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The placenta is a transient but important multifunctional organ crucial for healthy
pregnancy for both mother and fetus. Nevertheless, limited access to human placenta
samples and the paucity of a proper in vitro model system have hampered our under-
standing of the mechanisms underlying early human placental development and
placenta-associated pregnancy complications. To overcome these constraints, we estab-
lished a simple procedure with a short-term treatment of bone morphogenetic protein 4
(BMP4) in trophoblast stem cell culture medium (TSCM) to convert human primed
pluripotent stem cells (PSCs) to trophoblast stem-like cells (TSLCs). These TSLCs
show not only morphology and global gene expression profiles comparable to bona fide
human trophoblast stem cells (TSCs) but also long-term self-renewal capacity with
bipotency that allows the cells to differentiate into functional extravillous trophoblasts
(EVT) and syncytiotrophoblasts (ST). These indicate that TSLCs are equivalent to gen-
uine human TSCs. Our data suggest a straightforward approach to make human TSCs
directly from preexisting primed PSCs and provide a valuable opportunity to study
human placenta development and pathology from patients with placenta-related
diseases.

human pluripotent stem cells j human trophoblast stem cells j trophoblast stem-like cells j primed
pluripotency j BMP4

The placenta is a temporary but pivotal organ that supports the fetus’s growth during
pregnancy by transporting nutrients and hormones, exchanging respiratory gases and
waste, and conferring immunological protection (1). The human placenta originates
from the trophectoderm, the outer layer of blastocyst, which develops into various spe-
cialized cell types including cytotrophoblasts (CT), syncytiotrophoblasts (ST), and
extravillous trophoblasts (EVT) (2). Recently established human trophoblast stem cells
(TSCs) possess an ability to differentiate into multiple cell types, such as multi-
nucleated ST that are critical for gas/nutrient exchange as well as for metabolic and
immunological functions and invasive EVT that migrate into the maternal uterus and
modify its vessels to establish maternal blood flow into the placenta (3). Abnormal dif-
ferentiation of trophoblasts and dysregulation in placental functions endangers the
mother and fetus, leading to diverse pregnancy complications, such as preeclampsia,
stillbirth, miscarriage, and intrauterine growth restriction (4). Notably, these disorders
not only increase infant mortality and maternal morbidity but also impair the lifelong
health of newborns (5). However, practical and ethical restrictions on accessing human
placenta samples during pregnancy have greatly hindered precise understanding of the
mechanisms underlying placenta development and placenta-associated complications.
Due to such limitations, animal models and in vitro placental cell lines derived from

choriocarcinoma (6, 7) have been extensively used in the field. However, to fully
understand the mechanisms underlying human placentation and placenta-related disor-
ders, it is necessary to establish a reliable in vitro human model system that can mimic
human placenta development. Although human TSCs have been successfully generated
from both the blastocysts and CT from the first-trimester of placenta (3), from a clini-
cal perspective, sourcing TSCs would not be straightforward due to ethical issues and
health risks to both the mother and fetus when explanting placenta samples. As an
alternative source of human TSCs, several attempts have been made to convert human
pluripotent stem cells (PSCs) including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) to trophoblast lineage cells using bone morphogenetic
protein 4 (BMP4)-containing culture conditions (8–10). Although BMP4 treatment
facilitates differentiation of human PSCs to trophoblasts (8–12), some reported that
the BMP-treated cells often result in activation of mesendoderm or amnion markers
(13–15) and a failure to establish long-term maintainable self-renewing bipotent cells.
However, this view is controversial as other studies demonstrated that mesendoderm
markers were not induced in the different culture compositions and substratum during
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the induction of PSCs into trophoblast lineages (9, 16, 17). As
for the activation of amnion markers in BMP-treated human
primed PSCs (14, 15), it is still necessary to compare the
amnion gene expression of TSC-like cells (TSLCs) induced
from primed PSCs with that of bona fide amnion cells. This
would determine whether the converted cells are truly amnion-
like cells or not. Of note, several attempts (18–22) recently
have been made to generate self-renewing human TSLCs from
PSCs using human TSC culture medium (TSCM) (3). Recent
papers reported that human PSCs can generate trophectoderm
lineage stem cells under a micromesh culture condition (19) or
chemically defined culture conditions (23). However, these
methods lack functional validations of the derivatives (EVT
and ST) from their trophectoderm lineage stem cells. Subse-
quent studies have reported that TSLCs can be generated from
human naïve PSCs or expanded potential stem cells (EPSCs)
(14, 15, 18, 20, 21). Most recently, a study showed that TSLCs
can be derived from human primed PSCs under TSCM condi-
tion only, and 10 to 12 d of BMP4 treatment could enhance
the conversion efficiency (22). Although it is unclear which
protocol is better to generate functional TSLCs comparable to
bona fide TSCs, all these reports provide valuable models to
understand human trophoblast lineage development.
In this study, we successfully convert human primed PSCs

to bipotent, self-renewing TSLCs that can differentiate into
functional EVT and ST using TSCM together with transient
treatment with BMP4. The resultant TSLC-derived EVT and
ST express the representative marker genes, hormones, and
transporters according to their respective lineages. Global tran-
scriptome analysis and functional assays confirm high similarity
between TSLCs and TSCs. In sum, we provide a simple, time-
and cost-efficient method to directly convert human primed
PSCs to TSLCs that are functionally equivalent to bona fide
TSCs for another alternative in vitro placental model.

Results

Short-Term Treatment of BMP4 is Crucial to Generate
Homogeneous and Long-Term Maintainable Human TSLCs
from Primed PSCs. Multiple previous studies showed that the
treatment of BMP4 or BAP (combination of BMP4, A83-01,
and PD173074) can convert PSCs into trophoblast lineage cells
(8–12, 24), indicating that BMP4 triggers trophoblast-specific
gene expression programs. However, the BMP4- and BAP-
treated cells were differentiated into heterogeneous cell popula-
tions that expressed ST- and EVT-specific marker and failed to
acquire self-renewal capacity. In accordance with the previous
observations, our continuous treatment of BMP4 or BAP to
iPSCs (see Materials and Methods) resulted in mixed cell popu-
lations. In particular, the BMP4-treated cells start to die after
10 d of culture, indicating the loss of self-renewing ability (SI
Appendix, Fig. S1A). Although the BAP-treated cells were more
proliferative than the BMP4-treated cells, they did not show a
typical morphology of TSCs (SI Appendix, Fig. S1A). The
expression levels of TSC markers (TP63 and ELF5) were only
15 to 30% of the control TSCs in both BMP4- and BAP-
treated cells, even though the expression levels were increased
compared to undifferentiated iPSCs (SI Appendix, Fig. S1B). In
addition, the BMP4-treated cells expressed a higher level of
mesendoderm marker (T), while the BAP-treated cells did not
up-regulate the expression of T (SI Appendix, Fig. S1B). Fur-
thermore, while these cells expressed higher levels of HLA-G
(EVT marker) and CGB (ST marker) than undifferentiated
iPSCs as described previously (SI Appendix, Fig. S1B) (8, 9),

the levels were significantly lower than those observed in EVT
or ST differentiated from TSCs, suggesting that BMP4- and
BAP-treated cells may not be able to fully differentiate into
EVT or ST. With morphological heterogeneity observed in
BMP4- and BAP-treated cells, all these results indicate that
continuous treatment of BMP4 or BAP is not sufficient to gen-
erate a self-renewing population of TSLCs.

Since BMP4 was sufficient to trigger the loss of ESCs character-
istics and induce trophoblast differentiation (8, 9), and TSCM
maintains the self-renewal of TSCs in vitro (3), we subsequently
tested continuous BMP4 treatment to the primed iPSCs in
TSCM (TSCM-B-L) for 14 d with a control condition of TSCM
alone (Fig. 1A). Cells cultured in TSCM-B-L condition showed
polygonal morphology, which is a different morphology than bona
fide TSCs. Meanwhile, cells cultured in TSCM showed only a few
colony-forming cells as previously reported (21) (Fig. 1B). Accord-
ingly, only a few TP63-expressing cells were observed in both con-
ditions by immunofluorescent staining (Fig. 1B), and the transcript
levels of ELF5 and TP63 in TSCM and TSCM-B-L conditions
were lower than those in control TSCs (Fig. 1C). Notably, T,
CXCR4, and HOXB1 (mesendoderm or mesoderm markers (25))
were highly expressed in the cells cultured in TSCM (Fig. 1C and
SI Appendix, Fig. S1D), while ITGB6, GABRP, IGFBP3,
VTCN1, and WNT6 [amnion markers (14, 21, 26–28)] were
up-regulated in TSCM-B-L (Fig. 1C and SI Appendix, Fig. S1C).
These indicate that continuous BMP4 treatment can induce
amnion lineage markers in PSCs (14). We thought that long-term
treatment of BMP4 may lead to adverse effects on attempts to gen-
erate TSLCs from PSCs. Since it has been reported that a transient
exposure to BAP (24 to 36 h) can generate cell lines that are prone
to differentiate into trophoblast lineage (29), we sought to test
transient treatment of BMP4 in combination with TSCM. To
optimize the duration of BMP4 treatment, we treated PSCs with
BMP4 for 1, 2, 5, and 8 d (referred to as D1, D2, D5, and D8)
and grew them for up to 14 d in TSCM after withdrawal of
BMP4 (TSCM-B-S) (Fig. 1A). During BMP4 treatment, we
changed media every day and split the cells when the confluency
reached up to 80 to 90%. At 14 d, we examined the expression
levels of TSCs and amnion markers using RT-qPCR. Regardless
of the duration of BMP4 treatment, the resultant cells showed sim-
ilar morphology and expression levels of TP63 and ELF5 with
those of TSCs (Fig. 1 D and E). However, ITGB6, GABRP,
IGFBP3, VTCN1, and WNT6 expression gradually increased
with longer BMP4 treatment (Fig. 1E and SI Appendix, Fig. S1E),
indicating that treatment of cells with BMP4 for more than 2 d
might influence the expression of amnion genes during TSLCs
conversion of PSCs. To verify the differentiation potential of
TSLCs, we differentiated the cells into ST. Cells treated with
BMP4 for 1 d did not develop cystic morphology, which is a key
characteristic of ST, while cells treated with BMP4 for longer than
1 d were able to form a cystic shape during ST differentiation that
was comparable to TSC-derived ST (Fig. 1 F and G). While the
expression of ST markers CGB and SDC1 increased gradually
with longer BMP4 treatment (Fig. 1H), ST derived from TSLCs
treated with BMP4 for 2 d showed similar expression levels of ST
marker genes to ST from TSCs. Considering marker gene expres-
sion, self-renewal, and differentiation potential, we finally selected
2 d BMP4 treatment as the best condition. These results demon-
strate that 2 d of BMP4 treatment in TSCM is pivotal to convert
human primed PSCs into proliferative TSLCs.

TSLCs Recapitulate the Hallmark Gene Expression of Bona
Fide TSCs. To further validate our protocol and the authenticity
of TSLCs, we generated TSLCs from iPSC (referred to here as
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iPS-TSLCs) as well as ESCs (referred to here as ES-TSLCs)
both of which were maintained under primed conditions, and
then examined the levels of multiple marker genes of human
TSCs. Both iPS- and ES-TSLCs demonstrated TSC-like mor-
phology in shape (Fig. 2A), and they showed no detectable pro-
tein level of PSC core factor OCT4 and NANOG after the
conversion, while having similar levels of TP63 and KRT7
expression as TSCs (Fig. 2B and SI Appendix, Fig. S2A). More-
over, the transcript levels of TSC-specific genes (ELF5,
TFAP2C, HAVCR1, KRT7, TP63, and GATA3) were signifi-
cantly induced comparable to those in TSCs, whereas they
showed a significant reduction of POU5F1 and NANOG
expression (Fig. 2C). We further tested the expression of

TSC-specific microRNA clusters (miR-525-3p, miR-526b-3p,
miR-517b-3p, and miR-517-5p) and methylation status of
ELF5 promoter region as previously suggested (30) and con-
firmed slightly lower but robust expression of the tested miR-
NAs in both iPS- and ES-TSLCs (Fig. 2D). Similar to TSCs,
we also observed that the ELF5 promoter in TSLCs was hypo-
methylated (Fig. 2E).

To further evaluate whether the TSLCs possess global gene
expression signatures representative of TSCs, we performed
global transcriptome analysis by RNA-sequencing. Principal
component analysis (PCA) showed that iPS- and ES-TSLCs are
clustered clearly with bona fide TSCs, suggesting that TSLCs
and TSCs have a similar gene expression pattern. As expected,

Fig. 1. Two days of BMP4 treatment with long-term culture in TSCM is sufficient to establish TSLCs from PSCs. (A) Schematic diagram of induction protocol.
TSCM is used as a basal medium. There are three conditions tested to induce TSCs from human iPSCs. One is to culture the iPSCs in TSCM for over 14 d
(TSCM), another is to culture the iPSCs in TSCM with BMP4 10 ng/mL for the first 1, 2, 5, or 8 d and replace TSCM without BMP4 (TSCM-B-S; D1, D2, D5, and
D8), and the other is to culture the iPSCs in TSCM with BMP4 10 ng/mL for the entire duration (TSCM-B-L). (B) Representative phase contrast (Top) and
immunofluorescent (IF) images (Middle and Bottom) of iPSCs cultured in TSCM or TSCM-B-L conditions and TSCs. Red indicates the protein expression of
TP63. Blue (DAPI) indicates the nuclei. Overlayed images are shown in the Middle. Scale bars indicate 100 μm. (C) Relative transcript levels of TSCs (ELF5 and
TP63), amnion (ITGB6), and mesendoderm (T) marker genes in the indicated cells. Error bars indicate SEM (biological repeats n = 3). Significance was indi-
cated with *P < 0.05, **P < 0.01 and ***P < 0.001. (D) Representative phase contrast images of iPSCs cultured in TSCM or TSCM-B-S conditions (D1, D2, D5,
and D8). TSCs were shown as a control. Scale bars indicate 400 μm. (E) Relative transcript levels of TSCs (TP63 and ELF5) and amnion (ITGB6) marker genes
in the indicated conditions. Error bars indicate SEM (biological repeats n = 4). Significance was indicated with *P < 0.05 and ***P < 0.001. (F) Representative
phase contrast images of iPS-ST from the indicated conditions. The ST were differentiated from TSCs. Scale bars indicate 100 μm. (G) Bar graph showing
diameter of 3D-cultured iPS-ST and ST from each condition. Error bars indicate SEM (biological repeats n = 3). Significance was indicated with ***P < 0.001.
(H) Relative transcript levels of ST marker genes (CGB and SDC1) in the indicated conditions. Error bars indicate SEM (biological repeats n = 3). Significance
was indicated with ***P < 0.001.
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the cluster containing TSLCs and TSCs was separated from
PSCs, EVT, and ST (Fig. 2F). Next, we confirmed that com-
pared to PSCs, the levels of PSC-specific genes (31) were lower
in iPS-TSLCs and ES-TSLCs, while the levels of TSC-specific

genes (21) were comparable to the levels in TSCs, which further
evinces proper derivation of TSLCs from PSCs (Fig. 2G and
Dataset S1). Since previous papers have shown that human
primed PSCs differentiate into mesendoderm (or mesoderm) or

Fig. 2. TSLCs derived from primed iPSCs and ESCs show comparable gene expression signatures to TSCs. (A) Representative phase contrast images of
iPSCs, ESCs (H9), iPS-TSLCs, ES-TSLCs, and control TSCs. Scale bars indicate 100 μm; all images taken at the same magnification. (B) Immunofluorescent (IF)
staining images showing the protein expression of PSC marker OCT4 (green, Top) and TSC marker TP63 (red, Middle) in the indicated cell types. Overlayed
images of OCT4 and TP63 are shown in the Bottom with the nuclei staining with DAPI (blue). Scale bars indicate 100 μm. (C and D) Relative transcript levels
of TSC markers (ELF5, TFAP2C, HAVCR1, KRT7, TP63, and GATA3) and PSC markers (POU5F1 and NANOG) (C) and TSC-specific miRNA clusters (miR-525-3p,
miR-526b-3p, miR-517b-3p, and miR-517-5p) (D) in the indicated cell types. Error bars indicate SEM (biological repeats n = 3). Significance was indicated with
*P value < 0.05, **P value < 0.01, and ***P value < 0.001. (E) Distribution of methylated CpG sites (filled circles) at the ELF5 promoter in the indicated cell
types. The relative percentage of methylated CpG sites is indicated with cell types. (F) PCA for gene expression of the indicated cell types. Each dot is one
biological replicate. (G) A heatmap showing normalized relative expression of PSC (31) and TSC markers (21) (Dataset S1) in the indicated cell types indicated.
y axis shows representative PSC and TSC markers. Each cell type is represented by 2 biological replicates in each column. Relative expression was calculated
by dividing the level of a gene with average gene expression of all cell types.
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amnion-like cells upon BMP treatment (13–15), we also moni-
tored the levels of mesendoderm marker genes as well as
amnion-up-regulated genes, which are predominantly expressed
in human amnion at 9 gestational weeks (26). The expression
levels of mesendoderm marker genes (T, MIXL1, EOMES,
PDGRFA, CXCR4, HOXB1, TBX6, VCAM1, and LMO2)
(25) in TSLCs were lower than those in PSCs and comparable
to their levels in control TSCs (SI Appendix, Fig. S1F and Table
S3). In contrast with the human amnion tissue (26), iPS- and
ES-TSLCs showed similar expression levels of amnion genes to
genuine TSCs (SI Appendix, Fig. S2 B and F and Dataset S1),

suggesting that our protocol did not promote PSCs to differenti-
ate into amnion. Moreover, we confirmed that both TSLC lines
can self-renew for over 20 passages without losing typical TSC
morphology and proliferation capacity (SI Appendix, Fig. S2 C
and D). Consistent with the morphology, the levels of TP63,
ELF5, KRT7, TFAP2C, and EGFR were stably maintained in
both iPS-TSLCs and ES-TSLCs even after 20 passages, and
>90% of TSLCs showed KRT7 and GATA3 expression (SI
Appendix, Fig. S2 E and G), suggesting these cells can self-renew
for a long time. In summary, all these results further support
that the TSLCs we generated are similar to bona fide TSCs.

Fig. 3. TSLCs can differentiate into EVT-like cells. (A) Representative phase contrast (Left) and immunofluorescent (IF) images of indicated cell types. Green
indicates the protein expression of HLA-G. Red indicates the protein expression of MMP2. Blue (DAPI) indicates nuclei. Overlayed images are shown on the
Right. Scale bars indicate 100 μm. (B) Relative transcript levels of EVT marker genes (HLA-G and MMP2) in indicated cell types to control TSCs. Error bars indi-
cate SEM (biological repeats n = 3). Significance was indicated with **P < 0.01 and ***P < 0.001. (C) Flow cytometry analysis of surface HLA-G expression
was performed with iPSC-EVT, ES-EVT, and EVT at 8 d, which were differentiated from iPS-TSLCs, ES-TSLCs, and TSCs. The expression was compared with an
isotype control of each cell type. (D) Violin plots showing the expression distribution of 833 EVT-up-regulated genes (3) (Dataset S2) in the indicated cell
types. The box indicates 25th, 50th, and 75th percentiles. (E) Schematic illustration of imaging chamber (32). Imaging chambers were adhered to the bottom
of a 12-well plate. The Matrigel and medium (TSCM or EVT differentiation medium) mix was added to one of the open ports and allowed to equilibrate at
37 °C. After 1 h, the TSLCs or TSCs were seeded into another port with 30 μL of TSCM or EVT differentiation medium. One milliliter of TSCM or EVT differenti-
ation medium was added to each well. (F) Representative phase contrast images of invading cells in TSCM or EVT differentiation medium at 8 d. Scale bars
indicate 100 μm.
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TSLCs can differentiate into functional EVT. Since genuine
TSCs can differentiate into both EVT and ST (3), we exam-
ined the differentiation potential of our TSLCs generated from
primed PSCs. After EVT differentiation, both iPS-TSLC-
derived EVT (iPS-EVT) and ES-TSLC-derived EVT (ES-
EVT) showed primary EVT features of spindly, elongated cell
morphology comparable to the control EVT derived from
TSCs (Fig. 3A). Consistently, iPS- and ES-EVT showed robust
expression of EVT-specific markers of HLA-G and MMP2 in
both transcript and protein levels (Fig. 3 A and B). We assessed

the surface expression of HLA-G in EVT differentiated from
iPS-TSLCs, ES-TSLCs, and TSCs using flow cytometry.
Although the intensity of fluorescence signals varied between
cells, 78.2% of iPS-EVT and 95.0% of ES-EVT expressed
HLA-G in comparison with 91.8% of EVT differentiated from
TSCs (Fig. 3C). Next, we performed transcriptome analysis to
compare EVT-up-regulated gene expression patterns between
TSLC-derived EVT and EVT. We observed that 833 EVT-up-
regulated genes, obtained by comparing TSCs with EVT from
published data (3), were indeed activated in TSLC-derived

Fig. 4. TSLCs can differentiate into ST-like cells. (A) Representative phase contrast of indicated cell types. Scale bars indicate 100 μm. (B) Representative
immunofluorescent (IF) images of indicated cell types. Red indicates the protein expression of CGB. Green indicates the protein expression of SDC1. Blue
(DAPI) indicates the nuclei. Overlayed images are shown at Bottom. Scale bars indicate 100 μm. (C) Relative transcript levels of ST marker genes (CGB and
SDC1) in indicated cell types to control TSCs. Error bars indicate SEM (biological repeats n = 3). Significance was indicated with **P < 0.01 and ***P < 0.001.
(D) The protein level of secreted hCG in indicated cell types. Error bars indicate SEM (biological repeats n = 3). Significance was indicated with **P < 0.01
and ***P < 0.001. (E) Leakage of sodium fluorescein (Na-Flu) through iPS-ST, ES-ST, and ST differentiated on 3 d and 6 d post seeding. Data are presented as
mean ± SD for 5 biological repeats and calculated as % of each 0 d control. (F) Relative transcript levels of multiple ABC transporters (ABCB1, ABCG2, and
ABCC3) and carrier transporter (SLC15A1) in indicated cell types to control TSCs. Error bars indicate SEM (biological repeats n = 3). Significance was indicated
with *P < 0.05, **P < 0.01 and ***P < 0.001. (G) Violin plots showing the expression distribution of 911 ST-up-regulated genes (3) (Dataset S3) in the indi-
cated cell types. The box indicates 25th, 50th, and 75th percentiles.
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EVT compared to undifferentiated TSLCs (Fig. 3D and Dataset
S2). Likewise, PCA of gene expression showed EVT and TSLC-
derived EVT clustered together but well-separated from TSLCs
(Fig. 2F). Since EVT invasion into the maternal decidua is a cru-
cial step to anchor the placenta to the uterus and establish mater-
nal blood flow into the placenta, invasion ability is a signature
characteristic of EVT. To functionally validate invasion ability, we
differentiated both TSLCs into EVT in Matrigel-blocked cham-
bers (32) (Fig. 3E). Although the invasion efficiency of EVT from
TSLCs (especially iPS-TSLCs) seemed slightly lower than EVT
derived from control TSCs, their ability to invade the Matrigel
region is clear and evident compared to an undifferentiated con-
trol (Fig. 3F). These results demonstrate that primed PSC-derived
TSLCs differentiate into functional EVT comparable to bona
fide EVT.

TSLCs can Differentiate into Functional ST. We also tested the
differentiation potential of TSLCs toward ST. After ST differenti-
ation, both iPS-TSLC-derived ST (iPS-ST) and ES-TSLC-derived
ST (ES-ST) exhibited a cystic morphology that is a key character-
istic of ST grown in three-dimensional (3D) culture in conjunc-
tion with a robust level of CGB and SDC1 protein confirmed by
immunofluorescent staining (Fig. 4 A and B). We also confirmed
the induction of CGB and SDC1 in transcript levels, both of
which are well-known markers for ST subpopulations (3, 33, 34)
(Fig. 4C). More importantly, as ST secrete human chorionic
gonadotropin (hCG) into the maternal blood (35), we verified by
enzyme-linked immunosorbent assay (ELISA) that our TSLC-
derived ST secrete hCG significantly higher than TSLCs, reflect-
ing the endocrinological capabilities of iPS-ST and ES-ST (Fig.
4D). One of the main functions of placenta is acting as a barrier
at the maternal-fetal interface, and ST is a major cell type compos-
ing that barrier. We evaluated whether TSLC-derived ST can
function as a barrier by conducting the apical-to-basal leakage of
sodium fluorescein (Na-Flu) assay (36). iPS-TSLCs, ES-TSLCs,
and control TSCs were seeded in the apical chamber of transwell
and cultured for 6 d in ST differentiation conditions. At 3 d and
6 d, the medium in the apical chamber was replaced with Na-Flu
containing culture medium, and the cells were incubated for 1 h.
To assess the role of the placental barrier in ST, we transferred the
medium from the basal chamber to a 96-well plate and measured
the levels of fluorescence. All tested cells showed similar reduction
of the Na-Flu leakage at 6 d, indicating that the ST derived from
both iPS-TSLCs and ES-TSLCs can form a cellular barrier much
like ST differentiated from genuine TSCs (Fig. 4E). ST also play
an important role in active transport in the placenta by expressing
various receptors and transporters (37, 38). In agreement with the
previous report (24), the expression of transport-related genes,
such as ABCB1 and ABCG2 [drug transporters in the placenta
(39)], ABCC3 [ABC transporter in the placenta (40), and
SLC15A1 [a solute carrier (41)] were elevated in both iPS- and
ES-ST (Fig. 4F). In the global transcriptome analysis, PCA
showed that TSLC-derived ST clustered with ST (Fig. 2F). Addi-
tionally, we further confirmed that ST differentiated from ES-
and iPS-TSLCs showed increased expression of 911 ST-up-regu-
lated genes obtained by comparing TSCs derived from CT with
ST from published data (3) (Fig. 4G and Dataset S3). Taken all
together, these results demonstrate that the TSLCs generated from
primed PSCs harbor bipotency, a core characteristic of TSCs.

Discussion

Due to the difficulty and ethical issues of studying the human
placenta in vivo as well as the unique aspects of human

pregnancy compared to other mammals, it is imperative to
develop a genetically tractable in vitro model of human pla-
centa development (42). In this study, we successfully generated
human TSLCs derived from human primed PSCs by optimiz-
ing the duration of BMP4 treatment in TSCM. We verified
that these TSLCs can self-renew for a long period of time and
have bipotency with which the cells can differentiate into EVT
and ST. We have shown the global gene expression profiles of
TSLCs, TSLC-derived EVT, and TSLC-derived ST were simi-
lar to those of human TSCs, EVT, and ST, respectively. We
verified the expression of trophoblast-specific miRNA and
hypomethylation of ELF5 promoter in TSLCs. All these results
indicate that these TSLCs accurately recapitulate two key
features of TSCs, such as self-renewal and bipotency.

Multiple groups have also attempted to derive trophoblast
lineage cells from human PSCs using BMP4 for the entire cul-
ture (8, 9, 24). However, prior reports have mostly focused on
the expression of differentiated cell markers, such as HLA-G or
CGB, rather than those that typify stem cell properties.
Although one group generated CT-like stem cells from human
PSCs that express CDX2 and TP63 and confirmed that the
resultant cells can be differentiated into ST-like and EVT-like
cells based on the marker gene expression, invasion capacity,
and hormone production, these cells do not efficiently self-
renew, and the authors did not test directed differentiation into
ST or EVT (10). In accordance with this observation, we also
confirmed that TSLCs generated by previously reported proto-
cols undergo cell death after several passages, indicating they
may not be suitable for long-term culture. In contrast, our
TSLCs can be stably maintained without the loss of typical
morphology of TSCs and key marker gene expression, indicat-
ing that we established a more selective and reliable method for
deriving TSLCs from human primed PSCs.

Recently, two studies reported bipotent trophoblast-like stem
cells derived from primed PSCs by micromesh and chemically
defined culture medium, respectively (19, 23). Additionally, there
are multiple paths for deriving human TSCs from naïve ESCs
(14, 15, 20, 21) and reprogramming of somatic cells (43, 44).
Although these groups used different protocols for inducing
trophoblast lineage cells from different cell sources, they showed
that the induced cells exhibit typical characteristics of TSCs.
Further systematic evaluation of the established cells and the cul-
ture protocols will be critical for developing comprehensive in vitro
placenta models.

Very recently, Wei et al., (22) showed that primed PSCs
convert to TSLCs under TSCM condition. They also showed
that 10–12 d of BMP4 treatment could enhance the conversion
process. This group isolated and expanded TSC-shaped colo-
nies formed under TSCM alone with very low efficiency, which
we also showed in Fig. 1B. Although 10 to 12 d of BMP4
treatment increased the conversion, the resultant cells showed a
lower efficiency of EVT differentiation based on HLA-G
expression (22). Interestingly, in our hands, longer BMP4 treat-
ment gradually increased the expression of amnion genes (Fig.
1E and SI Appendix, Fig. S1E), suggesting that the precise dura-
tion of BMP4 treatment might be critical for bipotency of the
resultant TSLCs.

Previous studies on inducing trophoblast lineage from
human PSCs have resulted in different outcomes in some cases.
Recently, two studies claimed that BMP-treated PSCs differen-
tiated into amnion-like cells (14, 15). However, although we
also used BMP4, our TSLCs showed a similar global expression
profile to that of bona fide TSCs and exhibited significantly
lower amnion gene expression than human amnion tissue (26)
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(Fig. 2G and SI Appendix, Fig. S2 B and F and Table S3). We
applied two modifications to our protocol. First, the duration
of BMP4 treatment was shorter in our study. Since we observed
gradual activation of the amnion genes upon longer BMP4
treatment (Fig. 1E and SI Appendix, Fig. S1E), we optimized
our protocol by treating BMP4 for 2 d. Additionally, we used
previously defined TSCM (3) in combination with the BMP4
treatment. With these, we found that our TSLCs have TSC-
specific gene expression patterns comparable to TSCs rather
than induced amnion-like gene expression patterns (Fig. 2G
and SI Appendix, Fig. S2 B and F and Table S3). We report the
simple and reliable protocol to convert human primed PSCs
into TSLCs similar to TSCs, rather than amnion-like cells.
The ST plays important roles in metabolic activity of pla-

centa by directly contacting with maternal blood, secreting hor-
mones, and transporting nutrients for the fetus (45). Aberrancy
in trophoblast lineage specification toward the ST may cause
abnormal placental functions (46). As one of the essential char-
acteristics of ST is the expression of various drug transporters
that may protect the fetus from xenobiotics, an appropriate
in vitro placental model could be used for studying placental
functions such as the regulation of drug transporters. Similar to
the previous study (24), we confirmed that TSLC-derived STs
expressed multiple ABC transporters and carrier transporters,
suggesting they can serve as a valuable model system to study
placental transport and metabolic activity.
Notably, to define the characteristics of human trophoblast

cells generated from various sources, a previous report suggested
four criteria: a set of marker expression (KRT7, TFAP2C, and
GATA3), HLA class I expression, methylation of ELF5 pro-
moter, and expression of microRNAs (miRNAs) from chromo-
some 19 miRNA cluster (C19MC) (30). Among these four cri-
teria, our TSLCs satisfied three criteria but expressed the HLA
class I gene (HLA-A) (SI Appendix, Fig. S3A), which is a similar
level to the bona fide TSCs derived from a human blastocyst
(SI Appendix, Fig. S3A) (3). The similarities and differences
observed in the trophoblast cells generated from different cell
sources might be of interest for the future applications of these
cells.
In summary, we have demonstrated that self-renewing and

bipotent human TSLCs can be derived from human primed
ESCs and iPSCs. These TSLCs can serve as a useful in vitro
model system to investigate the placental barrier, development,
and cell-based pharmacological screening for the transfer and
biological effects of pathogens, drugs, or toxins.

Materials and Methods

Cell Culture. Human PSCs (Yamanaka retrovirus reprogrammed human iPSCs,
ACS-1023, ATCC and human ESCs, H9, WiCell) were maintained on Matrigel
(Corning)-coated plates with mTeSR1 medium (Stemcell Technologies). When
the cells reached about 70 to 80% confluence, they were passaged with ReLeSR
(Stemcell Technologies) according to the manufacturer’s protocol, at a 1:10 ratio.
Human TSCs obtained from Dr. Takahiro Arima (CT27 derived from CT isolated
from the first trimester human placenta) were cultured as previously described
(3). Briefly, the TSCs were plated on 5 μg/mL collagen IV (Corning)-coated dishes
with TSCM (Dulbecco's modified Eagle medium/nutrient Mixture F-12 [DMEM/
F12; Gibco]) medium supplemented with 1% ITS-X supplement (Gibco), 0.5%
penicillin-streptomycin (Gibco), 0.3% bovine serum albumin (BSA; Sigma-
Aldrich), 0.2% fetal bovine serum (FBS; GeminiBio), 0.1 mM β-mercaptoethanol
(Sigma-Aldrich), 0.5 μM A83-01 (Wako Pure Chemical Corporation), 0.5 μM
CHIR99021 (Selleck Chemicals), 0.5 μM SB431542 (Stemcell Technologies), 5
μM Y27632 (ROCK inhibitor, Selleck Chemicals), 0.8 mM Valproic acid (VPA;
Wako Pure Chemical Corporation), 50 ng/mL epidermal growth factor (EGF;
PeproTech), and 1.5 μg/mL L-ascorbic acid (Sigma-Aldrich). When the cells were

70 to 80% confluent, they were detached with TrypLE (Gibco) for 10 to 15 min at
37 °C and then the dissociated cells were plated onto collagen IV-coated dishes
at 1:3 to 1:5 split ratio. The culture medium was changed every 2 d. All cells
were incubated at 37 °C and 5% CO2. For continuous BMP4 or BAP treatment
(SI Appendix, Fig. S1 A and B), PSCs were cultured as previously reported with
minor modifications (8, 9). Briefly, PSCs were passaged with ReLeSR and plated
on Matrigel-coated plates with mTeSR1 medium. After 1 d, the medium was
replaced with 100 ng/mL of human BMP4 (Gibco)-containing MEF-CM (Mouse
Embryonic Fibroblast-Conditioned Medium) (8) or BAP (10 ng/mL BMP4, 1 μM
A83-01, and 0.1 μM PD173074)-containing DMEM/F12/SR (DMEM/F12
medium supplemented with 20% of KnockOut Serum Replacement [SR]) (9).
The cells were cultured for up to 14 d. Media was replaced every day.

Derivation of Stable TSLCs from PSCs. PSCs were dissociated into single
cells by using TrypLE and seeded on Matrigel-coated plate (3 to 4 × 104 cells/
cm2) containing mTeSR1 medium supplemented with 10 μM Y27632. One day
after seeding, the cells were cultured in TSCM containing 10 ng/mL BMP4 for 2 d
(for TSLCs) or indicated days as shown in Fig. 1A, then they were maintained on
Matrigel-coated plates containing TSCM in the absence of BMP4. During the treat-
ment of BMP4, media was changed daily. The cells were passaged every 2 to 3 d
with TrypLE when the confluency reached up to 80 to 90% (1:5 to 10 ratio) and
analyzed at 14 d or later. All cells were incubated at 37 °C in 5% CO2.

EVT and ST Differentiation. TSCs and TSLCs were differentiated into EVT and
ST as described previously (3). For differentiation of ST, dissociated TSCs and TSLCs
were cultured in a 60 mm Petri dish (5 × 105 to 1 × 106 cells/dish) with 4 mL ST
differentiation medium (DMEM/F12 supplemented with 1% ITS-X supplement,
0.5% penicillin-streptomycin, 0.3% BSA, 0.1mM β-mercaptoethanol, 2.5μM
Y27632, 2μM forskolin [Selleck Chemicals], and 4% SR). ST differentiation
medium was replaced on 3 d. ST derived from TSCs and TSLCs were analyzed on
6 d. For differentiation of EVT, dissociated TSCs and TSLCs were plated on 1 μg/
mL collagen IV-coated 6-well plate (1 to 1.5 × 104 cells/cm2) with 2 mL of EVT dif-
ferentiation medium (DMEM/F12 medium supplemented with 1% ITS-X supple-
ment, 0.5% penicillin-streptomycin, 0.3% BSA, 0.1mM β-mercaptoethanol,
100 ng/mL human neuregulin-1 [NRG1, Cell Signaling Technology], 7.5μM A83-
01, 2.5μM Y27632, 4% SR, and 2% Matrigel). On 3 d, the EVT medium was
replaced with fresh medium supplemented with reduced Matrigel (0.5%) in the
absence of NRG1. On 6 d, the EVT medium was replaced again with the medium
containing reduced Matrigel (0.5%) but omitting both NRG1 and SR. EVT derived
from TSCs and TSLCs were analyzed on 8 d.

RNA Extraction and RT-qPCR Assay. Total RNA was extracted using the
RNeasy plus mini kit (Qiagen) following the manufacturer’s instructions and
complementary DNAs (cDNAs) were synthesized from 300 to 500 ng of RNAs by
qScript cDNA SuperMix (Quantabio). RT-qPCR was performed with PerfeCTa
SYBR Green FastMix, Low ROX (Quantabio) and 2 μL of 15 to 20× diluted cDNA.
RT-qPCR primer sequences are listed in SI Appendix, Table S1. The results were
analyzed by ΔΔCt method to calculate fold changes with normalization against
glyceraldehyde 3-phosphate dehydrogenase.

RNA Sequencing. To quantify global gene expression, RNA sequencing (RNA-
seq) was performed using PSCs, TSLCs, TSCs, and their derivatives. Total RNAs
were extracted using the RNeasy plus mini kit following the manufacturer’s instruc-
tions. RNA-seq libraries were generated with 300 ng of total RNA using NEB Next
Ultra II RNA Library prep kit (NEB, E7770) according to the vendor’s protocol.
Briefly, mRNAs were isolated from total RNAs with Magnetic mRNA Isolation Kit
(oligo(dT) beads) (NEB, E7490). First-strand cDNAs were synthesized using random
primers and second-strand cDNAs were synthesized subsequently. Double-
stranded cDNAs were purified by NEBNext Sample Purification Beads (NEB,
E7767), and then the end prep reaction was performed followed by ligation with
sample-specific adaptor and index. RNA-seq libraries were sequenced using an Illu-
mina NovasEq. 6000 machine. Paired-end reads from RNA-seq were aligned to
the reference human genome (hg38) using STAR (v2.5.2b) (47). For the human
genome (hg38), the transcripts information was taken from the GTF file for
GRCh38 provided by Gencode (release 35). To generate read counts for each
gene, the python package HTSEq. (48) was used. The counts were quantified and
normalized by median of ratio method using the R package DESeq2 (v1.32.0)
(49). All scripts with details of software versions are freely available from https://
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github.com/jyj525/human_TSLC. To obtain EVT- and ST-up-regulated gene sets, we
compared the FPKM values between TSCs derived from CT and their derivatives
(EVT or ST) from published data (3). Differentially expressed genes were obtained
by using limma (v3.48.3) (50) with selection criteria of p-adjusted value < 0.01
and fold change > 2. The PlacentaCellEnrich tool (https://placentacellenrich.gdcb.
iastate.edu/) (51) was used to test a significant enrichment of the obtained EVT-
and ST-up-regulated gene sets in expected cell type (SI Appendix, Fig. S3 B and C
and Tables S5 and S6). For Figs. 3D and 4G, expression values from all samples
were normalized by DESeq2, and violin plots were generated with EVT- and ST-up-
regulated gene sets using R software (v4.1.2). Heat maps were generated using
Java TreeView (v1.1.6r4) (52) and R software (v4.1.2).

RT-qPCR for miRNAs. For miRNA analysis, total RNAs were isolated using the
miRNeasy mini kit (Qiagen) according to the manufacturer’s instructions. One
microgram of RNAs was converted to cDNAs by using TaqMan MicroRNA Reverse
Transcription Kit (Thermo Fisher Scientific). RT-qPCR was conducted with PerfeCTa
SYBR Green FastMix, Low ROX. miRNA primer sequences for RT-qPCR are listed
in SI Appendix, Table S1. The data were analyzed by ΔΔCt method to calculate
fold changes with a normalization against miR-103a.

Growth Curve. The TSLCs and TSCs were plated on 96-well plates. Cell Count-
ing Kit-8 (Dojindo Laboratory) was used for a cell proliferation assay. Every 24 h,
10 μL of Cell Counting Kit-8 solution was added to the cultured medium and
incubated for 2 h. The absorbance was measured at 450 nm with Infinite
M1000 PRO microplate reader (Tecan) for 6 d.

ELISA. The cultured media was collected from ST derived from TSLCs and TSCs
on differentiation 6 d. Secretion of hCG was analyzed by ELISA kit for hCG (Ray-
Biotech) according to the manufacturer’s instructions.

Immunofluorescent Staining. The cells were cultured in a μ-Slide 8 Well
chamber (ibidi) for 2 d (TSLCs and TSCs) or 8 d (EVT), and then fixed with 4%
paraformaldehyde (PFA; Sigma-Aldrich) for 20 min at room temperature (RT).
The ST were cultured for 6 d in Petri dish and collected into 1.5 mL tube. The ST
were fixed with 4% PFA for 1 h at RT. The fixed cells were permeabilized and
blocked with 0.3% Triton X-100 (Sigma-Aldrich) and 10% normal goat serum
(Sigma-Aldrich) in Dulbecco’s phosphate-buffered saline (PBS; Thermo Fisher Sci-
entific) for 45 min at RT. For HLA-G staining, a blocking solution was used with-
out 0.3% Triton X-100. The samples were incubated with diluted primary anti-
bodies (SI Appendix, Table S2) at 4 °C overnight. The cells were incubated with
Alexa Fluor 488- or Alexa Fluor 594-conjugated goat secondary antibodies (1:
400; Invitrogen) for 1.5 h at RT. The nuclei of the cells were counterstained with
4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 5 min and the images
were acquired using a fluorescence microscope (Zeiss Axiovert, Carl Zeiss).

Bisulfite Sequencing. For extraction of genomic DNA, the cells were resus-
pended with Tris�HCl (pH 8.0; Sigma-Aldrich), 10 mM ethylenediaminetetraacetic
acid (EDTA; Thermo Fisher Scientific), 0.5% sodium dodecyl sulfate (Thermo Fisher
Scientific), and 200 μg/mL proteinase K (New England Biolabs) and incubated for
2 h at 55 °C. 0.2 M NaCl was added to the tube. The cell lysates were mixed with
PCI (Phenol:Chloroform:Isoamyl Alcohol, Invitrogen) by following manufacturer’s
instruction and centrifuged with Phase Lock gel (QuantaBio) for 2 min at 12,000
rpm. The supernatant was moved into a new tube and 25 μg/mL ribonuclease A
(Life Technologies) was added. The tube was incubated at 37 °C for 1 h. The cells
lysates were mixed with PCI and centrifuged with Phase Lock gel again for 2 min
at 12,000 rpm. The supernatant was mixed with 2.5× volume of 100% ethanol
for precipitation of genomic DNA and centrifuged for 5 min at 12,000 rpm. The
genomic DNA was resuspended in 10 mM Tris�HCl, 1 mM EDTA. One microgram
of genomic DNA was used for bisulfite conversion by using EpiTect Bisulfite Kit
(Qiagen) according to the manufacturer’s instructions. Converted DNA was 10×
diluted with 10 mM Tris�HCl, 1 mM EDTA. The ELF5 promoter region was ampli-
fied using primers as described previously (30). Each PCR product was amplified
using EpiMark Hot Start Taq DNA Polymerase (New England Biolabs) following
the manufacturer’s protocol. The PCR products were purified with a MinElute PCR
purification kit (Qiagen) and cloned into qCR2.1 Vector from TA Cloning Kit

(Thermo Fisher Scientific) using a molar ratio of 1 plasmid to 2 inserts. After trans-
formation into DH5α competent bacteria, miniprepped DNAs using PureLink
Quick Plasmid Miniprep Kit (Invitrogen) were analyzed by Sanger sequencing.

Invasion Assay. The 3D invasion assay was performed by modifying a previ-
ously published protocol (32). Molecular Probes Secure Seal Hybridization
Chamber (Thermo Scientific) were treated with ultraviolet light for 1 h in a lami-
nar flow hood. The chambers adhered to the bottom of 12-well plate. Matrigel
and medium (TSCM or EVT differentiation medium) mix were prepared as 2:1
ratio on ice. Twenty microliters of each Matrigel mix were added to one of the
holes in the chamber and equilibrated for 1 h at 37 °C; 5 × 104 cells of TSLCs
and TSCs were seeded with 30 μL of TSCM or EVT differentiation medium into
another hole of the chamber. To sink the cells to the Matrigel mix, the plate was
standing on the side and incubated for 1 h at 37 °C. After then, the chamber
was completely covered with 1 mL of additional culture medium. The EVT differ-
entiation was then followed as described in EVT and ST Differentiation.

Sodium Fluoresceine (Na-Flu) Leakage Assay. For evaluation of placental
barrier function, 5 × 104 cells/cm2 in 0.1 mL TSCM or ST differentiation medium
(detailed information in Cell Culture and EVT and ST Differentiation) were intro-
duced onto 0.4 μm pore membrane of the apical chamber (Corning, 3470). The
basal chamber of the transwell was filled up with 0.6 mL of TSCM or ST differen-
tiation medium. After 3 d and 6 d post seeding, medium of apical chamber was
aspirated and transferred to a new 24-well containing 1 mL of PBS for washing.
Then, 100 μL of 5 μM Na-Flu in TSCM or ST differentiation medium was added
to the apical chamber. The apical chamber was transferred to a new 24-well con-
taining 600 μL of DMEM/F12 medium (without any growth factor supplements)
for 1 h in 5% CO2 at 37 °C. Fifty microliters of samples from the basal chamber
were pipetted into a 96-well plate and analyzed using an Infinite M1000 PRO
microplate reader (Ex. 460 nm/Em. 515 nm; Tecan). After measurement, the
fluorescein solution was aspirated and replaced with TSCM or ST differentia-
tion medium.

Flow Cytometry. EVT cells were differentiated from iPS-TSLCs, ES-TSLCs, and
TSCs for 8 d. The cells were dissociated by TrypLE at 37 °C for 30 min and diluted
with DMEM/F12. After washing with FACS buffer (PBS without Mg2+, Ca2+, 5%
FBS, 2 mM EDTA, and 0.1% sodium azide), the cells were incubated with
phycoerythrin-conjugated HLA-G (Abcam) 1:50 diluted in FACS buffer for 30 min
on ice. After incubation, the cells were washed 3 times with FACS buffer in the
dark. Flow cytometry analysis was performed using a BD Accuri (BD Biosciences)
and the data were analyzed using FlowJo software (LLC).

Statistical Analysis. Unless otherwise described, all statistical analyses were
performed with three or more biological replicates. Bar chart results were pre-
sented as the mean with the SEM. Statistical significance was determined by
two-tailed unpaired Student’s t-test between two samples or two-way ANOVA for
multiple group comparison using R software (v4.1.2) with the annotations:
*P < 0.05, **P < 0.01, and ***P < 0.001.

Datasets Used for Analysis. We downloaded and analyzed expression data
from GSE66302 (human amnion tissues) and the Japanese Genotype-phenotype
Archive (JGA) under the accession numbers JGA: JGAD000115 to compare gene
expression profile to TSLCs (GSE178162).

Data Availability. Raw and processed RNA-seq data have been deposited to the
public server Gene Expression Omnibus (GEO) database under the accession num-
ber GSE178162. Previously published data were used for this work GEO
(GSE66302 [human amnion tissues] and the JGA under the accession num-
ber: JGAD000115).
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