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SUMMARY

In the mammalian embryo, a formative pluripotent phase is proposed to exist at the early post-implantation period, during the transition
from the pre-implantation naive—to the post-implantation primed—epiblast. By recapitulating a laminin component of the extracel-
lular matrix niche during embryonic formative transition, and defined culture conditions, we generated cultures highly enriched for
self-renewing human pluripotent stem cells (hPSCs), exhibiting properties of early post-implantation epiblast cells. These hPSCs display
post-implantation-epiblast gene expression profiles. FGF and TGF-p signaling maintain their self-renewal for multiple passages. They
have inactive canonical Wnt signaling, do not express primitive streak markers, and are competent to initiate differentiation toward
germline and somatic fates. hPSCs exhibiting early post-implantation epiblast properties may shed light on human embryonic PSCs

development and may serve for initiating somatic and germ cell specification.

INTRODUCTION

Two distinct phases of pluripotency have been defined in
the mouse embryo: a "naive" phase that exists at the pre-
implantation inner cell mass (ICM), and a "primed" phase
that exists at the post-implantation epiblast (Nichols and
Smith, 2009). Naive mouse embryonic stem cells (ESCs)
derived from ICM cells (Evans and Kaufman, 1981), and
primed mouse epiblast stem cells (mEpiSCs) derived from
post-implantation epiblast cells (Brons et al., 2007; Tesar
et al., 2007), exhibit distinct transcriptomes, epigenomes,
and growth factor requirements.

Human ESCs (hESCs) are derived from the ICM (Reubin-
off et al., 2000; Thomson et al., 1998). Surprisingly, hESCs
share properties with mEpiSCs and early post-implantation
primate epiblasts (Nakamura et al., 2016), suggesting that
they progress in culture to a more primed pluripotency state
(Nichols and Smith, 2009). Culture conditions promoting
naive hPSCs were developed by several groups (Gafni
etal., 2013; Takashima et al., 2014; Theunissen et al., 2014).

Lately, it was hypothesized that pluripotent cells progress
from the naive to the primed phase through an intermediate
“formative” phase existing in the early post-implantation
epiblast (Smith, 2017). The formative phase may be repre-
sented in the mouse system by mouse epiblast-like cells
(mEpiLCs), which exhibit a transcriptome resembling the
early post-implantation epiblast, and can differentiate into
primordial germ cells (PGCs). Notably, primed mEpiSCs
lose the potential to generate PGCs (Hayashi et al., 2011).

Several criteria were suggested to define the human
formative pluripotency phase, including a transcriptome
characteristic of the early post-implantation epiblast, lack
of lineage-specific marker expression, and competence for
somatic and germline lineage specification (Pera and Ros-
sant, 2021). Recently, several groups have reported on
hPSCs exhibiting naive-to-primed intermediate character-
istics (Cornacchia et al., 2019; Kinoshita et al., 2021; Lau
et al., 2020; Rostovskaya et al., 2019; Yu et al., 2021).

Here, we sought to develop cultures highly enriched for
self-renewing hPSCs, capturing the formative pluripotency
phase in vitro. Laminin-111 (LN111) is one of the major
extracellular matrix (ECM) proteins expressed in the base-
ment membranes of mouse embryos already at the pre-im-
plantation stage (Li et al., 2003). Expression of genes encod-
ing LN111 subunits was similarly observed in human ICM
and pre-implantation epiblast cells (Stirparo et al., 2018).
It was suggested that LN111 attaches to outer ICM cells, pro-
moting ICM polarization and epiblast formation (Li et al.,
2003). We therefore hypothesized that an LN111-based
hPSC culture system may confer a pluripotency state resem-
bling the early post-implantation epiblast.

Our results demonstrate that hPSCs cultured on LN111 in
defined conditions generate cultures highly enriched for
genetically stable, self-renewing hPSCs exhibiting properties
of the early-post implantation epiblast. They display a tran-
scriptome profile similar to the post-implantation epiblast,
and do not express primitive streak (PS) markers. FGF/TGF-
B-mediated signaling is required for their self-renewal. While
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the canonical Wnt signaling is inactive in these cells, they
respond to Wnt stimulation by activation of PS markers.
Finally, we show that hPSCs cultured on LN111 are compe-
tent to initiate PGC specification. These results suggest that
hPSCs cultured on LN111 in defined conditions may repre-
sent an early post-implantation epiblast-like pluripotency
phase.

RESULTS

Development of an LN111-based defined system
promoting prolonged self-renewal of genetically

stable hPSCs, retaining their pluripotent potential

In our culture system, we used LN111 as the ECM compo-
nent at relatively high concentrations, enabling its poly-
merization, which is thought to initiate the basement
membrane scaffold formation (Miner et al., 2004). To
further promote the early post-implantation epiblast state,
we cultured the hPSCs in a chemically defined serum-
free medium containing N2/B27 and supplemented with
FGF2. A similar medium composition was shown to induce
and transiently maintain mEpiLCs in culture (Hayashi
et al., 2011).

In our study, we characterized the properties of hPSCs
cultured in this system (LN-hPSCs), and compared them
with conventional/primed hPSCs cultured on mouse em-
bryonic fibroblasts in KSR-containing medium, and 5iLA
naive hPSCs (Theunissen et al., 2014).

LN-hPSCs (HES-1 cell line) formed homogeneous mono-
layer colonies comprised of tightly packed cells with high
nucleus to cytoplasm ratios, and prominent nucleoli (Fig-
ure 1A). HES-1 cells could be propagated under these cul-
ture conditions for prolonged periods while maintaining
a normal karyotype (passage 15), the expression of plurip-

otent markers, and their pluripotent potential in vitro and
in vivo (analyzed at passages 3-10; Figures 1B-1E and 1H-
1J). Immunofluorescence staining and FACS analyses
showed that the majority of LN-hPSCs uniformly ex-
pressed the key pluripotency regulators, as well as OTX2,
a transcription factor (TF) associated with the mouse
formative phase (Boroviak et al.,, 2015; Buecker et al.,
2014) (Figure 1E). FACS analysis showed that over 90% of
the cells expressed TRA-1-60 and TRA-1-81 cell-surface an-
tigens (Figure 1F), and they displayed alkaline phosphatase
activity (Figure 1G). We evaluated the competence of LN-,
compared with primed hPSCs, to initiate differentiation
in vitro into the three germ layers, using directed differenti-
ation protocols. FACS and immunostaining analyses for
the expression of early markers of neuroectoderm (PSA-
NCAM and A2B5), mesoderm (TBXT), and endoderm
(SOX17), revealed that LN-hPSCs exhibited enhanced neu-
roectodermal, and similar mesodermal and endodermal
differentiation efficiencies compared with primed hPSCs
(Figures 1H-1J). The cloning efficiency of LN-hPSCs in
the presence of ROCK inhibitor was significantly lower
than naive hPSCs, and higher than primed hPSCs
(Figures 1K and 1L). Extended undifferentiated self-
renewal under LN conditions was confirmed for an addi-
tional two hPSC lines (Figure S1).

Taken together, these results suggested that the LN111-
based defined culture system promoted relative homoge-
neous cultures of self-renewing hPSCs.

The gene expression profile of LN-hPSCs resembles a
post-implantation pluripotency state

We first analyzed the gene expression profiles of hPSC lines
HES-1, HADC100, and HADC102 cultured on LN111 using
the Human Stem Cell Pluripotency Gene Expression Array.

Figure 1. Laminin111-based defined culture conditions support prolonged self-renewal of genetically stable hPSCs, retaining

their pluripotent potential

(A) Phase-contrast image of HES-1-LN hPSC colony with a magnified section. Scale bar, 200 um.

(B) Karyotype analysis of HES-1-LN-hPSCs cultured for 10 passages.

(C) Immunostaining of HES-1-LN-hPSCs differentiated in vitro into ectodermal (B-tubulin-III), mesodermal (muscle actin), and endo-

dermal (FOXA2) cells.

(D) Histological analysis of teratomas generated from HES-1-LN-hPSCs. Scale bars, 200 pum.

(E) Immunostaining and FACS analyses of POU5F1, NANOG, SOX2, and OTX2 in HES-1-LN-hPSCs. Immunostaining- POU5F1, SOX2, 0TX2
(n =3), NANOG (n = 5); FACS- POU5F1, NANOG (n = 5), SOX2, OTX2 (n = 4).

(F) FACS analysis of the expression of TRA-1-60 (n = 10) and TRA-1-81 (n = 7) in HES-1-LN-hPSCs.

(G) Image of alkaline phosphatase expression in HES-1-LN-hPSC colonies. Scale bar, 1 mm.

(H-J) FACS and immunostaining analyses of PSA-NCAM and A2B5 at day 7 of neural induction (H), TBXT at day 3 of mesodermal induction
(I), and SOX17 at day10 of endodermal induction (J), in differentiated HES-1-LN- and primed hPSCs. n = 3 for all experiments.

(K and L) Images (K) and quantification (L) of crystal violet staining of colonies formed from single-cell suspensions of HES-1 hPSCs

cultured under naive, LN, and primed conditions, + Y27632 (RI).

Data are mean + SEM of (n) wells -RI hPSCs n > 4, +RI-naive hPSCs n > 7. p values were calculated using two-tailed Student’s t test for
naive and primed hPSCs versus LN-hPSCs, seeded with RI. *p <0.05, ***p <0.001. (E, F, and H-J) Data are mean + SEM of (n) independent
experiments. (C, E, and I-J) Nuclei are counterstained with DAPI (blue). Scale bars, 100 pum.
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All three hPSC lines expressed similarly high levels of plu-
ripotency-associated genes, while lineage-specific genes
were minimally expressed (Figure 2A; Table S1). These re-
sults confirmed that LN-hPSCs displayed gene expression
profiles consistent with undifferentiated hPSCs.

To analyze the global transcriptome of LN-hPSCs in com-
parison with primed and naive hPSCs, we performed RNA
sequencing (RNA-seq) of three hPSC lines HES-1, HES-2,
and H7 cultured under LN, primed, and naive conditions
(Table S2). Principal-component analysis (PCA) of the
various hPSC samples discriminated the naive hPSCs
from the other hPSCs on the PC1 axis, while LN-hPSCs
and primed hPSCs were separated on PC2 (Figure 2B). Dif-
ferential gene expression analysis (log, fold change > 1,
adjusted p value < 0.01) between LN- and primed hPSCs,
identified 316 differentially expressed genes (DEGs) that
were upregulated, and 543 DEGs that were downregulated,
in LN-hPSCs relative to primed hPSCs. Pathway enrich-
ment analysis showed that DEGs downregulated in LN-
hPSCs were enriched for “embryonic morphogenesis,”
“gastrulation,” “mesodermal commitment,” and “epithe-
lial cell differentiation.” DEGs upregulated in LN-hPSCs
were enriched among others for pathways regulating "syn-
aptic transmission," "system process," and "cell-cell adhe-
sion” (Figures S2A and S2B; Table S3).

We analyzed the expression of selected core, naive, and
post-implantation pluripotency-associated genes in LN-
hPSCs compared with primed and naive hPSCs. Of the
three core pluripotency TFs, POU5SF1 was expressed at
similar levels in LN-, naive, and primed hPSCs. Naive
hPSCs expressed significantly higher levels of NANOG
compared with LN- and primed hPSCs, while SOX2 was ex-
pressed at higher levels in LN-hPSCs compared with naive
and primed hPSCs (Figures 2C and S2C). Naive pluripo-
tency markers were expressed at significantly lower levels
in LN- and primed hPSCs compared with naive hPSCs (Fig-
ure 2D). qRT-PCR analysis confirmed significant lower
expression levels of several naive pluripotency markers
in LN- relative to 5iLFA-naive hPSCs (Figure S2D). We

further analyzed post-implantation markers characteristic
to the primate early post-implantation epiblast (FGF2
and SALLI), the early post-implantation mouse epiblast
(SOX3, POU3F1, OTX2, FOXD3, and ETV4), and markers
common to both primate and mouse early post-implanta-
tion epiblast (SALL2, SFRP2, and SOX11) (Boroviak et al.,
2015; Nakamura et al., 2016). The selected markers were ex-
pressed at significantly higher levels in LN- and primed
hPSCs compared with naive hPSCs. Notably, SALL2 and
SFRP2 were expressed at significantly higher levels in LN-
compared with primed hPSCs (Figure 2E). Single-cell
RNA-seq (scRNA-seq) and qRT-PCR analyses confirmed
significantly higher expression levels of SALL2 and SFRP2,
in LN- compared with primed hPSCs (Figures S2E and S2F).

RNA-seq and qRT-PCR analyses of the expression of
selected lineage-specific markers showed that LN-hPSCs
minimally expressed early PS markers, compared with
primed hPSCs, which showed significantly higher expres-
sion of these markers (Figures 2F and S2G). In addition,
the expression of CDH2 encoding N-cadherin, which was
shown to be upregulated in epiblast cells undergoing
epithelial to mesenchymal transition during gastrulation
(Gheldof and Berx, 2013), as well as in mouse EpiSCs
compared with formative-like mPSCs (Wang et al., 2021),
was significantly upregulated in primed compared with
LN-hPSCs (Figure 2G).

To compare the transcriptome of LN-hPSCs with PSCs
from human embryos, we performed PCA of LN-, naive,
and primed hPSC RNA-seq data, and published scRNA-
seq data of epiblast cells from days 6 and 7 of pre-implanta-
tion human embryos (Petropoulos et al., 2016; Stirparo
etal., 2018), and days 6, 8, 10, and 12 epiblast cells from hu-
man embryos cultured in vitro (Zhou et al., 2019a). PC1
separated LN-, naive, and primed hPSCs from the embry-
onic epiblast cells. Embryonic epiblast cells were resolved
by PC2, and plotted according to their developmental
stage. In PC2, naive hPSCs aligned more closely to pre-
implantation epiblast cells, while LN- and primed hPSCs
aligned in proximity to post-implantation epiblast cells.

Figure 2. The gene expression profile of LN-hPSCs resembles a post-implantation pluripotency state

(A) Heatmap of the Human Stem Cell Pluripotency Gene Expression Array, of LN-hPSCs (HES-1, HADC100, and HADC102). Gene expression is
presented as Delta-Ct value. HES-1 sample data is the average of two independent experiments.

(B) PCA plot of RNA-seq data of HES-1, HES-2, and H7 hPSCs cultured under LN and primed conditions, and HES-1 and HES-2 hPSCs cultured
under naive conditions. PCA was computed using the top variable 3,800 genes.

(C-E) RNA-seq data of selected core pluripotency (C), naive pluripotency (D), and post-implantation epiblast (E) associated genes, in
naive, LN and primed HES-1 and HES-2 hPSCs. p values depicted in black show the significant statistical differences between the naive
samples and LN and primed samples. p values depicted in red show the significant statistical differences between the LN and primed
samples.

(F-G) RNA-seq data of selected lineage-specific genes (F) and CDH2 (G) in LN and primed HES-1 and HES-2 hPSCs.

LN, LN-hPSCs; P, primed hPSCs; N, naive hPSCs. p values were calculated using two-tailed Student’s t test when two groups were compared,
and ANOVA test when three groups were compared. *p < 0.05, **p <0.01, ***p < 0.001. (C-G) Data are mean + SEM of two independent
samples (except for HES-1-LN- three samples). LN-hPSC samples were at passage 3.
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In PC3, while LN- and primed hPSCs clustered adjacent to
day 8 post-implantation epiblast cells, LN-hPSCs clustered
more closely to day 7 pre-implantation embryonic epiblast
cells compared with primed hPSCs (Figure S2H).

We further compared the transcriptome of LN-, naive,
and primed hPSCs with published scRNA-seq data of cyno-
molgus monkey embryonic cells (ESCs) (Nakamura et al.,
2016). PCA showed that PC1 separated pre- and post-
implantation monkey PSCs. In PC1, naive hPSCs clustered
between pre- and post-implantation monkey PSCs, while
LN- and primed hPSCs clustered near the post-implanta-
tion epiblast and gastrulating cells. PC2 separated the
post-implantation monkey cell populations according to
the developmental progression of the epiblast. In this
dimension, LN- and primed hPSCs were closely clustered,
with the primed hPSCs distributed more toward gastrulat-
ing monkey cells (Figure S2I).

Taken together, the gene expression analyses suggested
that the transcriptome of LN-hPSCs was distinct from the
naive pre-implantation state and was consistent with a
post-implantation state. The minimal expression of line-
age-specific markers in LN-hPSCs suggested that they are
related to the early post-implantation phase.

LN-hPSCs display a methylation profile resembling
the post-implantation epiblast
Pre-implantation human embryos and naive hPSCs are
marked by global hypomethylation, while primed hPSCs
feature global hypermethylation (Takashima et al., 2014).
To evaluate the methylation status of LN-hPSCs, we per-
formed reduced representation bisulfite sequencing (RRBS)
of HES-1 and HES-2 hPSC lines cultured under LN, primed,
and naive conditions. hPSCs cultured under naive condi-
tions exhibited hypo-CpG methylation levels, whereas un-
der LN and primed conditions they showed significantly
increased and similar DNA methylation levels (Figure 3A).
Unsupervised hierarchical clustering discriminated the
naive hPSCs from LN- and primed hPSCs, whereas LN-
and primed hPSCs clustered separately within the same
subgroup (Figure 3B). While LN- and primed hPSCs ex-
hibited similar global DNA methylation levels, we identi-
fied 1,609 DMRs that were hypermethylated, and 23
DMRs that were hypomethylated in LN- compared with

primed hPSCs (methylation difference >30%, adjusted
p value < 0.01) (Figure 3C; Table S4). The hypermethylated
DMRs in LN-hPSCs (linked to 934 annotated genes)
were enriched for pathways regulating differentiation and
morphogenesis (Figure 3D). Interestingly, the hypermethy-
lation of DMRs linked to FGFS8, LEFTY1, and FZDS5 genes
in LN- compared with primed hPSCs, was correlated with
lower expression levels of these genes in LN- compared
with primed hPSCs (Figures 3E and 3F). FGF8 and LEFTY1
were shown to be expressed during the developmental
transition from pluripotency to gastrulation (Crossley
and Martin, 1995; Tabibzadeh and Hemmati-Brivanlou,
2006).

The RRBS analysis showed that the methylation profile
of LN-hPSCs is distinct from naive hPSCs, and resembles
primed hPSCs, displaying methylation levels characteristic
of the post-implantation epiblast.

The FGF and TGF-B/activin-dependent signaling
pathways are required for the self-renewal of
LN-hPSCs

The FGF-dependent MEK/ERK and PI3K/AKT signaling
pathways, as well as the TGF-B/activin-dependent SMAD2/
3 pathway, were shown to cooperatively maintain the self-
renewal of the primed mEpiSCs (Tesar et al., 2007), primed
hPSCs (James et al., 2005; Xu et al., 2005), as well as the tran-
sient proliferation of the formative-like mEpiLCs (Hayashi
et al., 2011).

To analyze the signaling pathways that maintain the self-
renewal of LN-hPSCs, we first assessed the expression of re-
ceptors and ligands of FGF signaling. RNA-seq analysis
showed that LN-hPSCs expressed higher levels of FGF2,
compared with FGF4. FGF receptor type 1 (FGFRI) was ex-
pressed at higher levels compared with the other three FGF
receptors (Figure 4A). To further explore FGF signaling in
LN-hPSCs, we cultured them for 2 days post-passaging in
our basic medium, which is supplemented with FGF2,
but does not include factors from the TGF-B superfamily,
and for an additional 5 days under various modified
conditions. Following FGF2 depletion, smaller hPSC col-
onies developed, however, with a typical undifferentiated
morphology (Figure 4B). Moreover, TRA-1-60 as well as
POUSF1 and NANOG expression levels were similar to cells

(B) Unsupervised hierarchical clustering of RRBS data of LN, primed, and naive hPSCs.
(C) Heatmaps of the methylation levels of DMRs that were hypermethylated (left panel), or hypomethylated (right panel), in LN compared

with primed hPSCs.

(D) Top 20 enriched pathways related to hypermethylated DMRs in LN compared with primed hPSCs. Analysis was performed using

Metascape (Zhou et al., 2019b).

(Eand F) Methylation profiles (E) and RNA-seq data (F) of selected genes in LN compared with primed hPSCs. RNA-seq data are mean + SEM

of two independent samples (except for HES-1-LN, three samples).

LN, LN-hPSCs; P, primed hPSCs; N, naive hPSCs. p values were calculated using two-tailed Student’s t test when two groups were compared,
and ANOVA test when three groups were compared. *p < 0.05, **p < 0.01, ***p < 0.001.

Stem Cell Reports | Vol. 17 | 2643-2660 | December 13,2022 2649



'O‘
&

20000 -

zounts (TRM)

Normalized Counts

8000 1

Normalized Counts (TPM)

5000 +

0000 +

5000 +

6000 1

4000 A

2000 1

mHES1-LN
HES2-LN T
mH7-LN

FGF2 FGF4 FGFR1 FGFR2 FGFR3 FGFR4

mHES1-LN
HES2-LN
mH7-LN

C
Basi¢ Medium 100 -
; o
4 of
el ¢
5. Vi T £
; E2
T ko4
B
= g
p 20
;3 0
T

Relative Gene Expression
o
(=]

2650 Stem Cell Reports | Vol. 17 | 2643-2660 | December 13, 2022

POUSF1
ENANOG

=]
o

D
o

Basic
Medium

-F+LY -F +PD032 -F +PD173 - Basic Medium

-F +SB

-F

-F + PD032 -F + PD173

DAPI

. -F+PD032+LY

T / o oty il

F+SB+LY  -F+SB+PD03Z+LY

L7

NANOG

97 + 2%
90 £4.5%

27:1.7%

(legend on next page)



cultured in the basic medium (Figures 4C, 4H, and 4I). We
further blocked the MEK/ERK and PI3K/AKT pathways
by culturing the cells in a medium depleted of FGF2, in
the presence of PD173074 (PD173), a FGFR1 inhibitor,
PD0325901 (PD032), a specific MEK inhibitor, LY294002
(LY), a specific PI3K inhibitor, or both PD032 and LY. Differ-
entiation was observed in all these conditions, as evidenced
by changes in cell morphology (Figure 4D), and significant
downregulation of POUSF1 and NANOG expression levels
(Figures 4H and 41).

We next analyzed the role of TGF-p signaling in promot-
ing the undifferentiated state of LN-hPSCs. RNA-seq analysis
showed that LN-hPSCs expressed TGFBI and INHBA (encod-
ing activin A). TGF-B receptor type 1 (TGFBRI) and activin A
receptor type 2B (ACVR2B) were expressed at higher levels
compared with the other receptors (Figure 4E). LN-hPSCs,
cultured for 5 days in the basic medium in the presence of
SB431542 (SB), a selective inhibitor of TGF-B, and activin re-
ceptors, appeared partially differentiated (Figure 4F). Under
these conditions, POUSF1 levels were moderately downre-
gulated, while NANOG expression, reported to be a direct
target of SMAD2/3 signaling in hPSCs (Xu et al., 2008),
was drastically reduced (Figure 4H). Following FGF2 deple-
tion, LN-hPSCs differentiated (Figure 4F), and POUSF1
and NANOG expression levels were strongly reduced
(Figures 4H and 41I). Upon culturing of LN-hPSCs without
FGF2 supplementation, and with various combinations of
SB, PD032, and LY, small numbers of colonies with a differ-
entiated morphology survived (Figure 4G), and POUSF1 and
NANOG levels decreased significantly (Figure 4H).

We analyzed the role of FGF- and TGF-B-dependent
signaling in LN-hPSCs compared with primed, and naive
hPSCs. Primed hPSCs showed similar dependency on
FGF- and TGF-B signaling as LN-hPSCs (Figure S3A). In
contrast, naive hPSCs remained undifferentiated in the
presence of PD173 or SB but exhibited morphology
changes and reduced NANOG expression when LY was
added (Figure S3B). RNA-seq analyses showed similar
expression levels of the various components of the FGF

and TGF- signaling pathways in LN- and primed hPSCs
that differed from naive hPSCs. Interestingly, the expres-
sion levels of NODAL were significantly lower in LN-
compared with naive- and primed hPSCs (Figures S3C-
S3E). Western blot analysis revealed similar expression
levels of p-ERK in LN-hPSCs compared with primed hPSCs
(Figure S3F).

These results showed that MEK/ERK, PI3K/AKT, and
SMAD2/3 signaling pathways are required for the undiffer-
entiated self-renewal of LN-hPSCs. They further showed
autocrine/paracrine effects of FGF and TGF-B/activin A
signaling on the maintenance of undifferentiated LN-
hPSCs.

The canonical Wnt signaling is inactive in LN-hPSCs
and its induction upregulates PS markers

During mouse embryonic development, the canonical
Wnt/B-catenin signaling is active in the ICM (Xie et al.,
2008), downregulated in the early post-implantation
epiblast (Sumi et al., 2013; ten Berge et al., 2011), and re-
activated at the late post-implantation phase to promote
the formation of the PS (Tam et al., 2006).

Assessment of the canonical Wnt signaling activity in
LN-hPSCs (at passages 6-13) showed staining for f-catenin
at the cell membranes, suggestive of inactive canonical
Wnt signaling (Figures 5A and S4A-S4C). RNA-seq analysis
of the expression of various components of the Wnt
signaling in LN-hPSCs revealed relatively low expression
levels (<100 TPM) of most ligands compared with other
components of the Wnt signaling. Frizzled receptors
FZDS5 and FZD7 were expressed at higher levels (>3,700
TPM) compared with the other Frizzled receptors and
LRP5/6 co-receptors. SFRP1 and SFRP2, antagonists of the
Frizzled receptors, were expressed at higher levels (>6,800
TPM) compared with other antagonists (Figures 5B-5D).
Consistent with a lack of canonical Wnt signaling, RNA-
seq data showed minimal expression levels (<10 TPM) of
the early PS markers TBXT, a target of Wnt signaling (Ar-
nold et al., 2000), and SOX17, in LN-hPSCs (Figure 2F).

Figure 4. The FGF and TGF-B/activin dependent signaling pathways are required for the self-renewal of LN-hPSCs

(A and E) RNA-seq data of components of the FGF (A) and TGF-B/activin (E) signaling pathways in LN-hPSCs (HES-1, HES-2, and H7). Data
are mean + SEM of two independent samples (except for HES-1-LN, three samples).

(B, D, F, and G) Phase-contrast images of HES-1-LN-hPSCs cultured in the basic medium containing FGF2, and in the absence of FGF2 (—F)
(B), -F + PD173, —F + PD032, and -F + LY (D), SB, and —F + SB (F), and combinations of the various inhibitors (G). Scale bars, 200 um.
(C) FACS analysis of TRA-1-60 expression in HES-1-LN-hPSCs cultured + FGF2. Data are mean + SEM of three independent experiments.

(H) gRT-PCR analysis of the relative expression levels of POU5SF1 and NANOG, in HES-1-LN-hPSCs cultured in the basic medium, and in the
presence of the various inhibitors. Expression levels are normalized to the expression of B-actin. Data are mean + SEM of (n > 3) in-
dependent experiments except for —F + PD032 + LY, —F + SB + LY, —F + SB + PD032 + LY (n = 2).

(I) Immunostaining for NANOG (red) in HES-1-LN-hPSCs cultured in the presence of the various inhibitors. Nuclei are counterstained with
DAPI (blue). Scale bars, 100 pm.

Data are mean + SEM; n (fields) = 3 for all experiments. F, FGF2; PD032, PD0325901; PD173, PD17304; LY, LY294002; SB, SB431542. p values
were calculated using two-tailed Student’s t test for all samples compared with the basic medium sample. **p <0.01, ***p < 0.001.
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Accordingly, immunostaining (at passages 3-13) did not
detect TBXT- and SOX17-expressing cells in LN-hPSCs
(Figures 5], S4A-S4C, S4E, and S4F). Furthermore, culturing
of LN-hPSCs in the presence of the Wnt signaling antago-
nist XAV939, did not affect their colony morphology or
the percentages of cells expressing TRA-1-60 (Figures SE
and S5F). Taken together, these results suggested that
LN111-based culture conditions promoted a relatively ho-
mogeneous population of hPSCs that uniformly exhibited
inactive canonical Wnt signaling.

We further compared the expression of the various com-
ponents of the canonical Wnt signaling pathways in LN-,
primed, and naive hPSCs (Figures S4G-S4I). RNA-seq anal-
ysis revealed several components of Wnt signaling that
were upregulated in LN- and primed hPSCs, compared
with naive hPSCs, including FZD7 and SFRP1. As shown
above, SFRP2 was expressed at significantly higher levels
in LN- compared with primed hPSCs (Figure 2E), while
FZD5 expression was significantly lower in LN- compared
with naive and primed hPSCs (Figures 3F and S4H).

In contrast to LN-hPSCs, immunostaining of primed
hPSCs cultured in the basic medium showed a heteroge-
neous population expressing p-catenin at both the mem-
brane and cytoplasm of cells. Moreover, primed hPSCs
exhibited heterogeneous TBXT and SOX17 staining
(Figures S4D-S4F). RNA-seq and qRT-PCR analyses further
showed that primed hPSCs expressed higher levels of PS
markers compared with LN-hPSCs (Figures 2F and S2G).
These results suggested that, in contrast to LN-hPSCs,
primed hPSCs exhibited heterogeneous canonical Wnt
signaling activity.

To assess whether Wnt activation will promote LN-hPSC
progression toward the PS stage, we cultured them for
3 days in the presence of FGF2 and CHIR99021 (CHIR), a
canonical Wnt signaling agonist. Following treatment
with CHIR, LN-hPSC colonies appeared differentiated
with cells migrating from the colonies (Figure 5G),
and B-catenin staining was observed in the cytoplasm

(Figures S4A-S4C). qRT-PCR showed a significant downre-
gulation of the core pluripotency TFs as well as OTX2,
concomitant with the upregulation of TBXT, SOX17, and
GSC. The expression of the early neuroectododermal
marker PAX6 was not induced by CHIR (Figures SH and
5I). Immunostaining for POUSF1, NANOG, and OTX2 in
the CHIR-treated LN-hPSCs showed reduced expression
compared with control LN-hPSCs (Figure 5]). Immuno-
staining for TBXT and SOX17 showed upregulation of their
expression upon Wnt activation (Figures 5], S4A-S4C, S4E,
and S4F). In contrast to LN-hPSCs, in CHIR-treated primed
hPSCs the percentages of TBXT-expressing cells were not
elevated, while the percentages of SOX17-expressing cells
were augmented (Figures S4D-S4F).

Collectively, the suggested inactivity of the canonical
Wnt signaling concomitant with the lack of PS marker
expression in LN-hPSCs support their resemblance to
early post-implantation epiblast. Their response to Wnt
stimulation by induction of PS markers, suggest that they
are poised for PS formation.

LN-hPSCs are competent to initiate germ cell
specification

In the mouse embryo, the competence for PGC specifica-
tion is restricted to the early post-implantation epiblast
cells, and can be recapitulated in vitro by mEpiLCs (Hayashi
et al., 2011; Ohinata et al., 2009). PGC competence was
demonstrated for human PSCs exhibiting characteristics
of naive-to-primed intermediate pluripotency states (Lau
et al., 2020; Yu et al., 2021). Limited direct induction of
PGC fate was also reported for primed hPSCs (Irie et al.,
2015; Sasaki et al., 2015).

We explored the competence of LN-hPSCs to differen-
tiate into PGCs in response to Wnt and BMP induction.
These pathways were shown to be crucial for the induction
of PGC specification in an evolutionarily conserved
manner (Hayashi et al., 2011; Kobayashi et al., 2017; Ohi-
nata et al., 2009).

Figure 5. The canonical Wnt signaling is inactive in LN-hPSCs, and its induction upregulates primitive streak markers

(A) Immunostaining for B-catenin (green) in HES-1-LN-hPSCs.

(B-D) RNA-seq data of various components of the canonical Wnt signaling in LN-hPSCs (HES-1, HES2, and H7). Data are mean + SEM of two

independent samples (except for HES-1-LN, three samples).

(E) Phase-contrast images of HES-1-LN-hPSCs cultured in the basic medium, or in the presence of XAV939. Scale bars, 200 pum.
(F) FACS analysis of the expression of TRA-1-60 in HES-1-LN-hPSCs cultured as in (E). Data are mean + SEM of five independent experi-

ments.

(G) Phase-contrast image of HES-1-LN-hPSCs cultured in the basic medium, in the presence of CHIR. Scale bar, 200 pum.

(H and I) gRT-PCR analyses of the relative expression levels of pluripotency-associated markers (H), and lineage-specific markers (I), in
HES-1-LN-hPSCs cultured in the basic medium, and in the presence of CHIR. Expression levels are normalized to the expression of GusB.
Data are mean + SEM of (n) independent experiments; NANOG, TBXT (n = 5), POU5F1, SOX17, GSC, PAX6 (n = 4), SOX2, 0TX2 (n = 3).
(J) Immunostaining for POU5F1, NANOG, 0TX2, and TBXT in HES-1-LN-hPSCs cultured as in (H).

XAV, XAV939; CHIR, CHIR99021. p values were calculated using two-tailed Student’s t test. *p <0.05, **p <0.01, ***p < 0.001. (A and J)

Nuclei are counterstained with DAPI (blue). Scale bars, 100 pum.
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We first assessed the potential of the canonical Wnt
signaling to initiate PGC specification. We cultured LN-
hPSCs for 3 days in the basic medium without FGF2, in
the presence of CHIR, and analyzed the expression of
PRDM1 (BLIMP1) and SOX17, which were reported as early
key regulators of human PGC specification (Irie et al.,
2015). Following Wnt induction, qRT-PCR showed that
the expression of PRDM1 was significantly upregulated
(Figure 6A), and immunostaining showed a significant
increase in cells co-expressing PRDM1 and SOX17
(Figures 6B and 6C). qRT-PCR further showed that,
following Wnt induction, the expression levels of
POUSF1 and NANOG were stable, while SOX2 and OTX2
levels decreased significantly (Figure 6A). Notably, human
PGC-like cells (PGCLCs) were shown to express POUSFI
and NANOG, but not SOX2 (Chen et al., 2019). Moreover,
in the mouse system, downregulation of Otx2 preceded
the initiation of PGC specification (Zhang et al., 2018).

We next analyzed the potential of BMP4 to induce PGC
specification. LN-hPSCs (at passages 3-8) were cultured as
embryoid bodies (EBs) for 7 days in the presence of
BMP4, LIF, SCF, and EGE. qRT-PCR analysis of early PGC
markers showed that the expression levels of PRDM1 and
TFAP2C (encoding AP2y) were significantly upregulated
already at day 4, while the expression of NANOS3 was
significantly elevated at day 7 (Figure 6D). Early hPGCLCs
were shown to co-express AP2y, SOX17, and NANOG
(Chen et al., 2019; Zheng et al.,, 2019). We therefore
analyzed their co-expression in day 4 BMP-induced EBs.
Immunostaining of undifferentiated LN-hPSCs did not
show cells co-expressing AP2y and SOX17, while only a
minor fraction co-expressed AP2y and NANOG. Upon
BMP4 induction, the percentages of AP2y"SOX17* and

AP2y*NANOG™ cells increased significantly (Figures 6E~
6G), as well as the expression of NANOS3 (Figure 6H).
gRT-PCR analysis showed that the elevation of the expres-
sion of PGC markers was concomitant with a significant
downregulation of the expression of POU5SF1, NANOG,
SOX2, and OTX2 (Figure 6I). Immunostaining analysis
confirmed the significant decrease of cells expressing these
TFs (Figures 6] and 6K). Notably, the downregulation of
SOX2 and OTX2 expression was significantly more pro-
nounced than POUSF1 and NANOG (p < 0.001).

We further compared the efficiency of PGC specification
of LN-hPSCs with primed hPSCs. Immunostaining analysis
of the co-expression of AP2y and SOX17, and AP2y and
NANOG, in day 4 BMP4-induced EBs, showed significantly
higher percentages of cells co-expressing these markers in
EBs generated from LN-hPSCs compared with EBs gener-
ated from primed hPSCs (Figures 6L, 6M, and S5). These re-
sults suggested that LN-hPSCs could be directly induced by
BMP4 to differentiate into PGCLCs at a significantly higher
efficiency compared with primed hPSCs.

Collectively, our data suggested that LN-hPSCs are
competent to initiate PGC specification.

DISCUSSION

Here, we show that, by recapitulating the main component
of the embryonic ECM niche and defined culture condi-
tions, we captured the early post-implantation pluripotent
phase in vitro, establishing a highly enriched population of
genetically stable, self-renewing hPSCs. These hPSCs can
be propagated for multiple passages retaining their plurip-
otent potential, and exhibiting properties similar to mouse

Figure 6. LN-hPSCs are competent to initiate germ cell specification

(A) gRT-PCR analyses of the relative expression levels of pluripotency-associated markers and the early PGC marker PRDM1 in HES-1-LN-
hPSCs cultured in the basic medium or in the basic medium without FGF2, and in the presence of CHIR. POU5F1 (n = 4), NANOG (n = 5),
SOX2, 0TX2, PRDM1 (n = 3).

(B and C) Immunostaining images (B) and quantification (C) for the expression of PRDM1 and SOX17 in HES-1-LN-hPSCs cultured as in (A).
n=3.

(D) qRT-PCR analyses of the relative expression levels of early PGC markers in HES-1-LN-hPSCs cultured in the basic medium, or as EBs, in
the absence of FGF2, and in the presence of BMP4, LIF, SCF, and EGF. Basic medium, 4 days, BMP4-EBs (n = 4), 7 days, BMP4-EBs (n = 3).
(E-H) Immunostaining images (E and F) and quantification (G) for the co-expression of AP2y and SOX17 (E) and AP2y and NANOG (F), and
Nanos3 expression (H), in HES-1-LN-hPSCs cultured as in (D). AP2+y and SOX17, basic medium (n = 3); BMP4-EBs (n =5); AP2y and NANOG,
basic medium (n = 2), BMP4-EBs (n = 3).

(I) gRT-PCR analyses of the relative expression levels of POU5F1, NANOG, SOX2, and OTX2, in HES-1-LN-hPSCs cultured as in (D). Basic
medium, 4 days-BMP4-EBs (n = 5), 7 days-BMP4-EBs (n = 3).

(J and K) Immunostaining images (J) and quantification (K) for the expression of POU5F1, NANOG, SOX2, and 0TX2, in HES-1-LN-hPSCs
cultured as in (D). n > 3.

(Land M) Quantification of immunostaining for the co-expression of AP2y and SOX17 (L), and AP2:y and NANOG (M) in BMP4-induced EBs
generated from HES-1-LN and primed hPSCs. n > 3.

F, FGF2; CHIR, CHIR99021; EBs, embryoid bodies. p values were calculated using two-tailed Student’s t test. *p < 0.05, **p < 0.01,
***n <0.001. For all experiments, data are mean + SEM of (n) independent experiments. (A, D, and I) expression levels were normalized to
the expression of GusB. (B, E, F, H, and I) Nuclei are counterstained with DAPI. Scale bars, 100 pm.
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and primate embryonic early post-implantation epiblasts,
including competence to give rise to the germ cell lineage.

In the mouse embryo, a formative pluripotent phase
was proposed to exist in the course of transition from the
pre-implantation naive to the post-implantation primed
epiblast (Pera and Rossant, 2021; Smith, 2017). Embryonic
formative epiblast cells exhibit downregulation of naive,
upregulation of post-implantation, and lack of expression
of lineage-specific genes (Mohammed et al., 2017). PGC
specification is restricted to the epiblast at the formative
phase (Ohinata et al.,, 2009). The late post-implantation
epiblast is more heterogeneous, expresses PS markers, and
exhibits increased Wnt, BMP4, and FGF activities (Boroviak
et al.,, 2015; Mohammed et al., 2017; Nakamura et al.,
2016).

RNA-seq analysis of 3D cultures of human blastocysts
showed that day 6-7 pre-implantation epiblast cells clus-
tered separately from day 8-9 early post-implantation
epiblast cells, indicating distinct pre- and early post-im-
plantation epiblast transcriptomes (Xiang et al., 2020). In
line with the mouse and human embryonic data above,
our global transcriptome analyses showed that LN-
hPSCs clustered distinctly from naive and primed hPSCs,
although they were more closely related to primed hPSCs.
Subtle differences in gene expression between formative-
like hPSCs and primed hPSCs were previously observed
(Kinoshita et al., 2021). Consistent with an early post-im-
plantation gene expression profile, RNA-seq analyses
showed that LN-hPSCs downregulated naive and upregu-
lated early post-implantation epiblast markers. Notably,
SALL2 and SFRP2, which were upregulated in LN-hPSCs
compared with naive and primed hPSCs, were shown to
be upregulated in mouse, primate, and human early
post-implantation epiblasts (Boroviak et al., 2015; Naka-
mura et al., 2016; Xiang et al., 2020), as well as during
formative transition of naive hPSCs (Rostovskaya et al.,
2019), suggesting the relevance of these markers to the hu-
man early post-implantation epiblast. Furthermore, LN-
hPSCs showed minimal expression of early PS markers
that were upregulated in primed hPSCs, as reported previ-
ously (Hough et al., 2014).

DNA methylation analysis of human embryos in 3D cul-
tures showed a marked transition from the hypomethy-
lated day 6 epiblast (26%) to the hypermethylated day 8
epiblast (50%), and day 10 epiblast (60%) (Zhou et al.,
2019a). Consistent with the published data, our RRBS
data showed that LN-hPSCs exhibited methylation levels
that were distinct from the hypomethylated naive hPSCs
and were comparable with primed hPSCs. Hypermethy-
lated DMRs in LN- compared with primed hPSCs were
enriched for pathways related to differentiation and
morphogenesis, suggesting that these pathways may be
downregulated in LN-hPSCs.
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Mouse and primate early post-implantation epiblasts
exhibit inactive canonical Wnt signaling (Mohammed
etal., 2017; Nakamura et al., 2016; Sumi et al., 2013). Inhi-
bition of Wnt signaling facilitates the transition of naive
hPSCs to an early post-implantation phenotype (Kinoshita
etal., 2021; Rostovskaya et al., 2019). Consistent with inac-
tive Wnt signaling, LN-hPSCs displayed membranal p-cat-
enin staining, expressed the Wnt antagonists SFRP1 and
SFRP2, and did not express early PS markers. In contrast,
our data as well as others (Blauwkamp et al., 2012) showed
that primed hPSCs exhibited heterogeneous Wnt signaling
activity.

Germline specification was suggested as a criterion to
define the human formative pluripotency state (Pera and
Rossant, 2021). In accordance, naive-to-primed intermedi-
ate hPSCs could efficiently give rise to PGCLCs following
BMP induction (Yu et al., 2021), while BMP induction of
primed hPSCs resulted in low yields of PGCLCs (Irie
et al., 2015; Sasaki et al., 2015). The limited capacity of
primed hPSCs to differentiate into PGCLCs was argued to
challenge the use of germline competence as a criterion
to define formative hPSCs (Kinoshita et al.,, 2021).
Nevertheless, it has been suggested to be attributed to the
heterogeneity of primed hPSC cultures that may contain
subpopulations with an earlier pluripotency state, or to
the developmental plasticity of primed hPSCs (Pera and
Rossant, 2021). Consistent with an early post-implantation
epiblast identity, LN-hPSCs could directly respond to BMP
induction, giving rise to early hPGCLCs at a significantly
higher efficiency than primed hPSCs.

Our culture system is based on LN111 as the ECM
protein, and a specific defined medium, both shown to
play a role in the promotion of the early post-implantation
epiblast state in vivo and in vitro (Hayashi et al., 2007, 2011;
Lietal., 2003). Integrins are the major receptors mediating
the attachment of hPSCs to various laminins, and their
downstream signaling plays a role in mouse and human
PSC self-renewal (Hayashi and Furue, 2016; Hayashi et al.,
2007). Further studies are required to identify the specific
integrins of LN-hPSCs, and the mechanism by which
LN111-integrin signaling promotes the early post-implan-
tation epiblast-like state. Additional studies may elucidate
the relative contribution of the various components of
our culture system to the pluripotency state of LN-hPSCs.

Our findings suggest that the LN111-based defined cul-
ture system promoted relatively homogeneous self-renew-
ing hPSCs exhibiting properties of early post-implantation
epiblasts. The relative homogeneous nature of LN-hPSC
cultures was supported by the uniform expression of the
core pluripotency TFs, as well as OTX2 by the vast majority
of LN-hPSCs. In addition, the canonical Wnt signaling was
uniformly inactive, as indicated by the homogeneous
B-catenin membranal staining, and lack of expression of
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Table 1. The key properties of LN-hPSCs and recently reported hPSCs exhibiting characteristics of naive-to-primed intermediate pluripotency states

Our study Cornacchia et al. (2019) Lau et al. (2020) Kinoshita et al. (2021) Yu et al. (2021)
Basal medium N2/B27 E8 mTeSR or E8 N2/B27 N2/B27
Supplements FGF2 FGF2, TGF-B FGF2, TGF-B activin A, XAV939, BMS493 FGF2, activin A, CHIR99021
Substrate laminin-111 (~8 pg/cm?) vitronectin Matrigel, or vitronectin laminin and fibronectin mouse embryonic fibroblast

Self-renewal

Self-renewal
signaling
pathways

Canonical Wnt
signalling

Gene expression
profile

Methylation status

Somatic lineages
differentiation

Germline
specification

Additional
characteristics

prolonged self-renewal of
genetically stable hPSCs

MEK/ERK, PI3K/AKT, SMAD2/3

inactive, poised to respond to
Wnt induction

low expression of naive markers

(KLF2/4/17, DPPA2/3/5,
TFCP2L1), expression of early
post-implantation markers
(SALL2, SFRP2, SOX11), no
lineage priming

distinct from naive hPSCs,
and resembling

primed hPSCs and the
post-implantation
epiblast

tri-lineage differentiation
in vivo and in vitro.

competence for germline
specification

generated from conventional
hPSCs, low cloning efficiency

high self-renewal

decreased MAPK and
TGF- signaling

not reported

expression of general
pluripotency and
naive marker (KLF4)

slightly lower than
primed hPSCs

tri-lineage
differentiation in vivo
and in vitro, neural
specification bias

not reported

high cloning efficiency

high self-renewal

negative regulators of MAPK
upregulated, components of
NODAL signaling upregulated

low expression of Wnt ligand
and receptors, and expression
of Wnt antagonist

low expression of the naive
markers KLF17 and TBX3, and
expression of the naive
markers TFCP2L1 and DPPA2,
expression of early post-
implantation markers (POU3F1,
0TX2), no lineage priming

similar to the total
unfractionated population

tri-lineage differentiation
in vitro

competence for germline
specification

GCTM2,/CD9,/EPC-AM high
subpopulation within hPSC
cultures

prolonged self-renewal

not reported

inhibited by XAV939

low expression of the naive markers
KLF4/17 and TFCP2L1, and expression
of the naive markers DPPA2/3 and
GDF3, expression of early
post-implantation markers (0TX2,
SO0X11), no lineage priming

not reported

tri-lineage differentiation in vitro

not reported

generated from naive hPSCs, and
pre-implantation embryos

feeders, or Matrigel

prolonged self-renewal

not reported

induced by CHIR99021

no expression of naive marker
(KLF17), expression of early
post-implantation marker
(0TX2)

not reported

tri-lineage differentiation
in vivo

competence for germline
specification

reprogrammed from human
fibroblasts, high cloning
efficiency




;0‘
(&

TBXT, an early PS marker and target of the Wnt signaling, at
the RNA and protein levels. Moreover, LN-hPSCs expressed
minimal levels of additional early PS markers, such as
SOX17. In contrast to LN-hPSCs, primed hPSCs were het-
erogeneous with regard to Wnt signaling activity and the
expression of lineage-specific markers. The heterogeneity
of primed hPSC cultures that may contain subpopulations
with earlier pluripotency states (Hough et al., 2014) may
enable their direct conversion to LN-hPSCs exhibiting an
earlier pluripotency state.

Several recent studies reported on human PSCs exhibit-
ing characteristics of naive-to-primed intermediate plurip-
otency states (Cornacchia et al., 2019; Kinoshita et al.,
2021; Lau et al., 2020; Rostovskaya et al., 2019; Yu et al.,
2021). The reported hPSCs differed in the culture condi-
tions, supporting their self-renewal, the expression of plu-
ripotency markers, and the activity of the canonical Wnt
and MEK/ERK pathways (Table 1). LN-hPSCs, as well as
most other reported naive-to-primed intermediate hPSCs,
showed upregulated expression of early post-implantation
epiblast markers, except for the hPSCs reported by Cornac-
chia et al., which exhibited naive protein expression, and
inactive ERK signaling, suggesting that these hPSCs may
represent an earlier developmental state. Inactive canoni-
cal Wnt signaling, which is a property of the early-post im-
plantation mouse epiblast (Sumi et al., 2013), was observed
in LN-hPSCs. Similar to LN-hPSCs, the hPSCs described by
Kinoshita et al. exhibited inactive Wnt signaling; however,
they were dependent on exogenous Wnt inhibition. In
contrast, the hiPSCs reported by Yu et al. were dependent
on activation of Wnt signaling, suggesting that they may
represent an earlier intermediate state along the naive-to-
primed transition. Finally, competence for PGC specifica-
tion, which was suggested as a criterion to define human
formative PSCs (Pera and Rossant, 2021), was shown for
LN-hPSCs and two other reported intermediate hPSCs
(Lau et al., 2020; Yu et al., 2021).

In summary, we show that hPSCs, with properties similar
to the early post-implantation epiblast, can be stably prop-
agated in culture. The formative-like nature and the relative
homogeneity of hPSC cultures demonstrated here may be
invaluable for studying human embryonic PSC develop-
ment, and for induction of differentiation toward both so-
matic and germline lineages.

EXPERIMENTAL PROCEDURES

Resource availability
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Materials availability

This study did not generate new unique reagents.
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hPSC lines and culture under LN111-based conditions
hPSC lines used in this study were HES-1, HES-2 (Reubinoff et al.,
2000), HAD-C100, HAD-C102 (Tannenbaum et al., 2012), and
H7 (Thomson et al., 1998). LN-hPSCs were cultured on mouse
LN111 (3D Culture Matrix Laminin I), in DMEM/F12 medium,
containing N2/B27, and supplemented with FGF2.

Signaling pathway analysis

LN-hPSCs were cultured for 2 days in complete medium, and then
for an additional 3-5 days in medium + FGF2, in the presence of
PD173074, PD032590, LY294002, SB431542, CHIR99021, and
XAV939.

RNA-seq library preparation, sequencing, and analysis
Total RNA was extracted from hPSCs, and mRNA libraries were pre-
pared from 1 pg RNA. Ten microliters of each library was collected
and pooled. The multiplex sample pool was loaded onto the
[Mlumina NextSeq 500 System, with 75 cycles and single-read
sequencing conditions. Following quality control measures, filtered
FASTQ files were mapped directly to transcriptome with Salmon
v.1.4.0. Differential gene expression was explored with DESeq2.
PCA, heatmaps, and clustering were performed with native R func-
tions, ComplexHeatmap, dendextend, and custom R scripts.

BMP induction of PGC differentiation

hPSCs were dissociated into a single-cell suspensions, seeded into

microwells of AggreWell400 24-well plates, and cultured in suspen-

sion for 4-7 days, in differentiation medium containing BMP4,

hLIF, SCF, and EGF, as described elsewhere (Irie et al., 2015).
Detailed experimental procedures are provided in the supple-

mental information.
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