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SUMMARY
Trophoblast stem cells (TSCs) have recently been derived from human embryos and early-first-trimester placenta; however, aside from

ethical challenges, the unknown disease potential of these cells limits their scientific utility. We have previously established a bone mor-

phogetic protein 4 (BMP4)-based two-step protocol for differentiation of primed human pluripotent stem cells (hPSCs) into functional

trophoblasts; however, those trophoblasts could not be maintained in a self-renewing TSC-like state. Here, we use the first step from this

protocol, followed by a switch to newly developed TSC medium, to derive bona fide TSCs. We show that these cells resemble placenta-

and naive hPSC-derived TSCs, based on their transcriptome as well as their in vitro and in vivo differentiation potential. We conclude that

primed hPSCs can be used to generate functional TSCs through a simple protocol, which can be applied to a widely available set of ex-

isting hPSCs, including induced pluripotent stem cells, derived from patients with known birth outcomes.
INTRODUCTION

The human placenta is a unique transient organ that is

responsible for proper growth anddevelopment of the fetus

in utero (Burton and Jauniaux, 2015). The epithelial cells in

the placenta arise from trophectoderm (TE), the first lineage

to segregate during embryonic development (Niakan et al.,

2012). Much of what we know about trophoblast lineage

specification and early placental development comes from

studies in rodents; however, numerous studies using hu-

man embryos and early-gestation placental tissues over

thepast fewyears havehighlightedmultiple key differences

in these processes in human (Blakeley et al., 2015; Soncin

et al., 2015, 2018). These include a later specification of

TE in the human embryo and altered/lack of expression of

genes, such as EOMES, which are key tomouse TE establish-

ment and expansion (Blakeley et al., 2015; Soncin et al.,

2018). As a result of these differences, culture conditions

for the derivation of mouse trophoblast stem cells (TSCs),

established over 20 years ago (Tanaka et al., 1998), do not

give rise to similar cells when applied to human embryos

or placental tissues (Kunath et al., 2014).

Recently, distinct culture conditions for the derivation

and maintenance of human TSCs were established and

include epidermal growth factor (EGF), as well as inhibitors

of tumor growth factor beta (TGF-B) and GSK3B (Okae

et al., 2018). Variations of this protocol were reported

shortly thereafter for the establishment of self-renewing

trophoblast organoids (Haider et al., 2018; Turco et al.,
Stem Cell Rep
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2018). Nevertheless, these protocols are only able to estab-

lish such cells or organoids from early-first-trimester

(<10 week gestational age) human placental tissues and

could not be applied to placental tissues at term. This limits

the utility of these cells, as, aside from the ethical chal-

lenges of using such tissues, the disease potential of these

cells is mostly unknown, necessitating development of

other model systems from tissues with known pregnancy

outcomes.

We previously developed a two-step protocol for the dif-

ferentiation of primed human pluripotent stem cells

(hPSCs) into terminally differentiated, functional tropho-

blast and demonstrated its use inmodeling human tropho-

blast differentiation in the setting of both normal develop-

ment and disease (Horii et al., 2016). This protocol uses

bone morphogenetic protein-4 (BMP4), which is also

known to induce mesoderm in a WNT-dependent manner

(Kurek et al., 2015). As such, we recently updated this pro-

tocol, applying the WNT inhibitor IWP2 to the first step,

which directs differentiation solely toward the trophoblast

lineage (Horii et al., 2019). However, while this protocol

produced cells resembling cytotrophoblast (CTB), the pro-

liferative stem cell population in the placenta from which

TSCs are derived, these cells could not be maintained in a

self-renewing state.

Here, we have applied a culture medium, recently devel-

oped for maintenance of induced TSCs (iTSCs), reprog-

rammed from term CTB (Bai et al., 2021) to hPSC-derived

CTB, and show that this transitions the cells into bona
orts j Vol. 17 j 1303–1317 j June 14, 2022 j ª 2022 The Author(s). 1303
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fide TSCs. These cells resemble placenta-derived TSCs and

can be differentiated into functional syncytiotrophoblast

(STBs) and extravillous trophoblast (EVTs), both in vitro

and in vivo. In addition, we compare these cells with those

recently derived from naive hPSCs (Io et al., 2021) and

show that they resemble naive hPSC-derived TSCs, both

during the transition from pluripotency to TE and in the

final CTB-like state.We conclude that, similar to their naive

counterparts, primed hPSCs can be converted to self-re-

newing TSCs following a short induction period with

BMP4-containing media.
RESULTS

Generation of TSC-like cells from primed hPSCs

We previously developed a two-step protocol for tropho-

blast differentiation of primed hPSCs (Horii et al., 2019).

This protocol involved an initial induction of cells resem-

bling villous CTB, uniformly expressing TP63, using a com-

bination of BMP4 and theWNT inhibitor IWP2. This led to

the formation of a uniform group of EGFR+ CTB stem-like

cells, which, though not able to self-renew, could be further

differentiated, using BMP4 in the presence of feeder-condi-

tioned media, into a mixed set of terminally differentiated

trophoblasts, including multinucleated human chorionic

gonadotropin (hCG)-secreting STBs and invasive surface

HLA-G+ EVTs. Nevertheless, this was not only a heteroge-

neous mixture of trophoblast but also tended to favor

STB formation, with only a minority (10%–20%) of EVTs

in the final culture. Here, we applied a new medium to

CTB stem-like cells at the end of step 1 of our trophoblast

differentiation protocol (Figure 1A). This medium was

developed originally by the Kessler lab for the reprogram-

ming of term CTB into TSC-like cells (iTSCs) (Bai et al.,

2021) and is amodification of theOkaemedium (see exper-

imental procedures) used for derivation of TSCs from hu-

man embryos and early-gestation placentae (Okae et al.,

2018). After passage in this medium at least 5 times, we

were able to derive cells morphologically resembling pri-

mary TSCs (Figure 1B) and uniformly expressing cell-sur-

face TSC markers EGFR and ITGA6 (Figure 1C). Similar to

primary TSCs (Figure S1A), the hPSC-derived TSCs uni-

formly expressedGATA3 andKRT7 (Figure 1D).We success-

fully derived such cells from both human embryonic stem

cell (hESC) lines (WA09/H9 and WA01/H1) and induced

PSCs (iPSCs) (Figure S1B), having been able to keep these

cells in culture for over 20 passages.
Characterization of cellular identity of hPSC-derived

TSCs

Wenextmoved to compare the transcriptome of these cells

with primary TSCs, which we recently derived from early-
1304 Stem Cell Reports j Vol. 17 j 1303–1317 j June 14, 2022
gestation placental tissues in our own laboratory (Morey

et al., 2021), and have confirmed their identity by direct

comparison with the Okae cells (Okae et al., 2018). We iso-

lated RNA from the hPSCs in both the undifferentiated

state and at days 1–4 post trophoblast induction, as well

as from hPSC-derived TSCs and the two primary TSC lines

(1048 and 1049). Principal-component analysis (PCA) and

K-means clustering separated these samples into three

groups, with undifferentiated hPSCs and hPSCs treated

with BMP4-IWP2 for 1 day into one, hPSCs treated with

BMP4/IWP2 (days 2–4) into a second, and primary and

hPSC-derived TSC samples into a third cluster (Figure 2A);

increasing K did not further separate the samples in a bio-

logically meaningful manner (data not shown). The tran-

scriptomes of primary TSCs and undifferentiated hPSCs

were then directly compared (variance = 0.05, two-group

analysis q < 0.05), leading to the identification of 1,618

differentially expressed genes, of which 839 genes were up-

regulated in TSCs and 779 in PSCs (Figure 2B; Data S1). We

performed gene set enrichment analysis (GSEA) and found

hPSC-derived TSCs were enriched in genes highly ex-

pressed in placenta-derived hTSCs (adjusted p value

[padj] < 0.004, enrichment score [ES] = 0.44, and normal-

ized ES [NES] = 2.44) compared with hPSCs. We validated

expression levels of a handful of TSC-associated markers

(TP63,VGLL1, ELF5, ITGA6, and EGFR) by qPCR and found

that the hPSC-derived TSCs expressed most of these

markers at similar levels to primary hTSCs (Figure 2C).

Similar to primary TSCs, hPSC-derived TSCs showed uni-

form expression of TSC markers, including TP63 and

CDH1, and a lack of pluripotency marker POU5F1/OCT4

(Figure S2A). We have previously reported co-expression

of CDX2 and TP63 in hPSCs following 4 days of BMP4

treatment (Horii et al., 2016), while Okae et al. (2018)

have reported low/variable levels of CDX2 expression in

primary TSCs. We noted that, compared with primary

TSCs, hPSC-derived TSCs showed similar CDX2 levels by

qPCR (Figure 2C) and a similarly variable nuclear expres-

sion of this protein by immunofluorescence (Figure S2B).

Primary TSCs can only be derived from early-first-

trimester (<10 week gestational age) CTB (Okae et al.,

2018). We therefore asked how both our primary and

hPSC-derived TSCs comparedwithCTB isolated from early-

(6–8 weeks, CTB_1E) versus late- (10–14 weeks, CTB_1L)

first-trimester placentae. Transcriptomic analysis showed

that both primary and hPSC-derived TSCs were distinct

from isolated CTB (Figure S2C). Unsupervised hierarchical

clustering was performed with primary CTB sub-groups

combined and independently. The group of samples

including both primary and hPSC-derived TSCs joined

the branch with early-first-trimester CTB when these cells

were included in the analysis, while they joined the branch

with undifferentiated and BMP-treated hPSCs when



Figure 1. Protocol for conversion of primed hPSCs into TSCs
(A) Protocol schematic.
(B) Morphology of H9 hESC line as undifferentiated (day 0), following 4 days of BMP4/IWP2 treatment (day 4), and after 5 passages in our
modified Okae medium for TSCs (H9-TSCs). Bar: 312.5 mm.
(C) Flow-cytometric analysis of H9-derived TSCs for EGFR and ITGA6.
(D) Immunofluorescence staining of H9-TSCs for GATA3 and KRT7. Bar: 124.5 mm.
Data in (B–D) are representative of n = 5 independent experiments.
See also Figure S1.
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Figure 2. Characterization of hPSC-derived TSCs
(A) Principal-component analysis of hPSCs (undiffer-
entiated/day 0), H9 hESCs treated with BMP4/IWP2 for
1–4 days, hPSC-derived TSCs after 6–8 passages in
the modified Okae TSC medium (TSC), and primary
(placenta-derived) TSCs (lines 1048 and 1049). Each
dot on the principal-component analysis (PCA) repre-
sents a sample from an independent experiment (n = 2
for H1 and iPSCs, day 0 and TSC; n = 3 for all other sam-
ples). Sample clusters from k-means clustering, marked
by circles, show that hPSC-derived TSCs cluster together
with primary (placenta-derived) hTSCs.
(B) Heatmaps of undifferentiated hPSCs and primary and
hPSC-derived TSCs showing genes that are either upre-
gulated (839 genes) or downregulated (779 genes) in
primary TSCs compared with undifferentiated hPSCs.
GSEA shows that hPSC-derived TSCs were enriched in pri-
mary TSC-associated genes (NES 2.44, padj < 0.004) but
not in (undifferentiated) hPSC-associated genes. A few
TSC-associated genes are noted in the heatmap.
(C) qPCR of the indicated CTB markers in undifferenti-
ated primary TSC (1049) compared with hPSC (H9)-
TSCs. Data were normalized to L19 and shown as fold
change over undifferentiated 1049 (D0 = day 0) and
represent mean ± SD for n = 3 independent experiments.
*p < 0.05; **p < 0.01 by Student’s t test.
(D) DNA methylation surrounding the ELF5 promoter in
undifferentiated (U) H9 ESCs, TSCs derived from both
H9 and a human dermal fibroblast (HDF)-derived iPSCs,
an umbilical-cord-derived mesenchymal stem cell line
(1754), and a primary (placenta-derived) TSC line
(1049). Each line represents a distinct sequenced clone
(n = 3 to 9).
(E) Flow-cytometric analysis of primary (1049) and hPSC
(H9)-derived TSCs for HLA-A2 and HLA-Bw6 with (gray)
and without (purple) valproic acid (VPA) in the culture
medium. Data are representative of 2 independent ex-
periments.
(F) Heatmap of amnion-specific markers (based on a
more stringent analysis by Seetheram et al. in this issue
of Stem Cell Reports of the Roost et al., 2015 dataset) in
undifferentiated hPSCs and primary (1048 and 1049 TSC)
and hPSC-derived TSCs, as well as amnion (AM). GSEA
showed that neither primary nor hPSC-derived TSCs
were enriched in amnion-specific genes (NES = -0.94
with padj = 0.561 and NES = -1.06 with padj = 0.354,
respectively).
See also Figure S2.
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compared with the late-first-trimester CTB group only

(compare left and center dendrograms with the one on

the right in Figure S2D).

We next aimed to go beyond the transcriptome and char-

acterize three other features of early-gestation CTB in our

hPSC-derived TSCs, namely the methylation status of the

ELF5 promoter, the expression of class I human leukocyte

antigens (HLAs), and the expression of the C19 microRNA

(miRNA) cluster. The ELF5 promoter is known to be hyper-

methylated in hPSCs but hypomethylated in early-gesta-

tion CTB (Hemberger et al., 2010) and primary TSCs

(Okae et al., 2018). Compared with both undifferentiated

hPSCs andmesenchymal stem cells derived from umbilical

cord (Horii et al., 2021), both primary and hPSC-derived

TSCs showed significant hypomethylation of this genomic

region (Figure 2D). In addition to a hypomethylated ELF5

promoter, villous CTB and TSCs, which are thought to

reside within the CTB layer, are both known to lack expres-

sion of class I HLAs (HLA-A and HLA-B) (Apps et al., 2009;

Io et al., 2021).Whenwe evaluated our cells by flow cytom-

etry, both primary and hPSC-derived TSCs expressed class I

HLAs. Therefore, we re-evaluated our media components

and noted that valproic acid (VPA), a histone deacetylase

(HDAC) inhibitor, had been previously identified as a com-

pound that promotes class I HLA expression in tumor cells

(Armeanu et al., 2005; Mora-Garcı́a et al., 2006; Yamanegi

et al., 2010; Yang et al., 2020). When we removed this

chemical from our medium, after only three passages, class

I HLA expression significantly decreased in both primary

and hPSC-derived TSCs (Figure 2E), without affecting self-

renewal. A third feature of human trophoblast is high

expression of the primate-specific, maternally imprinted

C19 miRNA cluster (Donker et al., 2012; Noguer-Dance

et al., 2010). We evaluated the expression of four members

of this miRNA cluster and found that while hPSC-derived

TSCs upregulated one (MIR526b-3p) compared with undif-

ferentiated hPSCs, overall, none reached the levels seen in

primary TSCs and JEG3 choriocarcinoma cells (Figure S2E).
Figure 3. In vitro and in vivo differentiation potential of hPSC-de
(A) Morphology, lineage-specific gene expression, and hCG secretion
syncytiotrophoblast (STB). Bar: 312.5 mm. qPCR data were normalized
1049 TSCs. hCG secretion was normalized to ng of DNA. Both qPCR and
*p < 0.05; **p < 0.01 by Student’s t test.
(B) Morphology, lineage-specific gene expression, and flow-cytometri
(H9)-derived TSCs differentiated into extravillous trophoblast (EVT). B
change over undifferentiated (day 0/D0) 1049 TSCs and represent me
***p < 0.001 by Student’s t test. Flow-cytometric data are representa
(C and D) Tumors generated 10 days following injection of primary (10
of n = 2 independent experiments). (C) H&E staining shows the tumor
with a necrotic center (H9-TSC), both characteristic of human trophob
high-power (right) images. (D) Immunohistochemical staining of the
positively stained cells (brown) in the TSC-derived lesions. Scale bars

1308 Stem Cell Reports j Vol. 17 j 1303–1317 j June 14, 2022
It has been argued that, unlike naive hPSCs, primed

hPSCs give rise to amnion when treated with media con-

taining BMP4 (Guo et al., 2021; Io et al., 2021). To further

examine the identity of hPSC-derived TSCs, we next

evaluated the expression of a set of amnion-specific genes

in primary TSCs compared with hPSCs and their TSC deriv-

atives. We first used an amnion-specific gene list originally

published by Roost et al. (2015): GSEA showed that primary

TSCs were negatively enriched (NES = -2.18 and

padj < 0.0005), while hPSC-derived TSCs were also not en-

riched (NES = -1.16 and padj = 0.132), for amnion genes.

Subsequently, we performed GSEA using an amnion gene

list obtained through a more stringent analysis of the one

by Roost et al. (2015), as performed by Seetheram et al.

(2022) (Figure 2F). In this GSEA analyses, neither primary

nor hPSC-derived TSCs were enriched in amnion-specific

genes (NES = -0.94 with padj = 0.561 and NES = -1.06

with padj = 0.354). Based on these data, as well as the

many shared features with primary TSCs, we conclude

that we have successfully derived TSC-like cells from

primed hPSCs.

Functional characterization of hPSC-derived TSCs

We next moved to characterize the differentiation ability

of primed hPSC-derived TSCs. When differentiated into

STBs, they upregulated appropriate markers, including

CGA, CGB, GCM1, and PSG4, by qPCR and secreted

hCG into the medium at similar levels as primary TSC-

derived STBs (Figure 3A). Similarly, hPSC-derived TSCs

could be differentiated into EVTs, expressing similar

levels of EVT markers, including ASCL2, HLAG, MMP2,

HTRA4, ITGA5, and ITGA1, and gaining surface HLA-G

expression, similar to primary TSC-derived EVTs (Fig-

ure 3B). Finally, when injected into NOD-SCID mice,

both primary and hPSC-derived TSCs produced mixed

trophoblastic tumors composed of both hCG+ and

HLA-G+ cells (Figures 3C and 3D). Thus, both in vitro

and in vivo, hPSC-derived TSCs showed the capacity to
rived TSC
of primary (1049) and hPSC (H9)-derived TSCs differentiated into
to L19 and shown as fold change over undifferentiated (day 0/D0)
ELISA data represent mean ± SD for n = 3 independent experiments.

c analysis for surface HLA-G expression of primary (1049) and hPSC
ar: 312.5 mm. qPCR data were normalized to L19 and shown as fold
an ± SD for n = 3 independent experiments. *p < 0.05; **p < 0.01;
tive of 3 independent experiments.
49) and hPSC (H9)-derived TSCs into NOD-SCID mice (representative
cells invading through muscle (1049-TSC tumor) or forming a tumor
lastic tumors. Scale bars: 250 mm for low-power (left) and 50 mm for
same tumors using antibodies against EGFR, hCG, and HLAG shows
: 50 mm.



Figure 4. Transition from primed pluripotency to TSCs involves a trophectoderm-like intermediate
(A) Morphology of H9-ESCs at days 0, 2, and 4 following treatment with BMP4/IWP2. At the end of 4 days, over 94% of the cells express
EGFR by flow-cytometric analysis. Data are representative of n = 5 independent experiments. Bar: 312.5 mm.

(legend continued on next page)
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differentiate into both terminally differentiated tropho-

blast lineages.

Characterizing the path from primed pluripotency

to TSCs

Our trophoblast induction protocol (Horii et al., 2019) was

partially based on a previous study by Kurek et al. (2015),

showing that BMP4 induces both trophoblast and meso-

derm lineages, where only the latter lineage isWNT depen-

dent. Thus, the addition of IWP2 should allow exclusive

differentiation into trophoblast. We evaluated cells at the

end of step 1 (BMP4/IWP2 treatment for 4 days) and noted

the gradual flattening of the cells from pluripotency to this

stage and a gain of EGFR expression (Figure 4A). By qPCR,

these cells lost expression of pluripotency factors and

gained expression of markers of TE, including NR2F2

and CDX2, as well as markers of CTB, including VGLL1

and TP63 (Figure 4B); with the exception of DNMT3L,

markers of naive pluripotency were either decreased or

only slightly increased (Figure 4B). The transition from

this state to TSCs through several rounds of passage in

our modified Okae medium was characterized by an initial

transition of cells into a mesenchymal morphology, with a

loss of EGFR, and then a gradual re-epithelialization, with a

re-gaining of EGFR (Figure 4C). Transcriptomic analysis of

this adaptation phase showed unique changes in the

gene expression of cells from passage 0 (p0) to p2, before

returning back to a signature that more closely resembled

primary TSCs (Figure 4D). Of the 839 genes differentially

upregulated in primary TSCs compared with undifferenti-

ated hPSCs, 37% (308 genes) were already upregulated at

the end of step I, while 59% (492 genes) were upregulated

in hPSC-derived TSCs (Figure S3A; Data S2). The adaptation

did not change the nature of the cells, as the most signifi-

cant tissue-specific signature of all the time points was asso-

ciated with ‘‘placenta’’ (Figure S3B). Compared with cells at

the end of step 1 (4 days of BMP4/IWP2 treatment), cells at

p0 (about 48 h after being switched to TSC medium)
(B) qPCR of H9-ESCs at days 0, 2, and 4 following BMP4/IWP2 treatme
otency (DNMT3L, KLF17, DPPA3, and DPPA5), trophectoderm (ENPEP, T
GATA2, GATA3, TFAP2C). Data were normalized to L19 and shown as f
**p < 0.01; ***p < 0.001; ****p < 0.0001 by Student’s t test.
(C) Morphology and EGFR expression of BMP4/IWP2-treated H9-ESCs
initially lose EGFR expression and slowly re-gain it after at least 5 passa
312.5 mm.
(D) PCA of cells transitioning from primed pluripotency (hPSCs) thro
passages (p0–p6) in modified Okae TSC medium. Arrow points to the pa
TSC. Each dot on the PCA represents a sample from an independent e
samples).
(E) Median expression of genes in clusters 1 and 2 from Click-clusterin
treatment and across TSC medium adaptation (10 sample groups indi
See also Figure S3.
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demonstrated downregulation of genes associated with

apical junction, apoptosis, G2-M checkpoint, and epithe-

lial-mesenchymal transition (Data S2 and S3), which

correlates with the observed morphology. We performed

Click-clustering analysis of differentially expressed genes

(DEGs) across the adaptation phase (Data S4), which re-

vealed two main patterns of gene expression change

(Figures 4E and S3C). Cluster 1 included 672 genes that

showed an initial progressive downregulation, with the

lowest expression at p2 of adaptation, followed by subse-

quent progressive upregulation through p6 (Figure 4E).

Gene Ontology and pathway analysis revealed enrichment

in terms associated with cell proliferation, apical junction,

and various metabolic processes (Figure S3D). Cluster 2

contained 453 genes showing the converse pattern of

expression, with a peak at p2 and subsequent downregula-

tion through p6 (Figure 4E). Gene Ontology (GO) and

pathway analysis showed enrichment in terms associated

with epithelial-mesenchymal transition (EMT), which

correlate with similarly noted changes in morphology, as

well as apoptosis (Figure S3D). Taken together, these data

show an adaptive response to hTSC media, involving the

selection of a subset of cells (through apoptosis and subse-

quent proliferation) that undergo an EMT process to tran-

sition into the TSC state.

Recently, Io et al. (2021) developed a BMP4-based proto-

col for transitioning naive hPSCs first into a TE-like state

(after 3 days), characterized by expression of ENPEP,

TACSTD2, and NR2F2, and subsequently into a CTB-like

state (after 3–15 passages), characterized by SIGLEC6,

among other markers (including VGLL1, TP63, and

EGFR). We compared our cells with theirs, starting with

bulk RNA sequencing (RNA-seq), from primary CTB iso-

lated by both our groups, aswell as naive and primed hPSCs

and their trophoblast derivatives. PCA showed separation

between the naive and primed hPSC group and primary

CTB (separated along the PC1 axis, 67% variance), with

both the naive and primed hPSC-derived cells located
nt, for markers of pluripotency (NANOG and POU5F1), naive plurip-
ACSTD2, NR2F2, and CDX2), and cytotrophoblast (CTB) (TP63, VGLL1,
old change over undifferentiated H9-ESCs (D0 = day 0). *p < 0.05;

passaged in modified Okae TSC medium. During this time, the cells
ges. Data are representative of n = 3 independent experiments. Bar:

ugh BMP4/IWP2 induction then undergoing adaptation through 6
ssage in which the hPSC-derived cells are farthest away from primary
xperiment (n = 2 for H1 and iPSC, day 0 and TSC; n = 3 for all H9

g analysis Figures S3C and S3D) of H9-ESCs at day 4 of BMP4/IWP2
cated by red box in D).



A B

C

D E

Figure 5. Comparison of trophectoderm and TSC derived from naive and primed hPSCs
(A) PCA of our cells, combined with those published by et al., 2021, including, from left to right, (1) undifferentiated naive and primed
hPSCs (day 0) and their early trophoblast derivatives (days 1–2 in our BMP4/IWP2 treatment, and day 1 of Io et al.’s induction); (2) naive
and primed hPSCs induced into a trophectoderm/TE-like fate (days 3–4 in our BMP4/IWP2 treatment, and days 2–3 of Io et al.’s induction);
(3) primary (placenta-derived) TSCs (1048 and 1049 lines), our primed hPSC-derived TSCs (H9-TSCs at passage 6, H1-TSCs at passage 7,
iPSC-TSCs at passage 8), and Io et al.’s naive hPSC-derived TSCs (naive cytotrophoblast [N-CT] at passages 3–15); and (4) primary CTB
(CTB-1E include our preps from 10 different 5- to 8-week-gestation placentae; other four samples include two 9-week- and
two 11-week-gestation CTB preps from Io et al., 2021). For hPSC lines, each dot represents a sample from an independent experiment

(legend continued on next page)
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between these two groups on PC1 (Figure 5A). Unsuper-

vised hierarchical clustering showed that while naive and

primed hPSCs and their early derivatives (Io’s naı̈ve TE at

day 1, and our BMP4/IWP2-treated cells at days 1–2) clus-

tered together, all the later derivatives (Io’s naı̈ve TE at

days 2–3, and our BMP4/IWP2-treated cells at days 3–4,

as well as both naı̈ve- and primed-hPSC-derived TSC)

clustered together with primary CTB (Figure 5B). Within

the latter group, our BMP4/IWP2-treated cells (at days 3–

4) clustered together with Io’s naı̈ve TE (at days 2–3),

suggesting that the primed cells go through a TE-like

phase, while our primed TSCs (at passage 6–8) clustered

together with Io’s naı̈ve CTB (at passage 3–15) (Figure 5B).

Finally, integrating ours and Io’s data with two other

RNA-seq datasets (TSCs derived from primed hPSCs, by

Wei et al. (2021), and iTSCs derived by capturing cellular in-

termediates during reprogramming of fibroblasts using TSC

media, by Liu et al. [2020]) showed similar results (Fig-

ure S4). With k = 4, the cells clustered as follows: (1) all

primary CTB (from first-trimester placenta); (2) all TSCs, ir-

respective of the cell of origin (primary, primed, or naive

PSC-derived or directly reprogrammed iTSCs); (3) naive

PSCs at day 0 and induced into TE (days 1–3) as well as

BMP4/IWP2-treated primed PSC at days 3–4; and finally,

(4) all primed PSCs as well as BMP4/IWP2-treated primed

PSCs at days 1–2 (Figure S4). With an increase to k = 5,

the third cluster (labeled ‘‘C’’ in Figure S4) broke into two,

with the naive PSCs at days 0 and 1 of TE differentiation

in one cluster and naı̈ve TE at days 2–3 and BMP4-IWP2-

treated primed PSCs at days 3–4 in the second cluster, again

suggesting that the BMP4-IWP2-treated primed hPSCs

undergo a TE-like phase. A further increase in k did not

separate the samples in a biologically meaningful manner

(data not shown).

We next evaluated the progression from primed pluripo-

tency to TSCs by single-cell RNA-seq (scRNA-seq) of H9

hESCs, both undifferentiated and treated with BMP4/

IWP2 for 12 h, 24 h, and 4 days, as well as H9-TSC, using
(n = 2 for H1 and iPSCs, day 0 and TSCs, and all samples from Io et al., 2
biological replicate. Clusters from K-means clustering shown in gray
(B) Dendrogram of the same samples, showing primed and naive hPSCs
CTB and hPSC-derived TSCs (naive and primed), as well as hPSC-deriv
(C) Single-cell RNA-seq analysis of H9-ESCs at day 0, at 12 and 24 h, and
into 4 clusters by Seurat. Feature plots of pluripotency-, TE-, and CTB
tency-) associated genes, prior to finally transitioning into TSC state
(D) UCell analysis using epiblast (EPI) and TE-specific genes from sing
et al. (2019). Note clusters 0 (H9-12 and 24 h) and 1 (undifferentiated
at 4 days post BMP4/IWP2 treatment) are enriched in TE genes.
(E) Analysis by PlacentaCellEnrich tool of transcriptomic signatures o
compared with undifferentiated hPSCs. Note similar enrichment propo
genes across all 3 comparisons.
See also Figure S4.
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were analyzed by Seurat, which separated the cells into 4

clusters (Figure 5C). Cluster 0, despite containing mostly

cells at early stages of trophoblast induction with BMP4/

IWP2 (12 and 24 h), showed a separate transcriptional pro-

gram from undifferentiated hPSCs in cluster 1. Feature

plots of pluripotency- and trophoblast-associated genes

showed that both clusters 0 and 1 have a strong pluripo-

tency signature (POU5F1 and NANOG), with a subset of

cluster 0 cells initiating the TE program, as noted by

GATA3 expression, as early as 12 h from induction. Cluster

3 cells (those treated with BMP4/IWP2 for 4 days) had

completely lost NANOG expression but had begun to ex-

press TE-associated genes, including KRT19, ENPEP,

TACSTD2, and NR2F2, similar to Io’s naive PSC-derived

TE (Io et al., 2021) (Figure 5C). As TSCs, cells gained expres-

sion of CTB-associated genes, including EGFR, VGLL1, and

SIGLEC6, similar to Io’s naive PSC-derived CTB (Io et al.,

2021) (Figure 5C). Naive pluripotency markers were ex-

pressed at low levels in rare undifferentiated primed hPSCs,

but (with the exception of DNMT3L) they were absent in

BMP4/IWP2-treated hPSCs (Figure 5C). When we evalu-

ated our scRNA-seq cell clusters using epiblast (EPI) and

TE gene signatures obtained from day 6–10 extended-cul-

ture human embryos (Zhou et al., 2019) (Data S5), clusters

0 and 1 showed enrichment in EPI-specific genes, while

clusters 2 and 3 showed enrichment in TE-specific genes

(Figure 5D). Finally, when the transcriptomic signatures

of hPSCs at day 4 of BMP4/IWP2 treatment as well as

both primary and hPSC-derived TSCs were compared

with undifferentiated hPSCs and analyzed by the

PlacentaCellEnrich tool (Jain and Tuteja, 2021), all 3

groups showed the highest enrichment of genes from

trophoblast cells in the placenta, with similar enrichment

for STB-, EVT-, and CTB-associated genes (Figure 5E). These

data suggest that primed hPSCs have the potential to give

rise to TSCs following induction into a TE-like phase with

4 days of treatment with BMP4/IWP2, providing a simple
021; n = 3 for all H9 samples); for CTB samples, each dot represents a
dashed circles.
and their early derivatives clustering separately (left) from primary
ed TE (naive and primed).
at 4 days post BMP4/IWP2 treatment, as well as H9-TSCs, separated
-associated markers show induction of TE- (and not naive pluripo-
, with expression of CTB-associated markers.
le-cell RNA-seq of extended culture human embryo dataset by Zhou
H9) are enriched in EPI genes, while clusters 2 (H9-TSC) and 3 (H9

f BMP4/IWP2-treated hPSCs, primary TSCs, and hPSC-derived TSCs
rtions for STB-, extravillous trophoblast (EVT)-, and CTB-associated



protocol for obtaining TSCs from a vast array of available

embryonic and iPSCs.
DISCUSSION

The modeling of human trophoblast differentiation has

proven difficult for multiple reasons, including a signifi-

cant divergence of factors regulating early embryonic

development (Blakeley et al., 2015), as well as the establish-

ment and maintenance of human TSCs (Okae et al., 2018).

We previously showed that BMP4-mediated trophoblast

differentiation of hPSCs requires TP63 (specifically, the

N-terminally truncated isoform DN-p63a) (Li et al., 2013),

a transcription factor that is widely expressed in stem cells

of stratified epithelia, including villous CTB of the human

placenta (Lee et al., 2007), and that helps maintain these

cells in their undifferentiated state (Haider et al., 2016; Li

et al., 2014). Another transcription factor uniquely ex-

pressed in human TSCs is VGLL1, a potential co-factor for

TEAD4 in this setting (Okae et al., 2018; Saha et al., 2020;

Soncin et al., 2018). This contrasts withmouse TSCs, where

CDX2 and EOMES play key roles in establishment and/or

maintenance (Russ et al., 2000; Strumpf et al., 2005).

CDX2 is expressed in human TE and a subset of first-

trimester villous CTB (Blakeley et al., 2015; Horii et al.,

2016; Soncin et al., 2018); however, its expression is mini-

mal (though variable) in established human TSC lines

(Okae et al., 2018), and thus it is unclear whether it in

fact plays a role in human TSC maintenance. EOMES is

completely absent from both human TE and villous CTB

at any gestational age (Blakeley et al., 2015; Soncin et al.,

2018). Another transcription factor required for mouse

TSC maintenance is Elf5 (Donnison et al., 2005). In hu-

man, ELF5 is expressed in both villous CTB as well as

some cells of the trophoblast column (immature EVT)

(Hemberger et al., 2010; Soncin et al., 2018), though its

exact role in human TSC establishment and maintenance

remains unknown. Further, while it is unclear how closely

its expression in human trophoblast is tied to its promoter

methylation, that its promoter is hypomethylated in early-

gestation trophoblast (particularly compared with undif-

ferentiated hPSCs) has been fully established (Hemberger

et al., 2010; Okae et al., 2018). Our hPSC-derived TSCs ex-

press all three of these transcription factors (TP63, VGLL1,

and ELF5) at similar-to-higher levels than primary

placenta-derived TSCs, have a similarly variable expression

of CDX2, and show proper hypomethylation of ELF5 pro-

moter compared with their pluripotent cells of origin. One

difference, however, remains with primary hTSC: that is,

insufficient upregulation of C19MC miRNAs. It is well

known that these miRNAs are maternally imprinted and

that their expression tightly regulated byDNAmethylation
(Noguer-Dance et al., 2010); thus, it is likely that additional

manipulation of culture media is required to further

enhance their expression in hPSC-derived TSCs. While

the high expression of this class of miRNAs is a defining

feature of human trophoblast (Donker et al., 2012), their

exact role in primary hTSC maintenance and differentia-

tion remains to be explored; therefore, at least for now,

the significance of insufficient induction of these miRNAs

in hPSC-derived TSCs remains unknown.

Despite this difference in C19MCmiRNA expression, our

hPSC-derived TSCs fully recapitulate primary TSC func-

tion. They are able to differentiate into both hCG-pro-

ducing STBs and surface HLAG-expressing EVTs. This

differentiation potential was recapitulated in vivo, by their

ability to form trophoblastic tumors in immunocompro-

misedmice, with the typical necrotic center and expression

of STB- and EVT-associated markers. Such features of the

hPSC-derived TSCs functionally define their true identity

as trophoblast and exclude other identities, including

amnion. In addition to transcriptomic differences, as

described both in our current work and in significantly

more detail by Seetharam et al. in this issue of Stem Cell Re-

ports, normal amniotic epithelium is a simple cuboidal

epithelium, lacking expression of TP63 (Li et al., 2013).

Rare reports of amnion expressing HLA-G do not cite spe-

cific antibodies used and, in fact, report co-expression of

class I HLAmolecules in these cells (Strom andGramignoli,

2016); similarly, the single report of hCG expression in

early amnion within the developing human embryo

(Xiang et al., 2020) shows staining in a simple, non-strati-

fied epithelium, rather than the secretory ability of a stem

cell, following forskolin-induced syncytialization, as oc-

curs in primary TSCs. When morphologic features and

marker expression are considered together, hPSC-derived

TSCs most closely resemble primary, placenta-derived

TSCs and are clearly distinct from amniotic epithelium.

Perhaps the most difficult-to-explain aspect of the

trophoblast differentiation ability of primed hPSCs is the

developmental trajectory of these cells. The initial segrega-

tion of the TE lineage follows the transition from totipo-

tency (2-cell [2C] state) to naive pluripotency, which is

the defining feature of pre-implantation inner cell mass

(ICM) or EPI (Baker and Pera, 2018; Dong et al., 2019; Ros-

sant and Tam, 2017). It has been suggested that, at least in

mouse, this process of lineage segregation into TE and

ICM is in fact epigenetically irreversible, precluding mouse

ESCs transdifferentiated into TSC-like cells (e.g., by overex-

pression of Cdx2) to significantly contribute to the tropho-

blast compartment (Cambuli et al., 2014). PrimedhPSCs are

considered equivalent to post-implantation EPI, a stage of

development far beyond TE development, and thus, by

definition, should not have the potential to generate TE

(De Los Angeles, 2019). In fact, in mouse, both naive and
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primed ESCs exclusively give rise to EPI-derived cells when

injected intoproper stage embryos (Huang et al., 2012; Ying

et al., 2008). However, unlike naive mouse ESCs, naive hu-

man ESCs have recently been shown by multiple groups to

readily give rise to trophoblast (Cinkornpumin et al., 2020;

Dong et al., 2020; Guo et al., 2021; Io et al., 2021), suggest-

ing greater plasticity of human ESCs. In addition, it has

been shown that media containing BMP4 induces chro-

matin remodeling in primed mouse ESCs (Kime et al.,

2016; Yu et al., 2020), inducing some cells toward a naive,

and even 2C-like, fate, while producing TE-like features in

other cells (Kime et al., 2019; Tomoda et al., 2021). Our

ownanalysis ofprimedhPSCs treatedwith aBMP4-contain-

ing medium points to a direct conversion of these cells to a

TE-like fate, following 4 days of treatment with BMP4 and

IWP2, with induction of only one naive pluripotency

marker noted. A comparison with Io et al.’s (2021) naive

hPSC-derived cells also showed that primed hPSCs treated

with BMP4/IWP2 clusteredwith naive TE, not naive hPSCs,

thus suggesting differentiation into TSCs through a TE in-

termediate. In addition, a comparison of our scRNA-seq

data with that of extended-culture human embryos (Zhou

et al., 2019) also showed that BMP4/IWP2-treated primed

hPSCshave a gene signature resemblingTE, not EPI. Finally,

recent reports have shown that direct reprogramming of

human fibroblasts to a TSC-like fate can occur when Yama-

naka pluripotency factors are applied to the cells, and the

medium switched from one used for the culture of hPSCs

(embryonic day 7 [E7]) to Okae’s TSC medium during re-

programming (Castel et al., 2020). Analysis of the reprog-

ramming process suggests that iTSCs can be captured

from a TE-like subpopulation without an initial formation

of naive hPSC intermediates (Liu et al., 2020), suggesting

perhaps greater plasticity, and fewer epigenetic barriers, be-

tween early human stem cell lineages.

Our protocol offers a relatively simple way to convert the

many existing hPSC lines, including iPSCs representing

many diseases, into TSC-like cells, thus allowing re-

searchers broad access to platforms for human placental

research, even where this research may be limited by lack

of access to first-trimester placental tissues. Another group

has recently published a similar study, showing a role for

BMP4 in accelerating the transition of primed hPSCs into

TSCs (Wei et al., 2021). Nevertheless, much work, and

many questions, remain, including how primed hPSC-

derived TSCs compare with similar cells derived from naive

hPSCs, not just in their DNA-methylation patterns but in

other aspects of their epigenome (including their chro-

matin andmiRNA landscape) as well as their ability to reca-

pitulate trophoblast-based disorders of the placenta. In

addition, the different pluripotent states of human ESCs,

as well as TE and TSCs, deserve further study in the context

of the human embryo, including the extent of their lineage
1314 Stem Cell Reports j Vol. 17 j 1303–1317 j June 14, 2022
segregation as well as the role of BMP4 in potentially

enhancing inter-conversion.
EXPERIMENTAL PROCEDURES

Conversion of hPSC-derived TE to TSC-like cells
Following the first step of trophoblast differentiation from the pre-

viously published protocol (Horii et al., 2019) (see also supple-

mental experimental procedures), hPSC-derived TE-like cells

were dissociated using TrypLE Express (Thermo Fisher Scientific)

and pelleted by centrifugation at 1,000 RPM for 5 min. hPSC-

derived TE-like cells were resuspended in TSC medium and plated

with a 1:1 split ratio onto collagen IV- (Millipore Sigma, 5 mg/mL)

coated plates. We used a TSC medium that was established in the

laboratory of Dr. John Kessler for the optimal growth and passage

of primary-term CTB reprogrammed into self-renewing TSC-like

cells (Bai et al., 2021), which was composed of Advanced DMEM/

F12 (Thermo Fisher Scientific), 1X N2 (Thermo Fisher Scientific),

1X B27 (Thermo Fisher Scientific), 1XGlutmax (Thermo Fisher Sci-

entific), 150 mM 1-thioglycerol (Millipore Sigma), 0.05% BSA

(Gemini), 1% knockout serum replacement (KSR; Thermo Fisher

Scientific), 2 mM CHIR99021 (Millipore Sigma), 0.5 mM A83-01

(Tocris), 1 mM SB431542 (Millipore Sigma), 5 mM Y27632 (Selleck

Chemicals), 130 mg/mL VPA sodium salt (Millipore Sigma),

100 ng/mL recombinant human FGF2 (BioPioneer), 50 ng/mL re-

combinant human EGF (R&D Systems), 50 ng/mL recombinant

human HGF (Stem Cell Technologies), and 20 ng/mL Noggin

(R&D System). The medium was replenished every day. Cells

were passaged using TrypLE when confluent (approximately every

other day) with a split ratio of 1:2 onto collagen IV-coated plates.

Conversion into TSC swas deemed complete after at least 5 pas-

sages with surface EGFR expression of over 90%, and HLA-G

expression of 20% or less, by flow cytometry.

Statistical analysis
All experiments were performed in triplicate. Bar chart data display

mean fold change and standard deviation of the mean. Statistical

analysis was done usingGraphPad Prism 9. Student’s t test was per-

formed to determine significance of differences between groups,

and the level of significance is representedwith an asterisk, as indi-

cated in the figures.

Data and code availability
RNA-seq data have been deposited to the Gene Expression

Omnibus database under GEO: GSE182791. The 10 samples of

CTB from late first trimester (CTB_1L) were previously deposited

in GEO under GEO: GSE173323 (Morey et al., 2021).
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