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SUMMARY

The recent derivation of human trophoblast stem cells (TSCs) from placental cytotrophoblasts and blastocysts opened opportunities for
studying the development and function of the human placenta. Recent reports have suggested that human naive, but not primed, plurip-
otent stem cells (PSCs) retain an exclusive potential to generate TSCs. Here we report that, in the absence of WNT stimulation, transform-
ing growth factor p (TGF-B) pathway inhibition leads to direct and robust conversion of primed human PSCs into TSCs. The resulting
primed PSC-derived TSC lines exhibit self-renewal, can differentiate into the main trophoblast lineages, and present RNA and epigenetic
profiles that are indistinguishable from recently established TSC lines derived from human placenta, blastocysts, or isogenic human naive
PSCs expanded under human enhanced naive stem cell medium (HENSM) conditions. Activation of nuclear Yes-associated protein (YAP)
signaling is sufficient for this conversion and necessary for human TSC maintenance. Our findings underscore a residual plasticity in

primed human PSCs that allows their in vitro conversion into extra-embryonic trophoblast lineages.

INTRODUCTION

The mammalian placenta is an organ that mediates interac-
tion between mother and fetus. It supplies the fetus with
nutrients and oxygen, secretes hormones, and controls
maternal tissue remodeling and, thus, ensures normal preg-
nancy progression (Turco and Moffett, 2019). Cells of the
trophoblast lineage, constituting significant part of the
placenta, originate from the trophectoderm (TE), an outer
layer of the preimplantation embryo (James et al., 2012).
Segregation of the TE from the inner cell mass (ICM) estab-
lishes the earliest cell fate decision in the developmental
time course (Niakan et al., 2012).

At embryo implantation stages, trophoblast cells pene-
trate the endometrium and subsequently form the scaffold
of placental villi (Figure 1A; Latos and Hemberger, 2016).
The inner part of this scaffold consists of undifferentiated
mononuclear cytotrophoblast (CT) cells, which proliferate
and can differentiate into two main types of trophoblast
lineage. First, fused CT cells form the outermost layer of
the villi, multinuclear syncytium trophoblast (STB), which
ensures nutrient exchange between the fetus and the
mother. These cells also secrete hormones like chorionic
gonadotropin (hCG) and progesterone. Second, extravil-
lous trophoblasts (EVT), which originates from CT cells
positioned at the tip of the villi. The latter cells penetrate
the endometrium and maternal blood vessels, remodeling
the latter (James et al., 2012). One of the important regula-
tors of the trophoblast lineage specification is nuclear YAP
(Yes-associated protein) signaling. It is a key trigger for TE
specification of the outer cells of early blastocyst in the
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mouse (Rossant and Tam, 2009) and human (Gerri et al.,
2020). Later in human development, it supports prolifera-
tion and expression of stemness genes in CT cells and pre-
vents their differentiation (Meinhardt et al., 2020).

Derivation of trophoblast stem cells (TSCs) from the
first-trimester placenta or blastocysts provides an opportu-
nity to study aspects of placental development and func-
tion in vitro (Okae et al., 2018). Particularly, TSCs derived
from human naive induced pluripotent stem cells (iPSC)
from different genetic backgrounds can help model
placental developmental complications. Naive embryonic
stem cells model the ICM cells of preimplantation blasto-
cyst (Ying et al., 2008), whereas primed embryonic stem
cells model early post-implantation epiblast (Weinberger
et al., 2016). These two cell states can be maintained
indefinitely in vitro and can be inter-converted by chang-
ing the growth conditions, affecting several aspects, such
as X chromosome reactivation and the ability to
contribute to chimeras (Bayerl et al., 2021; Gafni et al.,
2013; Guo et al., 2017).

Conversion of human pluripotent stem cells (hPSCs)
into TSCs was first achieved in vitro from naive hPSCs by
applying TSC maintenance medium (Cinkornpumin
et al., 2020; Dong et al., 2020; Guo et al., 2021; Io et al.,
2021; Liu et al., 2020), but not from the primed hPSC state.
This is in line with the ability to convert mouse naive, but
not primed, embryonic stem cells to mouse TSCs (Blij et al.,
2015) and is regarded as a reflection of developmental
proximity between mammalian ICM (modeled by naive
embryonic stem cells [ESCs]) and the trophoblast lineage.
These studies have promoted the notion that TSC
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Figure 1. TSC markers are upregulated after TSC induction of primed hPSCs

(A) The placenta is developed from trophectoderm (TE). The inner part of the placenta villi consists of cytotrophoblast (CT), which can fuse
and generate syncytiotrophoblast (STB) or exit the villi to generate extravillous trophoblasts (EVT), which penetrates the endometrium
(eEVT) and maternal blood vessels (iEVT).

(B) Experimental flow. Human primed pluripotent stem cells (ESCs and iPSCs) were maintained in TI medium for 5 days and then transferred
into TSC-a or TSC-m medium.

(legend continued on next page)
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differentiation potential is retained exclusively in human
naive, but not primed, PSCs (Guo et al., 2021).

A recent report (Mischler et al., 2021) described conver-
sion of hPSCs grown in E8 medium into TSCs. Other works
(Jang et al., 2022; Soncin et al., 2022; Wei et al., 2021)
describe direct conversion of human primed PSCs to TSCs
by BMP4 stimulation, whereas establishment of stable cul-
tures took at least 5 passages or involved subcloning. How-
ever, no work has compared, side by side, conversion from
isogenic naive and primed PSCs. The molecular and
signaling bases of such differences in TSC differentiation
competence from these two cell states have not been
resolved so far. Finally, no TSC induction protocol has
been shown to be rapid, robust, and working on multiple
cell lines, regardless of their naive or primed pluripotency
origin.

Here we report a protocol for direct and robust conver-
sion of primed hPSCs from multiple genetic backgrounds
into TSC cell lines sharing properties, transcription, and
chromatin profiles with human placenta or naive PSC-
derived TSCs. We found that inhibition of transforming
growth factor B (TFG-B) pathway is necessary and sufficient
to achieve this conversion. We also found that addition of
the GSK3 inhibitor CHIR99021 (CHIR) inhibits this con-
version in primed PSCs. We also show that activation of
YAP, the major factor of the Hippo signaling pathway,
can replace TGF-B inhibition in the conversion protocol,
whereas YAP knockout hPSCs can show some upregulation
of TSC markers but fail to proliferate, making YAP sufficient
for this conversion and indispensable for human TSC
maintenance.

RESULTS

Derivation of TSC lines from primed hPSCs

To study conversion of primed/conventional human ESC
(hESC) and hiPSC lines into the trophoblast lineage, a re-
porter for GATA3 expression, which is highly expressed in
TE and in the first-trimester placenta (Petropoulos et al.,
2016; Soncin et al., 2018), was generated using a CRISPR-
Cas9 strategy (Figures S1A-S1C). The P2A-mCherry re-
porter was inserted at the 3’ end of the GATA3 coding
sequence in the WIBR3 hESC line, which was maintained
in primed conditions (Table S1) from the moment of deri-

vation (Lengner et al., 2010). We then attempted to induce
these human primed GATA3 reporter cells (W3GC) to
become TSCs on Matrigel coated plates, using TSC induc-
tion (TI) medium we optimized in this study, which in-
cludes N2B27 and TGF-B inhibitor (A83-01; Table S1).
Three days after seeding these cells in TI medium (Fig-
ure 1B), the GATA3 reporter was robustly upregulated (Fig-
ure 1C), suggesting trophoblast program induction. A con-
ventional, previously established way of differentiating
hPSCs into the trophoblast lineage involves using “BAP”
conditions (BMP4, TGF-B inhibitor A83-01, ERK inhibitor
PD0325901) (Amita et al., 2013). In our system, there was
no significant difference in GATA3 reporter induction be-
tween TI medium and BAP conditions (Figure 1C).

Next, primed W3GC hESCs, H1 hESCs, and JH iPSCs
were seeded into TI medium, and expression of trophoblast
markers was monitored daily. mCherry upregulation was
apparent 24 h after induction in W3GC, and by day 5,
more than 90% of the cells expressed it at a high level (Fig-
ure 1D). Additional trophoblast markers, like GATA2, TP63,
TFAP2C, CDX2, and CGB, gradually increased, and the
pluripotent markers OCT4 and NANOG decreased during
5 days of induction (Figure 1E), indicating that the cells
were effectively converted to the trophoblast lineage and
lost their pluripotency. The morphology of the cells also
changed gradually. For example, by day 4 (Figure 1D, right
panel), most of the cells have already acquired a cobble-
stone, flattened, TSC-like appearance, whereas some small
groups of cells still looked more like primed hESCs. By
day 5, the latter cells were not visible. Despite not using a
ROCK inhibitor in this experiment, we did not notice sig-
nificant cell death in the cultures, and the colonies rapidly
increased in size.

After 5 days in TI medium, the cells grew confluent and
were passaged to Collagen-IV-coated plates into TSC main-
tenance (TSC-m) medium (including N2B27, A83-01,
epidermal growth factor (EGF), the GSK3 inhibitor CHIR,
and the ROCK inhibitor Y27632; Table S1). After one or
two passages in TSC-m medium, all cells showed homoge-
neous TSC morphology and GATA3 expression (Figure 1D),
whereas TSC markers persisted in their induction (Fig-
ure 1E). One interesting exception was CDX2, which
peaked around day 5 of induction of primed hPSCs and
then was repressed by passages 1-2. This is in line with a
previous report (Guo et al., 2021), according to which

(C) Levels of the GATA3-mCherry reporter, as measured in the W3GC hESC line, maintained under primed conditions (top panel), 3 days after
seeding in TI medium (center panel), or in TI medium + BMP4 + ERK inhibitor (BAP conditions).

(D) Left: levels of the GATA3-mCherry reporter, as measured in the primed W3GC hESC line, during maintenance in TI medium for 5 days and
after passage in TSC-m medium. Right: bright-field image of the cell culture at the indicated time points. Arrows indicate cells with hESC-

like morphology remaining in culture at days 3-4.

(E) Expression of selected markers in cells maintained in TI medium for 5 days and in TSC-m medium for 2 and 5 passages. Cells lines are
human iPSCs and human ESCs (H1 and WIBR3). n = 3 independent experiments.
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CDX2 is similarly transiently upregulated during naive
hPSC-to-TSC conversion and, so far, cannot be maintained
in any previously described human TSC lines. To test
different durations of TI medium usage (Figure S1D),
W3GC cells were induced for 2-9 days and then grown in
TSC-m medium for 2 passages. The optimal duration of
TI medium was found to be 5-6 days, whereas shorter or
longer induction periods result in a significant increase in
mCherry-negative cells.

The TSC state remained stable after prolonged passaging
of all derived lines. High expression of trophoblast markers
was detected by RT-PCR after 10-15 passages in TSC-m me-
dium (Figure 2A). Cells were stained positively for TFAP2C,
GATA3, and KRT7 (CK7 protein) after 15 passages (Fig-
ure 2B), and the trophoblast marker ITGA6 was also highly
expressed, as detected by fluorescence-activated cell sorting
(FACS) (Figure 2C). Cells could be kept for at least 30 pas-
sages without changes in their morphology and markers,
showing no changes in cell identity (Figures S2A and
S2B). Using the same protocol, we converted to TSCs other
published primed/conventional hPSC lines that have
never been maintained under anything other than primed
conditions (H9, WIBR1, and WIBR2). These TSC lines have
shown the same morphology and marker expression as the
ones converted from the WIBR3 background and as TSC
lines derived from human placenta and blastocyst
(Figures 2A and S2C), indicating that the identity of TSCs
obtained in vitro is independent in the genetic background
of the cells. These results exclude the possibility that the
ability to obtain TSCs from primed hPSCs is a sporadic
and/or cell-specific phenomenon. We labeled the cells as
primed-state-derived TSCs (pdTSCs).

We next moved to conduct in-depth validation of
pdTSCs. Demethylation of the ELF5 promoter is considered
to be an important marker of human TSCs (Hemberger
et al., 2010; Okae et al., 2018). The methylation status of
the ELF5 promoter was estimated in three pdTSC lines
and in their parental primed hPSCs. Although the ELF5

promoter was highly methylated in hPSCs (>94% methyl-
ation), methylation was lost in all pdTSCs measured (Fig-
ure 2D). The karyotype of pdTSCs remained stable even af-
ter 20-25 passages with no apparent chromosomal
aberrations (Figure 2E).

The TSC-m medium described here is similar to condi-
tions that have been described previously (TSC-a; Okae
et al., 2018; Table S1; Figure 1B) but lacks an HDAC inhib-
itor (VPA) and is based on B27, whereas the conventional
growth medium contains a low concentration of fetal
bovine serum (FBS). We could similarly derive pdTSCs
from the same primed hPSCs by using the TSC-a medium
described previously by Okae et al. (2018). When
comparing the pdTSCs expanded in TSC-m and TSC-a me-
dium conditions, similar marker expression was detected
(Figure S2C), but TSC-a cells had lower growth rate (Fig-
ure S2D) and higher expression of EVT and STB differenti-
ation markers (HLA-G and CGB, respectively; Figure S2E).
Cell cycle mitotic genes were upregulated in RNA
sequencing (RNA-seq) from cells induced in TSC-m
compared with TSC-a, indicating a higher mitotic rate
(Figures S2G and S2F). Thus, for routine maintenance,
TSC-m conditions were used in this study.

pdTSC lines share a transcriptional profile and
chromatin configuration with other TSC lines
Consistent with previous papers (Cinkornpumin et al.,
2020; Dong et al., 2020; Io et al., 2021), naive hPSCs
expanded under optimized and standardized human
enhanced naive stem cell medium (HENSM) conditions
(Bayerl et al., 2021; Figure 2F; Table S1), generated TSC
lines, called ndTSCs (naive-state-derived TSCs), from multi-
ple cell lines (H1, WIBR3, and JH iPSC).

Next, RNA-seq profiles of H1- and WIBR3-derived
pdTSCs and ndTSCs were compared with previously
described embryo-derived TSC (edTSC) lines derived from
human blastocyst and first-trimester placenta (Okae et al.,
2018). All lines were maintained under TSC-m and TSC-a

Figure 2. Cells retain TSC identity after a prolonged time

(A) Expression of trophoblast markers as measured by RT-PCR in pdTSCs that were maintained for a prolonged time (10-15 passages) in TSC-
m medium or in primed hPSCs compared with the native TSC lines bTS5 and CT30. Student’s t test, *p < 0.05. n = 5 independent exper-
iments.

(B) Immunostaining of the trophoblast markers CK7, GATA3, and TFAP2C in pdTSCs that were maintained for a prolonged time (15 pas-
sages) in TSC-m medium.

(C) FACS analysis of H1, WIBR3, and JH iPSC pdTSCs, measuring anti-ITGA6 or immunoglobulin G (IgG) (negative control), after 15
passages in TSC-m medium.

(D) Methylation levels of the ELF5 promoter, as measured in the indicated primed hPSC lines (left) and in their derived pdTSCs (right).
(E) Karyotype analysis for H1, JH iPSC and WIBR3 pdTSCs, indicating a normal karyotype.

(F) Summary of cytokines and small-molecule inhibitors used under optimized and standardized HENSM conditions for induction and
maintenance of human naive PSCs (as detailed in Table S1). *Some hPSC lines required slightly higher inhibition of FGF/MEK/ERK signaling
to achieve a more homogeneous, dome-like morphology, which could be done by increasing MEKi/ERKi (PD0325901) from 1 uM to 1.2 uM
or simply adding 0.05-0.1 uM FGFRi (PD173074) to the medium.
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conditions. Profiles were compared with primed hPSCs,
human fibroblasts, and previously published ndTSC and
hPSC samples (Dong et al., 2020; Liu et al., 2020). All TSC
lines clustered together and separately from hPSCs and fi-
broblasts (Figure 3A), showing the transcriptional differ-
ence between derived TSCs and other cell types. The
main transcriptional differences that were observed be-
tween TSCs of different origin were those between TSC-a
or TSC-m medium (Figure S3A), supporting our previous
findings (Figures S2C-S2F). Overall, 894 genes were upre-
gulated in TSCs compared with hPSCs and were highly en-
riched for placental genes, including well-known TSC
markers such as GCM1, CGA, CGBS, ERVFRD-1, KRT7,
GATA2, GATA3, and ELF5 (Figures 3B and S3B). Canonical
pluripotency genes such as OCT4, SOX2, NANOG, and
DPPA4 were downregulated in all TSCs as expected
(Figures 3B and S3B).

Next, chromatin configuration was measured in TSC and
hPSC samples using ATAC-seq. Motif enrichment analysis
of open chromatin regions clustered the samples into
distinct clusters (Figure 3C), showing that the difference
between TSCs and other cell types is robust and rewired
in the chromatin configuration. The top motifs that are
associated with all TSC samples include known TSC regu-
lator families such as GATA, TFAP, TEAD, CEBP and FOS-
JUN, and the top motifs that are associated with hPSC sam-
ples include OCT4 (POU), SOX, and KLF (Figure 3D). Both
observations are well coordinated with the expression and
function of these transcription factors (Figure S3B).

A recent pre-print (Zhao et al., 2021) has described prin-
ciples and markers to be used to avoid confusion between
identifying placental versus amniotic cells. To rule out the
possibility that our pdTSCs are amniotic, their RNA-seq
profiles were projected on reference single-cell RNA-seq

datasets (Tyser et al., 2021; Zheng et al., 2019). Although
fibroblasts and primed hESCs were projected on their cor-
responding in vivo counterparts (Figure 3E), pdTSCs were
not projected on amnion cells. Amnion markers such as
BAMBI, ISL1, and IGFBP3 were not upregulated in pdTSCs
compared with edTSCs or primed hPSCs (Figure S3C),
ruling out the possibility that the cells are amniotic.
When samples were projected on in vivo placental sin-
gle-cell RNA-seq (Vento-Tormo et al., 2018), TSCs were
clustered with TSC-driven cells (STB, EVT, and villous
CT [VCT]) and away from fibroblasts and immune and
endothelial cells (Figure 3F).

A recent report (Guo et al., 2021) indicated that exposure
of human primed hPSCs to medium containing TGF-p and
ERK pathway inhibitors results in upregulation of amnion
markers, whereas GATA3 and other trophoblast marker
expression remains low. Testing amnion and trophoblast
marker expression in primed hPSCs induced with TI me-
dium (containing the TGF-B inhibitor A83-01) or TI me-
dium + ERK inhibitor (Figure S3D), we observed transient in-
duction of amnion markers by day 5 under both conditions
(Dong et al., 2020), followed by a decrease to basal levels af-
ter 2 passages in TSC-m medium. The latter might suggest
that hPSCs induced to become pdTSCs transiently initiate
a partial amnion-like program that is quickly repressed
upon maturation of the TSC phenotype or that the induc-
tion phase simultaneously generates TSCs and a small frac-
tion of amnion cells that are later lost as the culture becomes
dominated by the established pdTSCs. Trophoblast markers
and the GATA3-mCherry reporter were robustly induced un-
der both conditions (Figures S3D and S3E). Overall, these re-
sults show that pdTSCs share transcriptional and chromatin
profiles with previously published ndTSCs, with edTSCs
derived directly from the placenta, and with in vivo sampled

Figure 3. The pdTSC transcriptional profile is nearly indistinguishable from previously derived TSCs

(A) Principal component analysis of RNA-seq profiles from pdTSCs, ndTSCs, edTSCs, primed hPSCs, and fibroblasts alongside previously
published datasets (Dong et al., 2020; Liu et al., 2020), showing that pdTSCs cluster with ndTSCs and edTSCs from the different datasets
and that all are separated from hPSCs or fibroblasts. pdTSCs and ndTSCs were derived from H1 and WIBR3 primed and naive cells. For naive
lines, the derivation was performed by direct application of TSC-m medium with or without an induction step, as detailed in Table S2.
(B) Differentially expressed genes between edTSCs/pdTSCs/ndTSCs and primed hPSCs. 894 genes were upregulated in TSCs, enriched for
placenta-related gene signatures. 1,981 genes were downregulated in TSCs, enriched for ESC gene signatures. Selected genes are high-
lighted. The complete DEG lists and enrichment are available in Table S3.

(C) Principal-component analysis of pdTSC, ndTSC, edTSC, and naive and primed hPSC samples, based on motifs enriched in accessible
chromatin regions (ChromVar), showing that pdTSCs cluster with TSCs away from primed hESCs.

(D) Motif enrichment in ndTSC, pdTSC, edTSC, and primed hPSC samples, calculated from ATAC-seq data using ChromVar. Selected motif
families are highlighted.

(E) Projection of RNA-seq data onto published datasets (Tyser et al., 2021; Zheng et al., 2019), showing that, although primed hPSCs and
fibroblasts fall within the expected cell types (epiblast and advanced mesoderm, respectively), pdTSCs/ndTSCs/edTSCs are not projected on
the amnion cell type.

(F) Projection of RNA-seq data onto a published dataset of in vivo placental cells (Vento-Tormo et al., 2018), showing that pdTSCs/ndTSCs/
edTSCs cluster with TSC-derived cell lines. DC, dendritic cell; dM, decidual macrophage; dNK, decidual natural killer cell; dS, decidual
stromal cell; Endo, endothelial cell; Epi, epithelial glandular cell; fFB, fibroblast; HB, Hofbauer cell; STB, syncytiotrophoblast; VCT, villous
CT; EVT, extravillous trophoblast.
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human placental cells and, therefore, authentically repre-
sent TSC lines.

pdTSCs can differentiate into the main trophoblast
lineages and form lesions upon injection into non-
obese diabetic (NOD)-severe combined
immunodeficiency (SCID) mice

A key property of TSCs is their ability to differentiate into
the main trophoblast lineages (STB and EVT) to which
they give rise in vivo. To test whether our pdTSCs can
generate STB, as described previously for edTSCs and
ndTSCs (Cinkornpumin et al., 2020; Dong et al., 2020),
pdTSCs were treated with a STB differentiation protocol
(Okae et al., 2018) and, after 6 days, formed multinucleated
syncytium with a typical multinucleated structure (Fig-
ure 4A). Strong STB marker upregulation was detected by
RT-PCR (CGB, ERVV2, and SDC2) and immunostaining
(Figures 4B and 4C), and high levels of hCG protein, which
is typically secreted by STB, were identified by ELISA in the
medium (Figure 4D). To prove that these multinucleated
structures are formed through cell fusion, pdTSCs were
marked by constitutive GFP or tdTomato (Figure 4E). GFP-
and tdTomato-expressing pdTSCs were mixed and cultured
under STB conditions. Although cells that remained in TSC
medium formed separate clusters of red and green cells, the
multinucleated STB cells expressed both markers, proving
that cells underwent fusion (Figure 4E).

To show differentiation of pdTSCs into the EVT lineage,
cells were differentiated using a conventional protocol
(Okae et al., 2018). The resulting cells expressed high levels
of EVT markers such as HLA-G, MMP2, CSH1/2, and CGB
(Figure 4F) and stained positively for HLA-G protein (Fig-
ure 4G). Last, pdTSCs were able to form lesions after injec-
tion into mice; H1- and WIBR3-derived pdTSCs were in-
jected into male NOD-SCID mice. After 7 days, 3- to
7-mm lesions were observed (Figure 4H). These lesions
had a necrotic middle region surrounded by CK7+ CT-like
cells (Figures 4H and 4I). Other cells morphologically

resembled STB cells and contained blood-filled lacunae
(Figure 4H). To prove that the injected cells are the source
of the lesions, the samples were co-stained for the specific
human antigen NUMA (Figure 4I). Host mouse serum con-
tained a significant amount of hCG (Figure 4J), in agree-
ment with previous reports (Okae et al.,, 2018; Turco
et al.,, 2018), indicating that the injected cells retain
trophoblast properties.

Huma naive PSCs are not more susceptible to
generating TSCs than primed hPSCs

Recent reports claim that only naive human pluripotent
cells retain the potential to convert into TSC-like cells
(Guoetal., 2021; Dong et al., 2020; Io et al., 2021). Because
our results show that primed hPSCs can generate TSCs (Fig-
ures 1 and 2), we checked whether cells that generate TSCs
are passing transiently through a naive state. The conver-
sion protocol was therefore applied to WIBR3, H1, and JH
iPSC primed hPSC lines, and the expression of naive
markers was measured daily by RT-PCR. No upregulation
of naive markers (DPPA3, TFCP2L1, DNMT3L, KLF17, and
KHDC1L) was detected on any day of the induction process
(Figure 5A), indicating that the cells do not pass through
some transient, quasi-naive state during their conversion
from primed PSCs.

Because previously published TSC conversion protocols
applied TSC-m media directly to naive human ESCs
without using a prior induction step, as devised in our pro-
tocol described here (Cinkornpumin et al., 2020; Dong
et al., 2020; Io et al., 2021; Guo et al., 2021; Bayerl et al.,
2021), we tested the ability of hPSCs to convert into TSCs
by applying alternative previously described protocols
that do not use an induction step. To test this, TSC-m me-
dium was applied directly to isogenic naive and primed hu-
man GATA3-mCherry reporter cells without the prior in-
duction step. Although the naive line (expanded in
HENSM) induced GATA3-mCherry reporter expression in
about 50% of cells after 4 days, primed cells nearly failed

Figure 4. Formation of the placental lineages STB and EVT from pdTSCs
(A) Representative images of induced syncytium trophoblast (left) and induced extravillous CT (right), generated from pdTSCs at the end of

the 6-day differentiation protocols.

(B) Immunostaining of the STB markers CK7 and hCG in STB cells derived from pdTSCs.
(C) Relative expression of the STB markers CGB, ERVV2, and SDC2, measured by RT-PCR. n = 3 independent experiments.

(D) Levels of hCG secreted hormone, measured by ELISA.

(E) A mixture of GFP- and tdTomato-expressing pdTSCs after treatment with STB differentiation medium (bottom) and without treatment

(top). WGA-647 marks the cell membrane.

(F) Relative expression of the EVT markers HLA-G, MMP2, CSH1/2, and CGB, measured by RT-PCR. n = 3 independent experiments.
(G) Immunostaining of the EVT marker HLA-G in EVT cells derived from pdTSCs.
(H) H&E staining of the pdTSC lesions formed in male NOD-SCID mice. An arrow indicates blood-filled lacunae surrounded by trophoblast

cells. A red dotted line highlights the enlarged inset on the right.
(I) Immunostaining for CK7 and NUMA in pdTSC-formed lesions.

(J) hCG levels in serum of a host male mouse that was injected with pdTSCs derived from WIBR3 and H1 hESCs or a non-injected control.

Student’s t test, **p < 0.0012. n = 4 independent experiments.
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to do so (Figure 5B, left). These results corroborate the find-
ings published previously by others (Dong et al., 2020; Guo
et al., 2021).

Next, naive and primed hPSCs were differentiated into
TSCs using 5 days in TI medium and shifting to TSC-m me-
dium (Figure 5B, right). For naive cells, the conversion ki-
netics were similar when using a protocol with or without in-
duction step with TI, forming an up to 98% GATA3-
mCherry+ population by passage 4. The conversion of naive
cells with an induction step or by direct TSC-m medium
application was slower compared with primed cells; naive
cells established homogeneous ndTSC populations by pas-
sages 3-5, whereas TSCs derived from primed cells showed
uniform GATA3 expression and bona fide TSC morphology
already by passage 2 (Figures 1D, 1E, and 5B). These slower
conversion kinetics for naive ESCs are consistent with results
reported by Dong et al. (2020), although different naive hu-
man ESC conditions were used in both studies. These results
indicate that the inability or difficulty to obtain human TSCs
is not an inherent property of the human primed state but
rather reflects a technical factor: suboptimal differentiation
protocols that were not customized for human primed cells,
which need an induction step, as delineated here (Figure 1B).

Naive hPSC lines from 3 different backgrounds were con-
verted into TSCs by direct TSC-m medium application,
showing similar marker expression compared with their
counterparts converted from primed lines (Figure 5C).
Some subtle differences in expression were observed be-
tween ndTSCs and pdTSCs, such as upregulation of DPPA4
and ERK signaling (e.g., SNAI2 and TNC) transcripts in
ndTSCs (Figure S4A). ndTSCs were successfully differenti-
ated into STB and EVT cells (Figures S4B-S4D). Overall, the
high similarity between the profiles proves that the induced
TSCs show an authentic TSC-like signature, regardless of the
origin of the cells from which they were derived.

Inclusion of GSK3i derails human primed PSCs away
from the TSC lineage

The above results support the conclusion that one of the
components in TSC-m, which is not found in TI, negatively

influences the ability of primed hPSCs to successfully
convert into TSCs. When TSC-m medium was applied
directly to primed hPSCs and in accordance with previous
reports (Dong et al., 2020; Guo et al., 2021), the cells gener-
ated GATA3— cultures that showed homogeneous
morphology and proliferated rapidly for at least 20 pas-
sages. However, these cells did not express trophoblast
markers but a mix of neuronal lineage commitment
markers, like PAX6 and SOX1 (Figures S5A and S5B).

We therefore attempted to induce TSCs in primed cell
cultures by applying TSC-m medium with separate addi-
tion of the TSC-m components on TI-based medium and
realized that addition of CHIR, a GSK3 inhibitor that leads
to WNT activation, ablates induction of GATA3+ cells from
primed PSCs and that its omission from TSC-m medium
permits derivation of TSC lines from primed cells even in
the presence of EGF and ROCK inhibition without the
need for a TI step (Figure 5D). Direct application of TSC-
m medium on primed GATA3-mCherry cells did yield a
small GATA3+ fraction. After sorting out these mCherry+
cells, we were able to establish bona fide TSC lines from
hPSCs even when GSK3i was included (Figures 5E and
5F). In summary, the inclusion of GSK3i in TSC media
used in previous studies (Dong et al., 2020; Guo et al.,
2021; To et al., 2021) likely underlies their reproted diffi-
culty in isolating TSCs from human primed PSCs, which
turned out to be a merely technical inability.

Nuclear YAP is necessary and sufficient for conversion
of human PSCs into TSCs

YAP translocation to the nucleus in morula outer cells is a
crucial event in induction of mammalian embryo TE (Ros-
sant and Tam, 2009). Induced nuclear localization of the
YAP cofactor TEAD4 is sufficient to convert mouse naive
ESCs into TSCs (Nishioka et al., 2009). We tested whether
constitutively active YAP2-5SA (YAP*) (Zhao et al., 2007)
gene overexpression can induce TSCs from primed hPSCs.
Primed hPSCs were electroporated with YAP*-IRES-CFP or
with a control IRES-CFP construct (Figure 6A) and seeded
into N2B27 medium without a TGF-B inhibitor. After

Figure 5. Derivation of TSCs from HENSM naive and primed hPSCs

(A) Relative expression of the naive hPSC markers DPPA3, DNMT3L, KHDC1L, TFCP2L1, and KLF17 in naive (HENSM) and primed hPSCs and
during 5 days in TI medium, measured by RT-PCR. Student’s t test, *p < 0.05. n = 3 independent experiments.
(B) Conversion kinetics of naive and primed GATA3-mCherry hPSCs by direct application of TSC-m medium (left) or 5-days treatment with TI

medium followed by TSC-m medium (right).

(C) Relative expression of TSC markers, measured in induced TSCs that were derived from HENSM naive or primed hPSCs of the indicated

backgrounds (n = 4 independent experiments).

(D) GATA3-mCherry-primed hPSCs treated with N2B27 with the indicated compounds added, showing abrogation of GATA3 expression by
CHIR. Note a 5% GATA3-mCherry fraction in the cells treated with TSC-m (bottom panel).

(E) Bottom panel from (D). The mCherry+ fraction is sorted out and gives rise to bona fide TSC culture.

(F) Relative expression of TSC markers, measured in pdTSCs that were maintained in TI medium (blue) or pdTSC that were sorted out as

explained in (E) (green) (n = 4 independent experiments).
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4 days, the control cells did not express the GATA3 reporter,
whereas in cultures transfected with YAP*, nearly all cells
that expressed CFP also expressed mCherry (Figure 6B). A
minor CFP— mCherry+ fraction could also be observed,
probably indicating cells that were induced by transfected
YAP* but have lost the expression plasmid by the time of
the measurement. This result indicates that upregulation
of YAP signaling alone is sufficient to initiate conversion
to TSCs under minimal basal conditions.

Four days after electroporation, the CFP+ GATA3+ popu-
lation was sorted, seeded back to N2B27 medium for 2 days,
and then changed to TSC-m medium. The cells gave rise to
self-renewing cultures with TSC morphology (Figure 6A).
The experiment was repeated with other primed hPSC lines
(H1 and JH iPSC) that do not carry the GATA3 reporter.
Here the CFP+ cells were sorted out and gave rise to pdTSC
cultures. CFP+ cells could not be detected by passages 34,
indicating that YAP* overexpression was indeed transient
(Figure 6C). All YAP-induced TSC lines were readily differ-
entiated into EVT and STB lineages, as demonstrated by
marker expression (Figures S5C-SSE), proving that YAP
signaling alone is sufficient to induce bona fide TSCs with
adequate functional capabilities.

Next, to check whether YAP is essential for TSC genera-
tion, the YAP gene was knocked out in WIBR3 cells
(Figures SSF-SS5H). TI medium was applied on YAP
knockout (KO) cells, and although, during the first
5 days, they started to show a TSC-like morphology, cell
growth was retarded compared with the wild-type control
(Figure 6D). When the cells were passaged on day 5 to
TSC-m medium, they stopped proliferating and eventually
died. RT-PCR on the samples collected on day 5 show that
some TSC markers, such as GATA2, GATA3, PTGES, and
TGFBR3 were only mildly upregulated, whereas TP63 was
not induced (Figure 6E).

DISCUSSION

In this study, we developed a robust protocol for conver-
sion of primed hPSCs into TSC lines, highly similar in fea-

tures to TSC lines derived from early placenta and preim-
plantation blastocyst and TSCs differentiated from naive
hPSCs. These pdTSCs can be derived robustly from hPSCs
of different origins, including multiple established hESC
lines and iPSCs. The relative ease of applying this protocol
to primed iPSC may open new opportunities to investigate
placental disorders in vitro. pdTSCs can differentiate into
the main human trophoblast lineages EVT and STB, and
they can form KRT7+ lesions in NOD-SCID mice while
increasing the concentration of hCG in injected male
mouse blood. By performing ATAC-seq and RNA-seq, we
demonstrated remarkable transcriptional and epigenetic
similarity between pdTSC and all previously generated
TSC lines.

Previous reports have described derivation of TSC lines
from naive hPSCs by simply switching the growth medium
from ESC to TSC conditions (Cinkornpumin et al., 2020;
Dong et al., 2020). Here we confirmed that transcriptional
and epigenetic profiles of ndTSCs and primed hPSC-
derived TSCs are highly similar. However, efficient and
rapid conversion of primed PSCs into TSCs optimally re-
quires usage of an induction stage. Application of TSC-m
medium that contains a GSK3 inhibitor directly on primed
cells results in rapid differentiation into non-trophoblast
somatic lineages (Figure S6). Despite this, we observed, in
accordance with Wei et al. (2021), that even direct addition
of TSC medium to primed cells does give rise to a small
GATA3+ fraction from which a normal TSC line can be es-
tablished (Figures SE and 5F). We conclude that application
of CHIR, EGF, and TGF-B inhibitor-containing medium to
primed, but not naive, hPSCs gives rise to the trophoblast
and neural lineage; the latter is capable of more rapid pro-
liferation and quickly overgrows the TSCs.

Wnt/B-catenin signaling is an essential player in ESC
regulation. Although the mouse ESC naive state is sup-
ported by nuclear B-catenin activation, human naive con-
ditions require Tankyrase/Wnt suppression for their induc-
tion and maintenance (Bayerl et al., 2021). CHIR or Wnt
ligands are indispensable components of many hPSC dif-
ferentiation protocols. A Pax6+Sox1+ population readily
emerged in TSC conditions from primed cells but was not

Figure 6. Role of nuclear YAP in human TSC derivation and maintenance

(A) YAP* (YAP2-5SA mutant) overexpression experimental scheme.

(B) GATA3-mCherry reporter and CFP expression in cells treated with N2B27 medium for 4 days. Left: cells with the YAP*-IRES-CFP
construct. Center: cells with empty vector (negative control). Right: cells treated with TGF-B inhibitor (TGFBi) (positive control). The
indicated mCherry*CFP* fraction was sorted and maintained in TSC-m medium.

(C) The sorted fraction state after 4 passages. Note that CFP is not expressed at this time point, indicating the absence of exogenous YAP*.
(D) Conversion of WIBR3 wild-type (WT) primed hPSCs (top panel) and YAP~/~ hPSCs. Note the TSC-like morphology on day 5 in YAP™/~

cells; however, they stop growing and degrade at passage 2.

(E) RT-PCR detection of TSC markers of WIBR3 WT and YAP~/~ primed hPSCs after 5 days in TI medium compared with primed hPSCs and
established pdTSCs (both WIBR3) at passage 10. Note the moderate upregulation of GATA2, GATA3, PTGES, and TGFGR3 and strong up-
regulation of (DX2. n = 3 independent experiments). Student’s t test, *p < 0.05 compared with primed.
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visible in converting naive hPSCs. Our findings might indi-
cate an intriguing difference between naive and primed
hPSC response to B-catenin activation that deserves further
investigation. Our results supplement ones published
recently (Wei et al.,, 2021), where addition of BMP4 to
CHIR-containing TSC medium makes it possible to derive
induced TSCs from primed cells. In our hands, subtraction
of CHIR from TSC medium also makes conversion of
primed hPSCs to TSCs possible, suggesting a possible
mutual suppression between WNT and BMP4 in this cell
fate choice.

HIPPO signaling inhibition leading to YAP translocation
to the nuclei of the outer cells of the mouse early blastocyst
is an essential trigger for trophoblast lineage specification
(Rossant and Tam, 2009). Upregulation of the YAP cofactor
Tead4 gene in mouse naive ESCs converts them to TSCs
(Nishioka et al., 2009). YAP protein shows nuclear localiza-
tion in TSCs and prevents CTs from differentiation (Dong
et al., 2020; Meinhardt et al., 2020). Here we confirmed
that transient overexpression of constitutively active YAP
in primed ESCs replaces TGF-f inhibition in the conversion
protocol. YAP KO hPSCs do not give rise to TSC lines and
are lost by the second passage after induction with a TGF-
B inhibitor. Some TSC-specific markers do show some upre-
gulation upon TGF-B inhibition in YAP KO hPSCs, possibly
because of the presence of another HIPPO signaling
effector, TAZ. To check whether at least some part of the
trophoblast program can be induced in complete absence
of HIPPO signaling effectors, we attempted to make YAP/
TAZ double KO hPSCs but failed to do so, likely because
such double KO cells do not survive under human primed
conditions. Our results support the conclusion that YAP
signaling is sufficient for TSC program induction and
necessary for TSC maintenance.

Conversion of mouse ESCs to TSCs is also well estab-
lished and commonly involves using transient exogenous
Cdx2 transgenes (Nishioka et al., 2009; Niwa et al., 2005).
This conversion works from the naive ESC state but not
from the primed one (Blij et al., 2015; Tarazi et al., 2022).
This result is believed to reflect higher developmental prox-
imity between naive ESCs and the trophoblast lineage
because naive ES cells model preimplantation ICM/
epiblast, whereas primed cells are more similar to early
post-implantation epiblast (Weinberger et al., 2016). The
straightforward conversion of human primed ESCs to
TSCs is a counterintuitive example of trans-differentiation
between developmentally separated lineages and demon-
strates a striking difference between human and mouse
stem cells states. However, all human TSC lines derived so
far correspond transcriptionally to post-implantation stage
trophoblasts ( Dong et al., 2020; Okae et al., 2018), which
could explain why human primed PSCs are still amenable
to give rise to such cells. We cannot exclude the possibility

that the ability of primed PSCs to convert into TSCs is an
in vitro-specific phenomenon that does not occur in vivo.
It is possible that human naive PSCs might be more prone
to give rise to TSCs that correspond to preimplantation
stages in the future because conditions for isolating such
TSCs have not been defined so far. Finally, the generation
of extra-embryonic TSCs from human naive and primed
PSCs may prove useful for future attempts to in vitro
generate advanced human stem-cell-derived embryo
models (SEMs) solely from stem cells to model early human
embryo development from gastrulation to organogenesis
ex utero, as we recently showed in mice (Tarazi et al., 2022).

EXPERIMENTAL PROCEDURES

Resource availability

Materials availability

Unique reagents generated in this study are available from the lead
contact with a materials transfer agreement.

Lead contact

Further information and requests for resources and reagents
should be directed to the lead contact, J.H.H. (jacob.hanna@
weizmann.ac.il).

Culture of human naive and primed ESCs and iPSCs
Naive human ESCs and iPSCs were cultured in a 5% O,, 5% CO,,
37°C incubator on Matrigel (growth factor reduced)-coated plates
under standardized HENSM conditions (based on Bayerl et al.,
2021) to accommodate a larger variety of human ESC and iPSC
lines from different genetic backgrounds with daily medium ex-
change. HENSM contained 235 mL Neurobasal (Thermo Fisher Sci-
entific, 21103049), 235 mL DMEM-F12 without HEPES (Thermo
Fisher Scientific, 21331020), 5 mL N2 supplement (prepared in
house, or 5 mL of Invitrogen-Thermo Fisher Scientific 17502-
048), 5 mL GlutaMAX (Thermo Fisher Scientific, 35050061), 1%
(5 mL) non-essential amino acids (BI, 01-340-1B), 1% (5 mL)
penicillin-streptomycin (BI, 03-031-1B), 1% (5 mL) sodium
pyruvate (BI, 03-042-1B), 10 mL B27 supplement (Invitrogen,
17504-044), 1 mL Geltrex (Invitrogen, A1413202), 50 pg/mL
vitamin C (L-ascorbic acid 2-phosphate, Sigma, A8950), 100 uM
2-mercaptoethanol (optional, 1 mL of 50 mM ready-made solu-
tion, Invitrogen, 31350010), 10 ng/mL recombinant human LIF
(PeproTech, 300-05, or made in house), MEKi/ERKi (PD0325901,
1 uM, Axon Medchem, 1408), WNTi/TNKi (XAV939, 2 uM, Axon
Medchem, 1527), PKCi (Go6983, 2 uM, Axon Medchem, 2466),
ROCKi (Y27632, 1.2 uM, Axon Medchem, 1683), SRCi
(CGP77675, 1 uM, Axon Medchem, 2097), and human Activin A
(5 ng/mL, PeproTech, 120-14E).

Some lines required slightly higher inhibition of fibroblast
growth factor (FGF)/MEK/ERK signaling to achieve a more homo-
geneous dome-like morphology (e.g., WIBR3 hESCs, RUES2
hESCs), which could be done by increasing MEKi/ERKi
(PD0325901) from 1 pM to 1.2 uM or adding 0.05 pM or 0.1 pM
FGFRi (PD173074, Axon Medchem, 1673) to the condition mix
above. These changes can be done after initial conversion with
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the basic HENSM composition indicated above (Figure 2F), and af-
ter a couple of passages, one can gradually increase MEKi or FGFRi,
as suggested above. Similar results were obtained in early stages of
this study when using the original HENSM conditions as previ-
ously described in (Bayerl et al., 2021).

All cells were routinely passaged with 0.05% trypsin or TrypLE.
For primed hPSCs, 10 uM ROCKi was added 24 h before and after
passaging, and for naive PSCs, 5 utM ROCKi was added for 24 h after
passaging.

Primed human PSCs were cultured on irradiated MEFs in
DMEM-F12 (Invitrogen, 10829) supplemented with 15% KO
serum replacement (Invitrogen, 10828-028), 1 mM GlutaMAX
(Invitrogen), 1% non-essential amino acids (BI, 01-340-1B), 1%
penicillin-streptomycin (BI, 03-031-1B), and 8 ng/mL bFGF
(PeproTech) under 20% O,, 5% CO, conditions.

Additional experimental procedures are included in the supple-
mental information.

DATA AND CODE AVAILABILITY

All RNA-seq and ATAC-seq data reported in this study have been
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