cells have revealed that human
germ cells and mouse PGCs exhibit similar expression profiles of a
number of key genes, including OCT4, NANOG, BLIMP1, TFAP2C,
LIN28, SSEA1, cKIT, NANOS3, DAZL, and VASA, like mouse PGCs
(Castrillon et al, 2000; Gaskell et al, 2004; Anderson et al, 2007;
Liu et al, 2007; Eckert et al, 2008; Kerr et al, 2008a,b; Julaton &
Reijo Pera, 2011; Childs et al, 2012). These findings indicate the
conservation of some germ cell signatures between both species.
Furthermore, cKIT" human PGCs have been shown to undergo
whole-genome epigenetic reprogramming similar to mouse PGCs,
indicating that common epigenetic modifications take place during
PGC development in both species (Gkountela et al, 2013). However,
the expression profiles and roles of key PGC genes, including
PRDM14 and STELLA, have not yet been fully defined in human
germ cells. As in mouse, PRDM14 appears to interact with PRC2
components in human ESCs and plays a crucial role in the
maintenance of pluripotency (Chia et al, 2010). It binds to OCT4
regulatory elements, thereby regulating OCT4 expression and
suppressing ESC differentiation. PRDM14 is also thought to repress
the expression of PGC-associated genes, such as NANOS3 and
BMP4 (Chia et al, 2010). However, as mouse PGC specification is
characterized by the re-acquisition of Sox2 expression, the lack
of SOX2 expression in human PGCs suggests the notion that
mechanistic differences exist between human and mouse germ cell
formation (de Jong et al, 2008; Yamaji et al, 2008).

Over the past decade, several groups have reported on the gener-
ation of germ cell-like cells from human PSCs and the conservation

The EMBO Journal Vol 34 | No 8| 2015

In vitro human germ cell differentiation  Fumihiro Sugawa et al

of specific genes and signaling cascades between humans and mice
(Clark et al, 2004; Kee et al, 2006, 2009; Bucay et al, 2009; Park
et al, 2009; Tilgner et al, 2010; Eguizabal et al, 2011; Medrano et al,
2011; Panula et al, 2011; Chuang et al, 2012). These studies
demonstrate the importance as well as the potential of in vitro
systems for investigating human germ cell development. Most stud-
ies have utilized the late-stage, post-migratory PGC marker VASA/
DDX4, which is expressed in PGCs upon colonization of gonads but
is not expressed in PGCs in earlier stages of development. This lack
of a specific early germ cell reporter might explain why the charac-
terization of human PGC specification and commitment in vitro has
not been investigated until now. Mouse studies have shown that
in vitro-derived Blimpl® PGCLCs, which represent PGCs prior to
9.5 dpc, can generate functional sperm and oocytes after transplan-
tation into mouse gonads (Hayashi et al, 2011, 2012). These early
germ line committed cells have already acquired distinct, character-
istic properties of PGCs. A defined in vitro system that enables the
directed induction of pre-migratory PGCs is a prerequisite to
understanding not only the mechanisms underlying early germ cell
development, but also the methodology for successfully generating
PSC-derived gametes.

Here, we describe a serum-free and defined differentiation proce-
dure that can be used to generate pre-migratory PGCLCs from human
ESCs and induced pluripotent stem cells (iPSCs). We have performed
a comprehensive molecular analysis of PGCLCs and identified
molecular events that take place during human germ cell commit-
ment. Our results demonstrate that human germ cell specification
in vitro shares key molecular mechanisms with the mouse system,
but also that it exhibits unique mechanisms related to PRDM14.

Results

The combination of BMP4, Activin A, and bFGF promotes
mesoderm-committed PGC-precursor formation from
human PSCs

Serum-based PGC differentiation approaches are marked by unde-
fined culture conditions and spontaneous cell differentiation, which
are not suitable for investigating germ cell specification in vitro. In
mice, PGC specification involves activation of the mesodermal
program, as indicated by the expression of T, followed by activation
of the PGC program, as indicated by the expression of germ cell
determinant genes, such as Blimpl and Prdm14 (Saitou et al, 2002;
Kurimoto et al, 2008). The efficient generation of mesoderm-
committed PGC precursors therefore supports the differentiation of
lineage-restricted PGCs at a higher efficiency.

Treatment of human ESCs with a combination of Activin A
(ActA) and BMP4 under serum-free conditions has been found to
induce the formation of primitive streak-like cell populations and
mesoderm (Yang et al, 2008). We thus sought to pre-differentiate
human PSCs toward early mesoderm-committed PGC precursors
with the help of these cytokines in the presence of bFGF for 2 days
and to analyze the gene expression profiles of representative pluri-
potency-associated markers (OCT4, NANOG, and SOX2), PGC mark-
ers (BLIMPI and STELLA), and a mesodermal marker (T) (Fig 1A).
T was rapidly upregulated by ActA and BMP4, whereas the expres-
sion of OCT4, NANOG, and SOX2 did not change significantly. Based
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on these profiles, we concluded that 20-50 ng/ml of ActA and 5 ng/
ml of BMP4 were optimal for activating T expression (Fig 1A).
Notably, BLIMP1 (expressed from 6.5-dpc mouse PGCs) was
concomitantly upregulated, whereas STELLA expression (expressed
from 7.5-dpc mouse PGCs) was not significantly altered. This indi-
cated the presence of a mesoderm-like cell state characterized by
the expression of T. To determine whether differentiation for 2 days
would be sufficient for maximizing the induction, we extended the
differentiation period to day 7 and then analyzed the gene expres-
sion dynamics (Fig 1B). Over the entire culture period, expression
levels of OCT4, NANOG, SOX2, and STELLA remained similar to
those of iPSCs (we observed 0.5-, 0.5-, 2- and 2-fold changes,
respectively). In contrast, T and BLIMP1 were rapidly upregulated
within the first 2 days (512- and 32-fold changes, respectively) and
gradually downregulated thereafter. Interestingly, T was activated
1 day earlier than BLIMPI, suggesting the induction of a mesoder-
mal progenitor-like state before germ cell activation, which is also
observed in mice. T expression was detected on day 1 and BLIMP1
expression on day 2, results that were confirmed by immunostain-
ing (Fig 1C). At the protein level, OCT4 was expressed in about
97 % of all cells on day 0, and a small percentage (3%) of these PSCs
expressed T. However, BLIMP1 expression was not detected.
Approximately 55% of OCT4" cells expressed also T on day 1
(Fig 1D) and 58% on day 2, of which ca. 5% co-expressed OCT4,
BLIMP1, and T (Fig 1D) and around 1% expressed only OCT4 and
BLIMP1. STELLA™ cells were not detected during precursor induc-
tion (Supplementary Fig S1A). These results are consistent with
observations in mouse studies (Hayashi et al, 2011).

OCT4 and BLIMPI were still expressed at intermediate levels on
day 7, suggesting that mesoderm-committed PGC precursors were
still present at later time points of the differentiation (Fig 1B).
However, immunofluorescence analysis revealed that OCT4 and
BLIMP1 were no longer co-localized, indicating the loss of
mesoderm-committed PGC precursors during prolonged culture
in vitro (Supplementary Fig S1B). Overall, differentiation in defined
medium conditions (N2B27 + ActA + BMP4 + bFGF + ROCK inhibitor
(Y-27632)) for 2 days was sufficient for generating mesoderm-
committed PGC precursors, that is, Oct4* /Blimp1* /T " cells.

Of note, we did not detect cKIT protein in OCT4" cells, although
its transcript was significantly upregulated until day 7 (Supplemen-
tary Fig S1C), suggesting that the PGC precursors did not develop
into lineage-restricted PGCs under the given culture conditions, but
required a different environment to become PGCLCs.

PGC precursors differentiate toward PGCLCs with germ cell-
specific marker expression

To obtain PGCLCs, we cultured d2 precursors in GMEM/20% KSR
(GK20), containing BMP4, LIF, and Y-27632 (Fig 2A). A previous

Figure 1. Induction of OCT4*/BLIMP1* PGC precursors from human iPSCs.
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study demonstrated that TRA-1-81" /cKIT* populations represent
post-migratory putative germ cells in humans (Gkountela et al,
2013). We thus utilized that study’s approach and isolated putative
germ cell populations by monitoring TRA-1-81/cKIT expression. We
first titrated for an optimal concentration of BMP4 required for the
transition of the precursors toward PGCLCs. We observed that the
number of TRA-1-817 /cKIT* cells increased in a dose-dependent
manner (from 7.3% to 24%) by day 4 (Fig 2B). A BMP4 concentra-
tion of 100 ng/ml (yielding 24 % cells) was used thereafter to induce
PGCLCs from precursors. Notably, in the absence of BMP4 (Fig 2B,
no cytokine), approximately 7% of the cells were TRA-1-817/
cKIT ", representing a subpopulation of cells within the undifferenti-
ated iPSC cultures that lacked germ cell gene expression, similar to
observations in hESCs (Gkountela et al, 2013).

The maximum number of TRA-1-817/cKIT™ cells (20%) was
observed on day 4 (Fig 2C). Thereafter, the number decreased
steadily, with only 2.2% TRA-1-81" /cKIT* cells detected on day 8.
We attempted to increase the number of positive cells by adding
stem cell factor (SCF) to the culture, but this proved to be insufficient
(Supplementary Fig S2A). Nonetheless, about 5% precursors
(Fig 1D) yielded on average 10-20% PGCLCs from hiPSCs and ca.
9% from hESCs, independent of the cell lines used (for example see
Supplementary Fig S2B).

PGCLC characterization shows global progress of epigenetic
reprogramming similar to in vivo PGCs

To validate the reliability and specificity of the TRA-1-81/cKIT
marker combination for the isolation of PGCLCs in our system, we
performed gene expression analysis for a subset of germ cell-specific
markers in the cKIT * /TRA-1-81" PGCLC population (Supplementary
Fig S3A) and compared it to the cKIT*/SSEA1™ isolated cell popula-
tion (Supplementary Fig S3B). The analyzed cell fractions exhibited
similar gene expression, demonstrating their germ cell identity and
vouching for the high fidelity of our isolation method (Fig 2D).

We then assessed the gene expression of OCT4, NANOG, SOX2,
BLIMPI, and STELLA in the TRA-1-81" /cKIT " PGCLCs. In contrast
to cKIT™ populations, BLIMPI and STELLA were dramatically upreg-
ulated in PGCLCs, whereas OCT4 and NANOG levels remained
similar to iPSC levels. Upregulation of BLIMPI began on day 2 of
differentiation, but STELLA was upregulated only after day 4
(Fig 3A), both at the RNA and protein levels (Fig 3B). Importantly,
SOX2 was downregulated in PGCLCs, which is typical of human
PGCs (Fig 3A). These findings strongly suggest that PGCLCs repre-
sent in vitro counterparts of natural human PGCs.

During PGC development, epigenetic reprogramming occurs
globally and in a locus-specific manner (Seki et al, 2007; Gkountela
et al, 2013; Kagiwada et al, 2013). Therefore, we assessed the
erasure of DNA methylation at regulatory regions of imprinted loci

A Effects of ActA and BMP4 on the expression of selected pluripotency, PGC, and mesodermal genes during PGC-precursor induction. DM: dorsomorphin, SB: SB431542.
Samples were calibrated with iPSC values, and iPSC values depict 1. Y-axes are in log; scale.

B Gene expression dynamics of selected pluripotency, PGC, and mesodermal genes during prolonged PGC-precursor induction of up to day 7. Y-axes are in log, scale.
Immunofluorescence analysis for OCT4 (red), BLIMPL (green), and T (white) on days 0, 1, and 2. Nuclei were stained with Hoechst (blue). The culture contained BMP4

(5 ng/ml), Activin A (50 ng/ml), and bFGF (20 ng/ml). Scale bar: 100 pm.
D Quantification of respective cell populations shown in (C).

Data information: Data are presented as means =+ SD (n = 3).
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Figure 2. Induction of PGCLCs from human iPSCs.

A Schematic presentation of PGC-precursor and PGCLC induction.

B FACS analysis of the concentration-dependent effect of BMP4 on TRA-1-81"/cKIT* PGCLCs on day 4. B25: 25 ng/ml BMP4; B50: 50 ng/ml BMP4; B100: 100 ng/ml| BMP4.
C FACS analysis of TRA-1-81 and cKIT during PGC induction of up to day 8.
D

Gene expression analysis of selected PGC markers in TRA-1-81"/cKIT* and SSEAL*/cKIT* FACS fractions of d4 PGCLCs. Samples were calibrated with iPSC values, and

iPSC values depict 1.

Data information: Data are presented as means + SD (n = 3).

and globally in PGCLCs. We found that PEGI, KvDMRI, PEGIO,
and NESP55 were differentially methylated in both maternal and
paternal alleles of iPSCs. With the exception of KvDMRI, both

© 2015 The Authors

alleles became demethylated in PGCLCs (Fig 3C). Furthermore,
examination of global DNA methylation by immunofluorescence
against 5-methyl-cytosine (5mC) showed that DNA was globally
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Figure 3. Characterization of PGCLCs.
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A Gene expression dynamics of selected pluripotency and PGC genes in FACS-sorted, specified cells during PGC induction. The value for iPSCs is set as 1, and values are

on log, scale.

B Immunofluorescence analysis for OCT4 (green), BLIMP1 (red), and STELLA (yellow) in TRA-1-81*/cKIT* PGCLCs on day 6. Nuclei were stained with Hoechst (blue). Scale

bar: 15 pm.

C Bisulfite sequence analysis of DMRs of the imprinted genes (PEG1, KuDMRI1, PEG10, and NESP55) in iPSCs (top) and d6 TRA-1-81*/cKIT* PGCLCs (bottom). White and

black circles represent unmethylated and methylated CpG sequences, respectively.

D Immunofluorescence analysis for 5SmC in d6 PGCLCs.
Nuclei were stained with Hoechst (blue). Scale bar: 50 um.

E Transplantation of human iPSCs and PGCLCs into ovaries of recipient mice. (i) left ovary: control ovary without transplantation; right ovary: teratoma from iPSC-
reconstituted ovary; (ii) PGCLC-reconstituted ovaries. Note that no teratomas had formed. Bottom panels: Immunohistochemical analysis for NUMA in sections of
iPSC- and PGCLC-reconstituted ovaries. (i) iPSC-induced teratoma shown in (i); (iv) ovary containing NUMA* cells shown in (ii). Insert: higher magnification of

selected area. Scale bars: (i) and (ii), 0.5 cm; (i) and (iv), 50 um.

demethylated in PGCLCs (Fig 3D). Taken together, reduced
methylated residues at imprinted loci and loss of methylcytosines in
the genome both indicate the progress of epigenetic reprogramming
in PGCLCs similar to PGCs in vivo.

We then evaluated the developmental potential of the PGCLCs.
PGCs are bipotential, as they develop only into sperm and oocytes
in vivo. To assess their potential, we attempted to transplant recon-
stituted ovaries. For this, PGCLCs or iPSCs, which were aggregated
with 12.5-dpc mouse embryonic gonadal somatic cells to form
reconstituted ovaries in vitro, were transplanted under the ovarian
bursa of female mice. After 3 months, teratomas had formed from
the reconstituted ovaries generated from iPSCs (n = 2) (Fig 3E[i and
iii]), but not from the PGCLCs (n = 10) (Fig 3E[ii and iv]), indicat-
ing that PGCLCs are not pluripotent. To identify human cells within
the ovarian grafts, we stained paraffin sections of the explants for
human NUMA. As shown in Fig 3E[iv], NUMA-positive cells
survived in the ovaries but apparently had neither proliferated nor
differentiated much further. These cells were located close to the
injection site and were distributed as single cells throughout this
part of the tissue. We also did not observe mature PGCLCs, which
might be attributed to a non-permissive environmental niche.

OCT4*/BLIMP1* PGC precursors contribute to the subsequent
generation of PGCLCs

WNT3, which is expressed in the mouse posterior visceral endo-
derm and epiblast, plays a crucial role in PGC specification (Ohinata
et al, 2009; Aramaki et al, 2013), and the recombinant WNT signal-
ing activator WNT3A enhances the differentiation of human ESCs
into PGCs in the presence of serum (Chuang et al, 2012). In addi-
tion, knockout serum replacement (KSR) enhances the differentia-
tion of cells into PGCLCs in mice by suppressing cell death during
the transition of ESCs into epiblast-like cells (EpiLCs), which then
further differentiate into PGCLCs (Hayashi et al, 2011).

Based on the above observations, we investigated whether KSR
and WNT3A would also similarly influence PGC-like cell induction
in our system. For this, we added KSR to the PGC-precursor medium
at various concentrations (0-20%) and assessed the expression of
OCT4, SOX2, NANOG, T, BLIMPI, and STELLA on day 2 (Fig 4A).
OCT4 and NANOG expression levels were similar in all tested
samples, independently of the KSR concentration, whereas SOX2
expression was strongly upregulated. T was similarly expressed at
KSR concentrations between 0% and 4%, but its expression
decreased dramatically in 10-20% KSR. BLIMPI expression gradu-
ally decreased in a concentration-dependent manner. We therefore

© 2015 The Authors

concluded that high concentrations of KSR inhibit the induction
of PGC precursors by suppressing mesodermal gene activation.
Importantly, STELLA expression was not affected by KSR, indicating
that it did not enhance the induction of the PGCLC state. Protein
expression of BLIMP1, OCT4, and T (Fig 4D), as determined by
immunocytochemistry, matched the RNA expression results
described above (Fig 4A). The majority of cells were OCT4" under
all conditions, whereas T™ cells were detected under only low KSR
conditions (0-4%). BLIMP1* cells were significantly induced under
both low and high KSR conditions. However, BLIMP1™ cells did not
co-express OCT4 under high KSR conditions (10-20%), indicating that
they had apparently committed to a non-germ cell lineage (Fig 4D).
To assess the effect of WNT3A, we added 100 ng/ml of WNT3A
to the PGC-precursor medium together with 0-20% KSR and deter-
mined the gene expression profiles. WNT3A did not drastically alter
the expression of OCT4, SOX2, NANOG, T, BLIMPI1, and STELLA
(Fig 4A), or that of any tested ecto-/meso-/endoderm markers
(Supplementary Fig S4), as all genes examined exhibited relatively
similar levels and changes in their expression in either presence or
absence of WNT3A. Thus, WNT3A did not enhance differentiation
toward the mesodermal cell state in our system, but exhibited an
antagonistic effect on the repression of mesodermal genes by KSR.
We then looked at the efficiency of PGCLC induction from each
culture. The yield of TRA-1-817 /cKIT * cells decreased with increas-
ing KSR concentrations up to 4%, but increased again under high
KSR conditions (10-20%) (Fig 4B). High KSR concentrations
induced a cell population that did not express germ cell markers,
except for cKIT, but expressed the hematopoietic markers CD43 and
CD4S5, indicating the cells’ hematopoietic nature (Fig 4C). On the
contrary, PGCLCs induced under standard conditions (0% KSR)
expressed BLIMPI and STELLA, did not express hematopoietic
marker genes, and showed a lower cKIT mRNA level than the hema-
topoietic cell fraction (Fig 4C). In addition, drastically reduced
Blimp1/Blimpl and T/T expression induced differentiation of cells
into a non-germ cell fate (Fig 4A and D). Based on these data, we
conclude that KSR and WNT3A do not enhance the induction of
PGC precursors or PGCLCs in our system. KSR actually has an inhib-
itory effect and drives differentiation toward hematopoietic cells.

Transcriptomics analysis reveals that mesodermal and core PGC
genes during human PGCLC induction and mouse PGC

specification are similarly expressed

To further characterize d2 PGC-precursor cultures and d4 and
d6 PGCLCs, we assessed their global gene expression profiles.
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Figure 4. Effects of KSR and WNT3A on PGC-precursor and PGCLC induction.

The EMBO Journal

A Effects of KSR and WNT3A during PGC-precursor induction on the expression of selected pluripotency, PGC, and a mesodermal gene of d2 cultures. The value for iPSCs

is set as 1, and values are on log, scale. Data are presented as means £ SD (n = 3).

B Effects of KSR and WNT3A on the induction of d6 PGCLCs as analyzed by FACS gated for TRA-1-81 and cKIT.

C Gene expression analysis of selected PGC and hematopoietic markers in d6 PGCLCs that were cultured in 0% (control) or 20% KSR (KSR) condition during PGC-
precursor induction. Samples were calibrated with iPSC values, and iPSC values depict 1. Data are presented as means + SD (n = 3).

D Immunofluorescence analysis for OCT4 (red), BLIMP1 (green), and T (yellow) in d2 precursors cultured in increasing KSR concentrations. Nuclei were stained with

Hoechst (blue). Scale bar: 2100 um.

Unsupervised hierarchical clustering revealed that d2 PGC-precursor
cultures clustered together with iPSCs and ESCs, whereas d4 and d6
PGCLCs clustered together but separately from d2 precursors and
iPSCs (Fig 5A). Principal component analysis (PCA) also showed a
clear difference of pluripotent stem cells (iPSCs and ESCs), d2 PGC-
precursor cells, and d4 or d6 PGCLCs (Fig 5B). These results indi-
cate that PGCLCs acquired a global gene expression profile that is
distinct from that of pluripotent stem cells, demonstrating that the
cell identities of both are different.

Scatter plots comparing either the d2 PGC-precursor culture, or
d4 or d6 PGCLCs with iPSCs revealed that the global transcriptomics
profile deviates progressively from that of the original iPSC popula-
tion during differentiation, that OCT4 and NANOG expression levels
remained similar to those of iPSCs in all differentiated samples, and
that SOX2 was much lower in PGCLCs (Fig 5C). These results were
confirmed by qPCR (Fig 1B). Mesodermal markers CYP26A1, GSC,
MESP, and MIXL1 were upregulated in d2 PGC precursors and
thereafter progressively downregulated in d4 and d6 PGCLCs. PGC
markers STELLA, NANOS3, and TFAP2C did not change in d2 PGC
precursors and d4 PGCLCs, but significantly increased in d6
PGCLCs, indicating the formation of lineage-restricted PGCs on d6
(Fig 5C). The subsequent expression of mesodermal and PGC mark-
ers in our differentiation system was overall similar to the transcrip-
tion dynamics observed during mouse PGC specification, with the
exception of SOX2, which was drastically different.

We then analyzed the extent of shared expression dynamics
between human PGCLC induction and mouse PGC specification.
Nakaki et al (2013) identified two categories of genes that are acti-
vated during PGC specification in mice. One category is the “somatic
mesodermal genes”, which are activated by BMP4 and eventually
suppressed upon formation of lineage-restricted PGCs, and the other
is the “core PGC genes”, which are specifically activated by Blimp1,
Prdm14, and Tfap2c. We therefore examined the expression profiles
of these genes from each category to assess whether similar tran-
scriptional changes occur during human PGCLC induction (Supple-
mentary Figs S5 and S6). Of 45 core PGC genes tested, 22 were
upregulated (> 2-fold) in d6 PGCLCs, including TFAP2C, STELLA,
KLF2, ELF3, KIT, and LIFR. This progression became nicely apparent
in the violin plots (Supplementary Fig S5B). Of the 159 somatic
mesodermal genes examined, 30 were upregulated (> 2-fold) in d2
precursor cells, including CDX1, CDX2, HANDI1, MESP1, ID1, MSX1,
MSX2, ISL1, MIXL1, WNTSA, FGF8, and BMP4. The number of
upregulated genes increased to 50 on d4 and to 65 on d6, and this
progression could also be demonstrated in violin plots (Supplemen-
tary Fig S6B). Thus, expression patterns of somatic mesodermal
genes and core PGC genes during human PGC-like cell induction
were similar to their expression patterns in mouse PGC specifica-
tion. Taken together, human PGC-like cell induction and mouse
PGC-like cell induction share expression patterns of not only a few
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key markers, but also larger sets of genes within different functional
categories.

In addition, HOX family genes, which are repressed by BLIMP1
in both mouse PGCs and human PGCLCs, showed low expression
levels, and genes that regulate DNA methylation, UHRFI, DNMT3A,
and DNMT3B, were downregulated in hPGCLCs (Fig SE).

During the submission process of this manuscript, Irie et al
(2015) reported that the endodermal factor SOX17 functions in
concert with BLIMPI as the key regulator of human PGCLC specifi-
cation. Those authors reported that SOXI17 expression preceded
BLIMP1 expression and coincided with T expression (Irie et al,
2015). We analyzed d2 precursor cells and d4 and d6 PGCLCs and
detected high SOX17 expression in all samples (Supplementary Fig
S7). These data support our findings and are in agreement with our
conclusions on human germ cell specification in vitro.

Transcriptomics analysis suggests that mouse Prdm14-regulated
genes are controlled by different mechanisms in human and
mouse PGCs

We observed that PRDM14 was strongly downregulated in human
PGCLCs, but was highly expressed in mouse PGCLCs (Fig SE).
Prdm14 functions as a key regulator of PGC specification and its
depletion in mice leads to loss of PGCs (Yamaji et al, 2008). We
therefore assessed whether the minimal PRDM14 content in PGCLCs
influences the expression of specific Prdml4-regulated genes
(Epasi, Tcll, Esrrb, KIk5, NrSa2, ZFfp42, Klf4, Lifr, Dppa2, Dppa5a,
and Nanog upregulated; Zfp521 [human homolog: ZNF521], Sox3,
Nrcam, and Hs6st2 downregulated) that are activated during mouse
PGC specification (Nakaki et al, 2013). We first looked at their
expression profiles in PGCLCs (Supplementary Fig S8). EPASI,
KLFS, KLF4, and LIFR expression levels were upregulated (> 2-fold),
while ZFP42 and NANOG levels did not change and remained as
high as in iPSCs. However, TCLIA, ESRRB, NR5A2, DPPA2, and
DPPAS levels were low. ZNF521, SOX3, and NRCAM levels were
downregulated (> 2-fold) in PGCLCs, while HS6ST2 was upregulat-
ed. These data clearly demonstrated that a subset of mouse Prdm14-
regulated genes exhibits a similar expression pattern in human
PGCLCs, even though PRDM14 is expressed at only very low levels.
In addition, gene ontology (GO) statistical enrichment analysis of
differentially expressed genes (DEGs) between d6 PGCLCs and
iPSCs revealed that neural development-related GO terms were
significantly enriched by downregulated genes in PGCLCs (Supple-
mentary Fig S9). The repression of neural differentiation is a key
characteristic of mouse PGC specification that is mediated by
Prdm14. These findings confirm that human PGCLC induction and
mouse PGC specification exhibit similar transcriptional dynamics,
and suggest that mouse Prdm14-regulated genes are differently regu-
lated in human PGCs.
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Figure 5. Transcriptomics profiles during PGC-precursor and PGCLC induction.

The EMBO Journal

A Unsupervised hierarchical clustering of HUES6 ESCs, 383.2 iPSCs, d2 PGC-precursor cultures, and FACS-sorted PGCLCs.

B Principal component analysis of HUES6 ESCs, 393.2 iPSCs, d2 PGC-precursor cultures, and FACS-sorted PGCLCs.

C Scatter plots of global gene expression microarrays comparing d2 PGC-precursor cultures, or d4 or d6 FACS-sorted PGCLCs with iPSCs.

D Venn diagrams of the transcriptomics meta-analysis with the intersections of the DEGs of mouse in vitro PGCLCs, human in vivo PGCs, and human in vitro PGC-like
cells in relation to their respective pluripotent counterparts in their respective platforms.

E Heatmap of pluripotent, germ cell, mesodermal, and chromatin-related markers in mouse (left) and human (right) transcriptomics samples (Tfap2c is not targeted in
the Illumina MouseRef-8 v2). The color bars codify the gene expression in log, scale. Red corresponds to high gene expression. Blimp1*/Stella* PGCLCs are denoted

“B+S+”, and Blimp1*/Stella~ PGCLCs are denoted “B+S—".

F Effect of knockdown of BLIMP1 and PRDM14 on PGCLC induction. Knockdown of BLIMP1 (F) and PRDM14 (G) was done using the lentiviral system with two individual
shRNA vectors for each gene. The knockdown efficiencies were assessed by qPCR (left panel, each). The induction of d4 PGCLCs analyzed by FACS, gated for TRA-1-81

and cKIT (right panel, each). Data are presented as means + SD (n = 3).

To assess the influence of PRDM14 and BLIMP1 on PGCLC
formation in vitro, we performed shRNA knockdown of PRDM14
and BLIMP1 in d2 precursor cells and analyzed TRA-1-81% /c-KIT*
PGCLCs formation on d4. BLIMP1 knockdown to 60-70% reduced
the percentage of PGCLCs by 50%, while PRDM14 knockdown to
60-70% did not change the induction efficiency of PGCLCs at all,
compared with the control sample (Fig 5F, Supplementary Fig S10).
Comparison of PRDM14/Prdm14 expression during the course of
PGCLC differentiation from human and mouse PSCs demonstrated
downregulation of PRDMI14 during precursor induction and no
upregulation in human PGCLCs, while Prdm14 levels decreased
upon EpiLC induction in the mouse system and subsequently
increased again in PGCLCs (Fig SE). Immunocytochemical staining
of PRDM14 in precursor cultures on d1 and d2 confirmed the rapid
loss of PRDM14 at the protein level (Supplementary Fig S11).

PRDM14 expression is very low from early commitment on to the
post-migratory PGC stage in human

With the unavailability of in vivo human pre-migratory PGC samples
and transcriptomics data of those cells, we compared data from
PGCLCs and iPSCs with published Next Generation Sequencing
(NGS) data sets of in vivo human PGCs from Gkountela et al (2013)
and Nakaki et al (2013), and as a mouse counterpart, we used our
own transcriptomics data of in vitro PGCLCs and EpiLCs. We
performed a comparative gene expression meta-analysis and identi-
fied 7 and 11 genes that were commonly down- or upregulated,
respectively, in PGCLCs, in vivo post-migratory PGCs, and mouse
in vitro-generated PGCLC compared with the corresponding human
ESC lines and EpiLCs (Fig SE). Of these, DNMT3B was downregulat-
ed, indicating suppression of de novo DNA methylation, which is a
common event at the early stage of PGC development in humans
and mice. BLIMPI, STELLA, and KLF2 were upregulated, while
SOX2 and PRDMI4 were downregulated in human PGCs and
PGCLCs, but not in mouse in vitro-generated PGCs. These observa-
tions suggested that minimal PRDM14 expression is a characteristic
found in human but not in mouse PGCs from their early commit-
ment to the germ cell lineage until at least the post-migratory stage.

Discussion

In this study, we describe a defined, serum-free two-step differentia-
tion system using both human ESCs and iPSCs as starting cells.
Our system allowed the reproducible induction of OCT4"/
BLIMP1*/T* PGC precursors that subsequently transitioned into

© 2015 The Authors

TRA-1-81" /cKIT " pre-migratory PGCLCs. Such a stepwise induction
for PGCLCs has been reported in a specification system for mouse
(Hayashi et al, 2011). PGCLCs were induced from a heterogeneous
cell population, which might be due to parameters or intrinsic differ-
ences that are not yet understood. This early-stage heterogeneity
has also been observed in a mouse PGC induction study (Ohinata
et al, 2009). This is very similar to how PGCLCs were induced in
mouse differentiation systems, in which BMP4-induced PGCLCs
comprised less than 50% of whole aggregates derived from EpiLCs
(Hayashi et al, 2011) or less than 10% in serum-containing mono-
nolayer cultures, respectively (Hiibner et al, 2003). The suggestion
that PGCs are induced from common mesodermal progenitor cells
confronts us with unknown regulatory mechanisms for the segrega-
tion of the germ cell lineage from the neighboring mesodermal
somatic cells (Extavour & Akam, 2003; Aramaki et al, 2013).

Considering that spontaneous PGC differentiation from ESCs/
iPSCs gives rise to only low numbers of PGCLCs, this two-step induc-
tion procedure generated a substantial number of pre-migratory
PGCLCs for performing comprehensive molecular and biochemical
analyses, constituting a new basis for further investigations.

Our data show that the combinatorial action of ActA, BMP4, and
bFGF is critical for the first step of our system, that is, induction of
OCT4"* /BLIMP1" /T " PGC precursors from human ESCs and iPSCs,
which enables the subsequent robust induction of PGCLCs. Other
studies have suggested that human ESCs and mouse EpiSCs share
many features, such as morphology and gene expression profiles
(Brons et al, 2007; Tesar et al, 2007). In the mouse system, BMP4
treatment of EpiSCs in vitro induced Blimp1™ cells, but most of these
cells did not progress to become Stella” PGC-like cells (Hayashi &
Surani, 2009; Hayashi et al, 2011), suggesting that EpiSCs have low
competence for PGC specification. However, when EpiSCs were
reverted to ESC-like cells and subsequently induced into a pre-
gastrulating mouse EpiLC state, they gained the ability to differenti-
ate into Blimpl™/Stella* PGCLCs in response to BMP4 (Hayashi
et al, 2011). Considering that hESCs/hiPSCs generate PGCLCs cells
through OCT4*/BLIMP1* /T precursors in our system, human
ESCs/iPSCs might be composed of different subpopulations or might
be more similar to a more naive mouse pre-gastrulating epiblast state
with high PGC differentiation ability, than to mouse EpiSCs. As we
have shown previously, mouse epiblast stem cells contain distinct
subpopulations (Han et al, 2010).

BMP4 played a critical role in the induction of PGCLCs and
enhanced induction in a concentration-dependent manner in our
culture system, similar to serum-based differentiation culture
systems (Kee et al, 2006). Apart from BMP proteins, SCF and EGF
have also been reported to enhance PGC induction in mice (Ohinata
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et al, 2009). In particular, SCF is considered to be necessary for PGC
survival (Pesce et al, 1993). We observed that the TRA-1-81"/
cKIT* PGCLC population declined dramatically upon culture
beyond 6 days and our attempt to extend the proliferation of
PGCLCs by SCF failed. According to the GO statistical enrichment
analysis, lipid, hormone, and steroid metabolic processes were
upregulated in d6 PGCLCs (Supplementary Fig S9). Therefore, the
addition of hormones to the culture might be a more promising
approach to extend and rescue human PGCLCs in vitro.

PGCLCs exhibited expression of OCT4, NANOG, BLIMPI, and
STELLA, which is characteristic to mouse pre-migratory PGCs. We
also confirmed by the analysis of whole-genome profiles that natural
post-migratory human PGCs express high levels of BLIMPI and
STELLA, similar to our human PGCLCs and mouse PGCs, which
suggests that some of the key regulators of PGCs are conserved
between these two species (Fig 5E). In addition, this analysis
revealed that during differentiation, mesodermal genes, such as T,
were initially upregulated in d2 PGC precursors and subsequently
downregulated (Fig SE). Concomitantly, PGC genes such as BLIMP1I,
TFAP2C, and STELLA were upregulated. This order of gene expres-
sion dynamics in association with hPGC specification is quite similar
to that of mouse, in which Blimpl and Prdm14 are activated after
mesodermal gene activation (Fig 5E) (Saitou et al, 2002; Kurimoto
et al, 2008). During mouse PGCLC specification in vitro, these genes
are also not directly activated by BMP4. Instead, they are secondarily
activated by the mesodermal transcription factor T, which is also an
inducer of other mesodermal genes (Aramaki et al, 2013).

PGCLCs expressed low levels of SOX2, a typical feature of human
PGCs of fetuses (de Jong et al, 2008; Perrett et al, 2008). The
concomitant minimal expression level of PRDM14/PRDM14 in our
cells suggested that different regulatory mechanisms underlie human
and mouse PGC specification and development (Fig 5E). In fact, we
observed that post-migratory human fetal PGCs also exhibit very low
expression levels of SOX2 and PRDMI4 RNA, whereas mouse
PGCLCs show high expression levels. These data suggest that human
PGCs, from their early commitment to the germ cell lineage through
at least the post-migratory stage, do not require PRDM14, or alterna-
tively, that PRDM14 is so critical in human, that low levels are toler-
ated and a complete loss would be necessary to reveal the
phenotype. PGCs from Prdm14-deficient mice have been reported to
exhibit low expression of Sox2 (Yamaji et al, 2008), suggesting a
potential genetic interaction of Prdml14 and Sox2 (Grabole et al,
2013). Prdm14 also appears to play a key role in the repression of
neural induction and de novo methylation, in addition to the activa-
tion of the PGC program in the mouse (Nakaki et al, 2013). In this
context, our data revealed that human PGCLCs show: (i) the downre-
gulation of genes associated with neural differentiation; (ii) similar
expression dynamics to mouse PrdmlI4-regulated genes (such as
KLFS5, NRSA2, KLF4, LIFR, and NANOG); (iii) the progression of
global epigenetic reprogramming by demethylation of differentially
methylated regions (DMRs) of selective imprinted genes and a global
decrease in 5mC levels; and (iv) the expression of OCT4, NANOG,
and other pluripotency-associated genes. However, the mechanism
underlying the regulation of these genes currently remains obscure.

Our differentiation protocol facilitates the generation of sufficient
amounts of PGCLCs to investigate genetic interactions and epige-
netic alterations. Moreover, we provide the first insights into tran-
scriptional regulation during the early stage of human PGC
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development (3—-6 weeks), which are not found in mice. This under-
lines the importance of using human differentiation systems to
understand the biology of the human germ cell lineage as well as
specific reproductive problems. Continued investigations will
provide a more comprehensive understanding of human germ cell
development and an opportunity for performing research for repro-
ductive medicine, such as drug screening and disease modeling by
utilizing patient-specific iPSCs from reproductively compromised
patients. We would like to eventually use it as a system to test toxic
substances that might be a cause for the reduced fertility of men.
Moreover, a more comprehensive understanding of human germ
cell development may lead to methodology for successfully generat-
ing PSC-derived gametes for reproductive medicine.

Material and Methods

Cell culture

ESC lines (H9 and HuES6) and iPSC lines (393.2 and SA8/25)
(Zaehres et al, 2010) were maintained in MEF-conditioned medium
containing 5 ng/ml bFGF (Peprotech) on matrigel-coated plates
(Greber et al, 2011) and used at a passage number below 50. The
medium was changed every day, and the cells were passaged every
4-6 days by collagenase IV (1 mg/ml) dissociation of the culture
into cell clumps.

Germ cell differentiation from human ESCs/iPSCs

To induce differentiation, ESCs/iPSCs were dissociated into single
cells by TrypLE (Life Technologies) and plated on a matrigel-coated
well of 12-well plates (2.0 x 10° cells/well) in N2B27 medium
supplemented with BMP4 (5 ng/ml) (R&D Systems), Activin A
(50 ng/ml) (R&D Systems), and bFGF (20 ng/ml), and ROCK
inhibitor Y-27632 (10 uM) (Abcam Biochemicals). Dorsomorphin
(Santa Cruz, sc-200689) and SB431542 (Cayman Chemical
Company) were used as controls at 50 nM and 10 uM, respectively.
After 48 h, cells were dissociated by TrypLE and plated in a well of
ultra-low-attachment U-bottom 96-well plate (Corning) in GK20
medium (9,000 cells/well) supplemented with BMP4 (100 ng/ml),
rhLIF (20 ng/ml) (Millipore), and Y-27632 (20 pM). GK20 medium
was GMEM supplemented with 20% KSR, 0.1 mM nonessential
amino acids, 1 mM pyruvate, 0.1 mM 2-mercaptoethanol, 100 U/ml
penicillin, and 100 mg/ml streptomycin.

Germ cell differentiation from mouse ESCs

Mouse ESCs (BVSC) were propagated under 2i-medium conditions,
and PGCLCs were generated according to Hayashi et al (2011).
Briefly, EpiLCs were induced from BVSC-ESCs on fibronectin-coated
cell culture plates in N2B27 medium containing Activin A (20 ng/ml),
bFGF (12 ng/ml), and KSR (1%) for 48 h. PGCLCs were induced
by plating 1 x 10*> EpiLCs in serum-free GK15 medium, supple-
mented with LIF (10° U/ml), SCF (100 ng/ml), BMP8a (500 ng/ml),
BMP4 (500 ng/ml), and EGF (50 ng/ml) under floating conditions
in ultra-low cell attachment U-bottom 96-well plates. Day-6 cultures
were TrypLE-digested and sorted for BV and SC on a flow
cytometer.
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Fluorescence-activated cell sorting analysis

Aggregates were dissociated with 0.25% trypsin/EDTA supple-
mented with 2% chicken serum (37°C, 30 min). Dissociated cells
were incubated with anti-TRA-1-81 antibody conjugated with
phycoerythrin (FAB2155P; R&D Systems) and anti-cKIT antibody
(17-1179; eBioscience) conjugated with APC (17-1179; eBioscience).
Mouse IgG conjugated with APC (17-4714-82) and mouse IgM
conjugated with phycoerythrin (ICo15P; R&D Systems) were used
for isotype controls. The cells were washed three times with PBS
supplemented with 5% FCS and analyzed on a flow cytometer.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 15 min, permeabi-
lized with 0.2-1% Triton X-100 for 10 min, and blocked with a solu-
tion comprising 2% BSA, 5% FCS, and 0.1% Tween-20 in PBS for
45 min. For 5SmC staining, FACS-sorted cells were attached to Super-
frost Ultra Plus slides (Thermo Scientific) using a Cytospin centri-
fuge and stained for 5SmC after treatment with 4 N HCI for 30 min at
room temperature according to the manufacturer’s recommenda-
tions. Primary and secondary antibodies were applied overnight at
4°C and for 1 h at room temperature, respectively, in 0.5% BSA in
PBS-T. Hoechst stain was applied in the second-to-last washing step
at 1 mg/ml. Antibodies used in this study were as follows: OCT4
(1:100, sc-5279; Santa Cruz), BLIMP1 (1:100, 9115; Cell Signaling),
T (1:100, sc-17745; Santa Cruz), STELLA (1:100, MAB4388; Milli-
pore), 5-MeCyd (1:100, AMM 99021; Aviva), and PRDM14 (1:100,
AP1214a; Abgent) with the appropriate secondary antibodies:
goat anti-mouse Alexa Fluor 488 (1:500, A11001; Invitrogen),
donkey anti-mouse Alexa Fluor 647 (1:500, A31571; Invitrogen),
donkey anti-rabbit Alexa Fluor 488 (1:500, A21206; Invitro-
gen), donkey anti-rabbit Alexa Fluor 568 (1:500, A10042; Invitro-
gen), donkey anti-goat Alexa Fluor 568 (1:500, A11057; Invitrogen).

Image acquisition and statistical cell counting

Images were acquired using the Leica inverted fluorescence micro-
scope DMIG000AFC or the Operetta high-content imaging system
(PerkinElmer, Waltham, MA, USA). Statistical cell counting was
performed using the Harmony Software (PerkinElmer).

Immunohistochemistry

Paraformaldehyde-fixed paraffin sections were deparaffinized and
rehydrated. For antigen retrieval, the slides were boiled in 10 mM
sodium citrate buffer. Sections were pre-incubated in PBS and then
blocked in 5% BSA and 1% normal goat serum in PBS at room
temperature for 30 min. The sections were incubated with anti-
NUMA antibody (ab84680, Abcam) in 1% BSA and 1% normal goat
serum in PBS overnight at 4°C, and then incubated with biotinylated
secondary antibody in 1% BSA and 1% normal goat serum in PBS
(ab6828, Abcam) for 1 h at room temperature. For diaminobenzi-
dine (DAB) staining, immunohistochemistry was performed using
HRP streptavidin (405201, e-Bioscience) and Metal Enhanced DAB
substrate kit (34065, Thermo Scientific). The DAB-stained prepara-
tions were visualized using a general optical microscope (Nikon
TE-200U, Tokyo, Japan).
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gqPCR and microarray analysis

Total RNA was extracted from human ESCs/iPSCs, d2 PGC-precur-
sor cultures, and d4 and d6 FACS-sorted PGCLC/non-PGCLCs, and
mouse PGCLCs and EpiSCs and purified using the RNeasy Micro Kit
(QIAGEN, Hilden, Germany). For qPCR, total RNA was reverse-
transcribed by M-MLV Reverse Transcriptase (Affymetrix), and the
resultant cDNA was used for Q-PCR analysis with iTaq Universal
SYBR Green Supermix (Bio-Rad). The primer sequences used are
listed in the Supplementary Table S1.

For transcriptomics microarrays, total RNA was used as input
into a linear amplification protocol (Ambion), which involved
synthesis of T7-linked double-stranded ¢cDNA and 12 h of in vitro
transcription incorporating biotin-labeled nucleotides. Purified and
labeled cRNA was then hybridized for 18 h onto HumanHT-12 v4
expression BeadChips (Illumina) for human samples and on Mouse-
Ref-8 v2 for mouse samples following the manufacturer’s instruc-
tions. After washing as recommended, chips were stained with
streptavidin-Cy3 (GE Healthcare) and scanned using the iScan
reader (Illumina) and accompanying software. Samples were exclu-
sively hybridized as biological replicates.

Microarray data processing

The bead intensities were mapped to gene information using Bead-
Studio 3.2 (Illumina). Background correction was performed using
the Affymetrix Robust Multi-array Analysis (RMA) background
correction model (Irizarry et al, 2003). Variance stabilization was
performed using the log, scaling, and gene expression normalization
was calculated with the method implemented in the lumi package of
R-Bioconductor. Data post-processing and graphics were performed
with in-house developed functions in Matlab (MathWorks™). Hier-
archical clustering of genes and samples was performed with one
minus correlation metric and the unweighted average distance
(UPGMA) (also known as group average) linkage method.

The GO terms were taken from the AMIGO gene ontology data-
base (Ashburner et al, 2000). The significance of the GO terms of
the DEGs was addressed calculating the P-values using an enrich-
ment approach based on the hypergeometric distribution. All the
sets of GO terms were back-propagated from the final term appear-
ing in the gene annotation to the root term of each GO. The multi-
test effect influence was corrected by controlling the false discovery
rate using the Benjamini-Hochberg correction at a significance level
o = 0.05.

The data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE53498.

Transcriptomics meta-analysis

To build the human in vitro d6 PGCLC set, we performed transcri-
ptomics analysis with [llumina HumanHT-12 v4 microarrays, taking
the DEGs between d6 PGCLCs and the pluripotent iPSCs from which
we derived the PGCLCs. To build the mouse in vitro PGCLC set, we
performed transcriptomics analysis with [llumina MouseRef-8 v2
microarrays, taking the DEGs between mouse PGCLCs and the
EpiLC reference pluripotent population. To build the human in vivo
PGC set, we took the transcriptomics NGS data from Gkountela et al
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(2013) downloaded from the GEO database (GSE39821), and we
used the cKIT™ 16-week PGC ovary sets (GSM979869, GSM979870)
as representative human PGCs and the human H1 ESCs
(GSM979871, GSM979872, GSM979872) as representative pluripo-
tent cells to search for the DEGs. To calculate the DEGs, we used a
threshold of 2 for the absolute values of the fold change in gene
expression in log, scale for the Illumina microarrays transcriptomics
data and a threshold of 4 for the higher dynamic range Illumina
HiSeq 2000 NGS transcriptomics data. To build the Venn diagrams,
the DEGs results were split between up- and downregulated DEGs.

Bisulfite sequencing

To determine the DNA methylation status at regulatory regions of
imprinted genes, bisulfite conversion was carried out on 2 ug of
isolated genomic DNA with the EpiTect Bisulfite Kit (QIAGEN)
according to the manufacturer’s protocol. The bisulfite-converted
DNA was amplified by PCR using the primers previously described
(Kim et al, 2007). The PCR products were cloned into the pCRII
TOPO vector (Invitrogen) according to the manufacturer’s protocol.
Individual clones were sequenced by GATC-biotech (http://
www.gatc-biotech.com/en/index.html). Sequences were analyzed
using the Quantification Tool for Methylation Analysis (QUMA,
http://quma.cdb.riken.jp).

Transplantation of reconstituted ovaries under the ovarian bursa

Generation of reconstituted ovaries and their transplantation under
the ovarian bursa of mice was carried out according to a published
protocol with slight modifications (Hayashi & Saitou, 2013). Briefly,
FACS-sorted d4 TRA-1-81"/c-KIT" cells were re-aggregated with
embryonic day (E) 12.5 gonadal somatic cells at a ratio of
5,000:50,000. For this, the gonads of female embryos were collected
at E12.5. The mesonephri were surgically separated from the gonads
by using tungsten needles. The gonads were dissociated with 0.05%
trypsin/0.02% DNase I (10-15 min, 37°C), and endogenous PGCs
were removed by magnetic cell sorting using anti-SSEA1 antibody
conjugated with magnetic beads (Miltenyi Biotec) according to the
manufacturer’s protocol. The resultant gonadal somatic cells and
FACS-sorted PGCLCs were plated in the wells of a low-cell-binding
U-bottom 96-well lipidure-coated plate in GK20. After 2 days of
culture in GK20, the reconstituted ovaries were transplanted under
the ovarian bursa. Briefly, two reconstituted ovaries were inserted
with a glass capillary through a slit under the ovarian bursa of
4-week-old SCID female mice that had been anesthetized. Trans-
planted ovaries were then collected from the recipient female mice
3 months after transplantation.

Knockdown of BLIMP1 and PRDM14

Knockdown experiments of BLIMP1 and PRDM14 were performed
using the lentiviral system as described previously (Hockemeyer
et al, 2008). TRC PRDM1 shRNA lentiviral vector (TRCN0000013608
and TRCN0000013609, Thermo Fisher Scientific) and TRC PRDM14
shRNA lentiviral vector (TRCN0000018523 and TRCN0000018525,
Thermo Fisher Scientific) were used for the knockdown of BLIMP1
and PRDM14, respectively. For infection of cells, d2 precursor
cultures were pre-treated with 10 uM Y-27632 dihydrochloride for
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1 h, and thereafter dissociated into single cells by TrypLE. 1 x 10°
cells in 1 ml of precursor induction medium were infected with 60 pl
of concentrated virus in 15-ml tubes and incubated at 37°C and 5%
CO, for 5h with occasional mixing. Thereafter, the cells were
washed with PBS three times and used for further PGCLC induction.
D4 PGCLC cultures were used for the assay.

Animal experiments

The xenotransplantation experiments were performed in accordance
with the ethical guidelines and regulations of the German govern-
ment (LANUV/Robert Koch Institut).

Supplementary information for this article is available online:
http://femboj.embopress.org
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