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SUMMARY
Human trophoblast stem cells (hTSCs) derived from blastocysts and first-trimester cytotrophoblasts offer an
unprecedented opportunity to study the placenta. However, access to human embryos and first-trimester
placentas is limited, thus preventing the establishment of hTSCs from diverse genetic backgrounds
associated with placental disorders. Here, we show that hTSCs can be generated from numerous genetic
backgrounds using post-natal cells via two alternative methods: (1) somatic cell reprogramming of adult fi-
broblasts with OCT4, SOX2, KLF4, MYC (OSKM) and (2) cell fate conversion of naive and extended pluripo-
tent stem cells. The resulting induced/converted hTSCs recapitulated hallmarks of hTSCs including long-
term self-renewal, expression of specific transcription factors, transcriptomic signature, and the potential
to differentiate into syncytiotrophoblast and extravillous trophoblast cells. We also clarified the develop-
mental stage of hTSCs and show that these cells resemble day 8 cytotrophoblasts. Altogether, hTSC lines
of diverse genetic origins open the possibility to model both placental development and diseases in a dish.
INTRODUCTION

During the first trimester of pregnancy, a subset of proliferative

villous cytotrophoblasts (VCTs) ensures the development and

homeostasis of the placenta. These cells self-renew and differ-

entiate into all cell types of the trophoblast lineage. Therefore,

they are considered to be human trophoblast stem cells (hTSCs).

Isolation of hTSCs has been amajor issue in the fields of devel-

opmental biology and stem cell research. Mouse TSCs were

derived in 1998, but hTSCs were isolated only recently (Okae

et al., 2018), due to the difficulty to identify the compartment of

these cells in vivo and the signaling pathways governing their

self-renewal. Okae et al. (2018) successfully derived hTSCs

from blastocysts and first-trimester VCTs. They designed a me-

dium containing notably epidermal growth factor (EGF), NODAL/
C
This is an open access article under the CC BY-N
transforming growth factor b (TGF-b) pathway inhibitors, and a

WNT pathway activator, which allowed prolonged culture of

hTSCs. Herein, this medium is referred to as hTSC medium.

hTSCs cultured in vitro represent a pristine model to investi-

gate the development of the trophoblast lineage. These cells

generate all differentiated trophoblast cell types, comprising

the syncytiotrophoblast (ST) and extravillous trophoblasts

(EVTs) (Okae et al., 2018). The ST is the multinucleated outer

layer of the trophoblast epithelium formed by cell-cell fusion of

cytotrophoblasts. The unique structure of the ST facilitates diffu-

sion of nutrients and gases between maternal blood and the

fetus and protects the latter from pathogen entry. EVTs are

migratory cells formed by epithelial-mesenchymal-like transition

of cytotrophoblasts. EVTs invade the decidual stroma, remodel

the spiral arteries, and participate to immune tolerance between
ell Reports 33, 108419, November 24, 2020 ª 2020 The Authors. 1
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the developing conceptus and the mother through a unique

pattern of histocompatibility leukocyte antigen (HLA) expression,

notably HLA-G (Knöfler et al., 2019; Turco and Moffett, 2019).

hTSCs at the origin of these processes play a central role in the

formation of the maternal-fetal interface, and abnormal hTSCs

are likely to have dramatic consequences on placental develop-

ment. This, in turn, can have post-natal outcomes and ultimately

provoke chronic disease in the adulthood (Burton et al., 2016).

However, we neither understand the nature and incidence of

hTSC disorders nor the connection of hTSCs with placental dis-

eases such as preeclampsia, fetal growth restriction, miscar-

riage, or choriocarcinomas. For this purpose, researchers need

to access hTSCs of diverse genetic backgrounds associated

with normal and pathological situations. So far, only a few

hTSC lines have been isolated from surplus embryos donated

to research and from aborted placentas, and we cannot access

hTSCs from individuals who were born after placental complica-

tions (Ezashi et al., 2019). To overcome these issues, we need

alternative methods to generate hTSCs from more accessible

sources of cells.

Human induced pluripotent stem cells (hiPSCs), generated by

somatic cell reprogramming, have the potential to differentiate

into any cell type in the body and give access to patient-specific

cells (Kilens et al., 2018; Takahashi et al., 2007). Cell fate conver-

sion is another method to generate cell types of interest, repre-

senting a faster approach that does not involve generation of

iPSC lines. Chemical compounds can be sufficient to achieve

cell fate conversion, which avoids transduction of exogenous

factors (Kim et al., 2020). We hypothesized that these reprog-

ramming strategies, largely applied to embryonic lineages, could

also give access to extraembryonic cells, including those of the

placenta. It has been reported that primed hPSCs, correspond-

ing to the post-implantation epiblast (EPI), acquire a trophoblast-

like fate in response to BMP4, A83-01 (NODAL/TGF-b pathway

inhibitor), and PD173074 (fibroblast growth factor [FGF] pathway

inhibitor), known as BAP treatment (Amita et al., 2013). However,

these cells share features with differentiated trophoblasts and do

not self-renew, which limits their use to model the human

placenta. Also, the BAP model is debated, as some claim that

it produces mesoderm, but others amnion-like cells (Bernardo

et al., 2011; Guo et al., 2020).

In this study, we applied OCT4, SOX2, KLF4, MYC (OSKM) re-

programming of somatic cells and conversion of pluripotent

stem cells to generate human induced and converted TSCs

(hiTSCs and hcTSCs, respectively), from patients with diverse

genetic backgrounds. Comparison with isogenic hiPSCs,

placental cell types (VCTs, VCT-ST cells, EVTs), and previously

established hTSC lines confirmed that hi/cTSCs share similar

differentiation potential and molecular signature with embryo-

and placenta-derived hTSCs. This study paves the way to the

production of patient-specific hiTSCs, with applications to ob-

stetric medicine and the treatment of placental diseases.

RESULTS

Somatic Cell Reprogramming into hiTSCs
We recently achieved reprogramming of somatic cells with

OSKM into induced naive hPSCs (hiNPSCs), the counterpart of
2 Cell Reports 33, 108419, November 24, 2020
the pre-implantation EPI in human (Kilens et al., 2018). At low

passage in t2iLGö medium, in cells that were still expressing

OSKM transgenes, we observed cobblestone-shaped

morphology that was reminiscent of hTSCs, in accordance

with the expression of trophoblast-associated transcription fac-

tor GATA3 (Figures S1A and S1B). This suggested the occur-

rence of cells with dual potential to become either hTSCs or

hiNPSCs, or a heterogeneous cell population. We thus investi-

gated whether specific combinations of OSKM transgenes

enabled to enrich the reprogrammed cells with hTSCs. In thema-

jority of cases, cells stopped proliferating at early passages. Only

specific stoichiometries yielded naive hPSC (hiNPSCs), but not

hTSC lines (5:5:3 and 3:3:3 KOS, K, M multiplicity of infection).

These results suggest that the stoichiometry of the OSKM re-

programming factors is not sufficient to reroute OSKM reprog-

ramming toward hTSCs.

We thus hypothesized that the acquisition of the hTSC state

might rather reside in environmental cues and repeated OSKM

reprogramming in hTSC culture conditions. After 7 days, cells

were transferred either in E7 medium that supports the early

phase of reprogramming (Chan et al., 2009) or in hTSC medium.

After seven additional days, we observed the formation of

epithelial colonies in both conditions, although these colonies

were more abundant in E7. These results suggest that E7 not

only supports the early phase of reprogramming but also pro-

motes a mesenchymal-epithelial transition and the survival of re-

programming intermediates. Clearly, after culture in E7 (from day

7 to 21), cells robustly supported a transition into hTSCmedium.

Upon additional culture (2 passages), we observed the rapid for-

mation of cobblestone-shaped colonies, morphologically remi-

niscent of hTSCs (Figure 1A). These cell lines subsequently lost

their transgenes (after 10–15 passages) and expressed the

GATA2 and GATA3 genes associated with the trophoblast line-

age (Gerri et al., 2020; Home et al., 2017; Krendl et al., 2017;

Meistermann et al., 2019). By contrast, they did not express

the pluripotency markers NANOG and KLF17 (data not shown).

These cells propagated unlimitedly, showing long-term self-

renewal (>70 passages). Based on their morphology, gene

expression profile, and culture condition requirement, we

referred to these reprogrammed cell lines as hiTSCs (Table S1A).

Cell Fate Conversion of hNPSCs and hEPSs to hTSCs
To further study the plasticity between pluripotent and tropho-

blast fates, we tested the potential for primed hPSCs that repre-

sent the post-implantation EPI (Amit et al., 2000; Thomson et al.,

1998), extended hPSCs (hEPSs) that stabilize a high-potency

state (Yang et al., 2017), and hNPSCs that reflect the pre-implan-

tation EPI (Guo et al., 2016; Kilens et al., 2018; Takashima et al.,

2014) to respond to BAP treatment (Amita et al., 2013). Primed

hPSCs were initially cultured in knockout serum replacement

(KSR) + FGF2 or iPS-BREW, hEPSs in LCDM, and hNPSCs in

t2iLGöY medium. Consistent with previous reports, primed

hPSCs rapidly responded to BAP and transdifferentiated into

large cell sheets morphologically reminiscent of trophoblasts.

Interestingly, BAP culture could also induce similar morpholog-

ical changes in hNPSCs and hEPSs, although these cell types

are reflecting different states of pluripotency (Figure S2A). We

confirmed the expression of trophoblast marker genes in all
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Figure 1. Generation of Human Induced Trophoblast Stem Cells by Reprogramming of Somatic Cells with OSKM and Conversion of

Pluripotent Stem Cells

(A) Schematic representation of the reprogramming protocol. Phase contrast pictures show the changes in cell morphology. Placenta-derived hTSCs are shown

as controls.

(B) Schematic representation of the conversion protocol. Phase contrast pictures show the changes in cell morphology.

(legend continued on next page)
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BAP-treated hPSCs, while we did not detect the expression of

genes associated with other lineages, such as mesoderm or

amnion (Figures S2B and S2C). These gene expression patterns

were comparable to those of hiTSCs treated with BAP, but the

cells rapidly stopped proliferating and could not be maintained

beyond day 16. We concluded that BAP medium efficiently pro-

moted the conversion of hPSCs to trophoblast-like cells inde-

pendently from their initial state, but was not suitable for mainte-

nance of self-renewing and expandable hTSCs.

Next, we repeated the similar experiment in hTSC medium.

Primed hPSCs did not expand in the hTSC condition, and we

observed elevated cell death from 48 to 120 h. Colony integrity

faded after 1 or 2 passages and cells stopped proliferating,

thus failing to establish hTSCs. Extended hPSCs also experi-

enced an elevated cell death from 48 to 120 h, but few cobble-

stone-shaped colonies reminiscent of hTSCs emerged after 2

passages (7–14 days) that could be expanded. By sharp

contrast, hNPSCs sustained moderate cell death (48–120 h),

and numerous colonies similar to hTSCs rapidly emerged (7–

14 days) and propagated unlimitedly (>50 passages, Figure 1B).

These cells had lost expression of pluripotency markersNANOG

and KLF17 and gained expression of trophoblast-associated

genes GATA2 and GATA3 (data not shown). Hereafter, these

cell lines are referred to as hcTSCs (Table S1A).

Molecular Characterization of hiTSCs and hcTSCs
We conducted broad transcriptomic analyses to further charac-

terize hiTSCs and hcTSCs in direct comparison with previously

established hTSCs and the differentiated ST cells and EVTs

(Okae et al., 2018).

Hierarchical clustering defined three groups of cells: (1)

hNPSCs, (2) extended and primed hPSCs, and (3) trophoblasts.

Both hiTSCs and hcTSCs clustered together with previously es-

tablished embryo- and placenta-derived hTSCs to form the group

of trophoblasts. Thisgroup further subdividedbetweenh(i/c)TSCs,

ST cells and EVTs. Pearson correlation analysis further confirmed

the proximity of induced, converted, embryo-derived, and

placenta-derived hTSCs. Surprisingly, extended and primed

hPSCs showed a high degree of transcriptional similarity, despite

relative differences in their potential to form hTSCs (Figure 1C).

Principal component analysis (PCA) confirmed these observations

and produced distinct clusters corresponding to the above-

mentioned cell types (Figure S1C). This can suggest that hEPSs

might contain rare subpopulations with higher potency compara-

ble to hNPSCs or that the potential to form hTSCs might rely on

discrete cellular properties shared between hNPSCs and hEPSs.
(C) Heatmap of Pearson correlation coefficients of hPSC, hEPS, hNPSC, hiTSC, h

Correlations are determined from the comparison of the 2,770 most over-dispers

Euclidean distance of correlations, by a hierarchical clustering using Ward’s met

(D) Gene expression levels of indicated lineage markers are shown for hPSC, hEP

derived hTSC lines. The differentiated ST cells and EVTs are included as contro

molecules. In each boxplot, the top and bottom of the box represent the third an

and error bars show the interquartile range (IQR) (lower bound: Q1 – 1.5 3 IQR;

performed for each type of hPSC and hTSC, with embryo- and placenta-derived h

the difference: *p value < 0.05, **p value < 0.01, ***p value < 0.001.

(E) Immunofluorescence images of hTSCs, hiTSCs, hcTSCs, hNPSCs, and hEPS

and pluripotency-associated transcription factor SOX2. Nuclei were stained with

Scale bars, 100 mm.
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Further analysis confirmed that hiTSCs and hcTSCs ex-

pressed key trophoblast lineage markers. Notably, the expres-

sion levels of GATA3, KRT7, and VGLL1 were similar to those

found in previously established embryo- and placenta-derived

hTSCs (absolute gene expression ranging from 10 to 300 tran-

scripts per million [TPM]). We also identified genes associated

with stemness of hTSCs, including PEG10, NR2F2, and LRP2.

These were expressed at similar levels in hTSCs, hiTSCs, and

hcTSCs, but not in the differentiated ST cells and EVTs (absolute

gene expression ranging from 20 to 200 TPM in hTSCs; below

10 TPM in hTSC-ST cells and hTSC-EVTs) (Figure 1D). By

contrast, hiTSCs and hcTSCs did not express pluripotency-

associated markers such as NANOG, SOX2, or OCT4

(POU5F1) (absolute gene expression below 10 TPM). We also

confirmed that hi/cTSCs did not express genes associated

with other lineages (Figure S1D). Globally, gene expression pro-

files of hi/cTSCs were comparable with those of embryo- and

placenta-derived hTSCs, but different from those of hPSCs,

which was confirmed by statistical analysis.

We finally analyzed hiTSCs and hcTSCs by immunofluores-

cence for the trophoblast markers NR2F2 and GATA2 that are

expressed in the trophectoderm (TE) of human blastocysts

(Meistermann et al., 2019). NR2F2 and GATA2 were highly ex-

pressed and localized in nuclei of all cells. Conversely, SOX2

was highly expressed in hPSCs but absent in hTSCs (Figure 1E).

These expression patterns were comparable between hiTSCs,

hcTSCs, and placenta-derived hTSCs. These results confirm

that hi/cTSCs share similar expression profiles with previously

established hTSCs.

Functional Validation of hi/cTSCs: Differentiation into
EVTs and ST Cells
hTSCs are characterized by their ability to generate highly

specialized trophoblast cell types that ensure the unique func-

tions of the placenta. Notably, these cell lineages include the

syncytiotrophoblast (ST) and EVTs. Therefore, we assessed

the potential for hiTSCs and hcTSCs to differentiate into these

cell types, using previously established protocols based on

NRG1 for EVT, and forskolin for ST, differentiation (Okae et al.,

2018). We directly compared this potential with those of embryo-

and placenta-derived hTSCs, along with VCT, ST, and EVT cells

isolated from human placentas.

Prior to differentiation assays, hTSCs were cultured either in

hypoxia or normoxia to promote EVT or ST formation, respec-

tively (Chng et al., 2010; Wakeland et al., 2017). Initially, we

cultured hTSCs on mouse embryonic fibroblast (MEF) feeder
cTSC, and hTSC lines along with ST cells and EVTs differentiated from hTSCs.

ed genes of the dataset (see STAR Methods). Samples are clustered from the

hod.

S, hNPSC, hiTSC, hcTSC, and previously established embryo- and placenta-

ls. Expression levels are given as number of transcripts per million of mRNA

d first quartile, respectively; the band represents the median (second quartile);

upper bound: Q3 + 1.5 3 IQR). A Wilcoxon-Mann-Whitney statistical test was

TSCs taken as the reference group. Asterisks indicate statistical significance of

s stained for trophoblast-associated transcription factors GATA2 and NR2F2

DAPI.
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Figure 2. Induced and Converted hTSCs Can Differentiate into Extravillous Trophoblasts and the Syncytiotrophoblast

(A) Schematic representation of the EVT differentiation protocol (left). Bright-field pictures of the EVT progeny of h(i/c)TSCs (right).

(B) Schematic representation of the 3D-ST differentiation protocol (left). Bright-field pictures of the 3D-ST structures derived from h(i/c)TSCs (right).

(C) qRT-PCR quantification of markers associated with ST cells (CGA, CGB, SDC1), EVTs (HLA-G,MMP2, ASCL2), and hTSCs (LRP2,CDKN3). In each boxplot,

the top and bottom of the box represent the third and first quartiles, respectively; the band represents the median (second quartile); and error bars show the IQR

(lower bound: Q1 – 1.5 3 IQR; upper bound: Q3 + 1.5 3 IQR). A Wilcoxon-Mann-Whitney statistical test was performed for each type of hTSC and the differ-

entiated cell progeny. Asterisks indicate statistical significance of the difference: *p value < 0.05, **p value < 0.01, ***p value < 0.001.

(legend continued on next page)
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layers that promoted undifferentiated proliferation compared

with other matrices. However, we observed that MEFs impaired

the formation of ST cells and EVTs so we screened for other

matrices to adapt hTSCs prior to differentiation assays. Fibro-

nectin coatings were efficient at maintaining hTSCs over time,

and laminin 521 could further enhance proliferation (Figure S3A).

For an efficient differentiation, we adjusted the protocols of Okae

et al. (2018) as follows: EVT differentiation was enhanced by

complementing the medium with IWR-1, which promoted the

accumulation of EVT progenitors, as previously described (pre-

EVT medium; Haider et al., 2018). For ST and EVT differentiation,

we adjusted cell density at seeding from 0.8 to 6.0 3 104 cells/

cm2 and the timing of treatment initiation from 0 to 6 h, depend-

ing on the lines (Figures 2A and 2B).

Upon optimized ST differentiation, cells upregulated the

expression of CGA, CGB, and SDC1, which are not expressed

in hTSCs (relative gene expression ranging from 10- to 1,300-

fold change). By contrast,HLA-G,MMP2, andASCL2were glob-

ally increased in the EVT differentiation condition (relative gene

expression ranging from 10- to 700-fold change). Finally, LRP2

andCDKN3 predominantly expressed in hTSCswere downregu-

lated upon differentiation (relative gene expression ranging from

2- to 70-fold change). Importantly, gene expression patterns

were comparable with those of placental cells, which was

confirmed by statistical analysis (Figure 2C).

Of note, some cell lines did not upregulate MMP2 upon EVT

differentiation, while others did not upregulate ASCL2.However,

the clear expression of HLA-G unequivocally confirmed the EVT

identity. This raises the possibility of distinct EVT populations, as

previously described (Knöfler et al., 2019; Xiang et al., 2020), or it

might reflect intrinsic cellular properties of cell lines. In addition

to specific gene expression, EVTs can be reliably identified by

dramatic morphological changes resulting in elongated shape

(phase contrast images, Figure 2A). Immunostainings for

GATA3 and HLA-G confirmed the identity of EVTs differentiated

from hiTSCs, hcTSCs, and placenta-derived hTSCs (Figure 2D).

In addition, ST cells can be identified by two important charac-

teristics: the production of human chorionic gonadotropin (hCG)

and the fusion of cells that form multinucleated syncytia. After

6 days of forskolin treatment, b-hCG secretion was increased in

h(i/c)TSCs, with a mean secretion superior to 3.9 3 104 mIU/mL.

By contrast, in those conditions, hPSC lines globally did not

secrete b-hCG. In line with transcriptomic analysis, both hPSC

and hTSC lines secreted b-hCG when treated with BAP

(Figure S3D).

Finally, it has been reported that the 3D culture of hTSCs pro-

motes the formation of ST cells (Haider et al., 2018; Okae et al.,

2018). Based on trophoblast organoid formation protocols, we

embedded hTSCs as single cells in a semi-solid environment

made of Matrigel, fibronectin, and laminin 521. Cells were subse-

quently cultured in human trophoblast organoid medium (TOM)
(D) Immunofluorescence images of EVTs differentiated from hiTSC, hcTSC, and pl

factor GATA3 and the extravillous trophoblast-specific surface marker HLA-G. N

(E) Immunofluorescence images of 3D-ST structures derived from hiTSC, hcTS

desmoplakin (DSP) highlighting syncytia, along with the syncytiotrophoblast-asso

the x-y plane of a single z section. Related orthogonal y-z plane is shown above

Scale bars: 100 mm in (A) and (B) and 30 mm in (D) and (E).
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with small modifications (Turco et al., 2018). Within a week, we

observed the formation of 3D structures that grew to �200 mm in

diameter after 2 weeks (Figure 2B). These structures contained

multinucleated syncytia expressing desmoplakin (DSP) and

CGB,and typically containing6–10nuclei (Figure 2E). In themajor-

ity of cases, fusion of cells occurred in the center of the 3D struc-

tures, as previously observed with placenta-derived trophoblast

organoids (Haider et al., 2018; Turco et al., 2018). Over time, these

placental organoids further grew until they reached confluence

within thedropsofMatrigel. These larger structuresalsocontained

multinucleated ST cells (Figure S3C). Further optimization of cul-

ture conditions is needed to determine whether this system will

allow expandable culture of hTSC-derived trophoblast organoids.

Weconcluded thatoptimizeddifferentiationprotocols facilitate the

formation of functional ST- and EVT-like cells and 3D self-organi-

zation fromh(i/c)TSC lines. This confirmed the potential for hiTSCs

and hcTSCs to form complex placental-like tissues includingmul-

tiple differentiated and functional cell types.

Dynamics of Cell Fate Conversion from hPSCs into
hTSCs
To further understand the conversion process of hPSCs into

hTSCs, we projected our cellular models on a PCA, which shows

that samples cluster according to their fate. PC1 and PC2 ac-

counted for 18 and 11% of variance, respectively. We identified

five main clusters: (1) hNPSCs, (2) hEPSs/hPSCs, (3) hTSCs/

hiTSCs/hcTSCs, (4) EVTs, and (5) ST cells (Figure 3A). PC3 ac-

counted for 9% variance and segregated hNPSCs from other

cells, thus confirming the particularity of naive pluripotent stem

cells, reflecting the early EPI, and capable of efficiently gener-

ating hTSCs (Figures 3B and 3C).

We further analyzed the progression of cells duringcell fate con-

version. All types of hPSCs treated with BAP showed rapid and

dramatic transcriptomic changes and became close to differenti-

ated trophoblasts by day 6. Despite some partial overlap with

hTSCs, they formed a distinct group, closer to the differentiated

EVTs and ST cells. Importantly, hTSCs treated with BAP acquired

a similar state, supporting that these transcriptional changes

relate to the differentiation of the trophoblast lineage (Figure 3D).

hNPSCs transferred to hTSCmedium formeda separate cluster

characterized by an intermediate transcriptome (P+2), followedby

the acquisition of a hTSC molecular signature (�P+3, Figure 3E).

hEPSs had delayed transcriptional variations and remained glob-

ally unchanged until day 5 before transiting through an intermedi-

ate transcriptional state (P+2), ultimately acquiring a profile char-

acteristic of hTSCs (P+3, Figure 3F). We concluded that hNPSCs

and hEPSs transited through an intermediate transcriptional state

before ultimately achieving a cell fate conversion into hTSCs.

Whether this transcriptional progression reflects a developmental

path remains to be investigated (Cinkornpumin et al., 2020). By

contrast, primed hPSCs initiated similar transcriptional changes,
acenta-derived hTSC lines stained for the trophoblast-associated transcription

uclei were stained with DAPI.

C, and hTSC lines stained for GATA3 and the membrane-associated protein

ciatedmarker CGB. Nuclei were stained with DAPI. Main images correspond to

merged images.
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Figure 3. Transcriptional Specificities of h(i/c)TSCs and Intermediate Steps of Cell Fate Conversion

(A–G) PCA analysis of h(i/c)TSCs and hPSCs inmaintenance, differentiation, or conversionmedia. PC1, PC2, and PC3 are displayed for differentiated cells, hPSC

and hTSC lines (A–C). PC1 versus PC2 of BAP-treated cells (D), naive hPSCs converted into hTSCs (E), extended hPSCs converted into hTSCs (F) or primed

hPSCs treated with hTSC medium (G) are highlighted in specific panels.
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but thecell fateconversionwasnotcompletedandcellsdidnotac-

quire hTSC signature (P+2, Figure 3G).

Globally, treatments of hPSCs with either BAP or hTSC me-

dium converged to induce the acquisition of the trophoblast

fate, but only hTSC culture condition supported the proliferation

and self-renewal programs required to stabilize expandable

stem cells. Understanding how external cues are integrated by

cells to mediate these different outcomes will allow the identifi-
cation of determinants of cell fate conversion, self-renewal,

and proliferation of the native human placental progenitors.

Modulations of Signaling Pathway Signatures Underly
the Conversion of hPSCs to hTSCs
We reasoned that signaling pathway variations upon conversion

of hPSCs to hTSCs or differentiated trophoblasts might inform

about the mechanisms of specification, self-renewal, and
Cell Reports 33, 108419, November 24, 2020 7
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differentiation of human trophoblast progenitors. We thus per-

formed a clustering analysis to identify co-regulated genes and

a pathway enrichment analysis.

Clustering of samples on differentially regulated pathways

globally confirmed the sample clustering previously performed

on differentially expressed genes. This segregated three main

groups: (1) hPSCs, (2) hTSCs, and (3) differentiated trophoblasts.

In line with the PCA results, BAP-treated cells (day 6) were akin to

ST cells and EVTs and showed profiles of enriched pathways

resembling those of differentiated trophoblasts. By contrast,

hNPSC-TSCs and hEPS-TSCs shared similar pathway signa-

tures with hiTSCs, embryo-derived, and placenta-derived

hTSCs, while primed hPSCs transited in hTSC medium globally

failed to acquire hTSC pathway signatures (Figure S4).

The clustering of pathways produced two main groups: (1)

pathways associated with hPSCs and (2) pathways associated

with trophoblasts. Pathways associated with hPSCs included

glycolysis, cell cycle, and base excision repair, in line with previ-

ous studies on cell cycle regulation and metabolic state of

hPSCs (Kilens et al., 2018). By contrast, hTSCs and differenti-

ated trophoblasts globally shared common pathway signatures,

clearly distinct from those of hPSCs.

Differentially regulated pathways included HIPPO, NOTCH,

and ERBB pathways, which aremain drivers of the self-renewing

state of mouse TSCs (El-Hashash et al., 2010; Home et al., 2012;

Nishioka et al., 2009; Rayon et al., 2014; Rivron et al., 2018b) and

PPARG that is associated with mouse trophoblast proliferation

and differentiation (Parast et al., 2009). These results complete

previous studies suggesting conserved mechanisms of tropho-

blast development acrossmammals (Gerri et al., 2020; Hunkapil-

ler et al., 2011; Saha et al., 2020; Schaiff et al., 2000), while they

also highlight specific features of the human trophoblast lineage

such as the steroid hormone biosynthesis pathway that was spe-

cifically associated with the ST in humans (Malassiné et al.,

2003). Moreover, our analysis pointed to additional pathways

includingMTOR, estrogen, RAP1, and JAK/STAT signaling path-

ways that seem to be active in h(i/c)TSCs (Figures S4 and S5).

Regarding the MTOR signaling pathway, genes with positive

contribution to the eigengene were dominantly expressed in

hTSCs. They included CASTOR1, an inhibitor of mTORC1, and

PRR5, a subunit of mTORC2. Also, trophoblast cells downregu-

lated RRAGD, an activator of mTORC1. By contrast, hPSCs ex-

pressed MTOR, ULK1, and SGK1, which are effectors of

mTORC1 signaling. These observations could indicate a switch

from TORC1 in hPSCs to TORC2 activity in hTSCs during the

cell fate conversion process. Interestingly, we also observed dif-

ferences in MTOR pathway signatures between the distinct

types of hPSCs. Along with other genes, the expression of DEP-

TOR, a regulator of MTOR signaling, was high in hNPSCs, mod-

erate in hEPSs, and low in hPSCs, suggesting a differential regu-

lation of the pathway between these cells associated with

different degrees of trophoblast potential (Figure S5).

The estrogen signaling pathway seemed to be active in hTSCs,

which is reflecting the response to placental hormones that is

observed in vivo. This was accompanied with the expression of

CREB3 and FOS that can mediate the transcription of estrogen-

responsive genes, and the upregulation of keratin genes, such

as KRT17, KRT18, and KRT19, in line with the morphological
8 Cell Reports 33, 108419, November 24, 2020
changes associated with the formation of epithelial hTSCs (Fig-

ure S5). Conversely to hTSCs, hPSCs expressed FKBP5 and

HSP90AB1, which can form a complex that inhibits the transloca-

tion of the estrogen receptor to the nucleus (Baker et al., 2018).

hTSCs also expressed RRAS, VAV3, and RAC2, which are ef-

fectors of the RAP1 signaling pathway, along with EGFR and

GNAI1, which can signal toRAP1 through receptor tyrosine kinase

(RTK)- and G protein-coupled receptor (GPCR)-induced cas-

cades, respectively. By contrast, hEPSs and hPSCs expressed

ID1,which is inhibitedbyRAP1,andgloballydidnotexpressactors

of the RAP1 signaling pathway, suggesting that it is not active in

these cells. However, hNPSCs expressed RASGRP2, which spe-

cifically activates RAP1, along with FGFR3 and LPAR2, which

encode for two receptors that can signal to RAP1 (Figure S5).

These gene expression profiles suggest that the RAP1 signaling

pathway might be active in hTSCs and hNPSCs, but is mediated

through different input signals, while it is not active in hEPSs and

hPSCs.

We also found that hTSCs expressed genes encoding recep-

tors that can activate the JAK/STAT signaling pathway, including

IL10RB, CSF3R, CSF2RA, and IFNGR1. By contrast, hEPSs and

hPSCs expressed SOCS3, a member of the suppressor of cyto-

kine signaling protein family that inhibits JAK/STAT signaling,

while hNPSCs expressed SOCS4 and PTPN2, which dephos-

phorylate JAK and STAT proteins thus inhibiting the signaling.

Interestingly, our analysis also pointed to gene expression pro-

files that suggested crosstalk between the identified pathways.

For example,SFN, which is associatedwith cell cycle, was specif-

ically expressed in hTSCs. When bound to KRT17, SFN regulates

epithelial cell growth by stimulating theMTORpathway (Kim et al.,

2006). This suggests a potential crosstalk between the cell cycle,

estrogen, and MTOR pathways in hTSCs (Figures S4 and S5).

Our analysis highlighted both conserved and divergent

expression profiles of signaling pathway components underlying

trophoblast specification and self-renewal. hTSC pathway sig-

natures were globally milder than those of differentiated tropho-

blasts, and the switch between the self-renewing state (hTSC)

and the differentiated state (BAP-treated cells) was mainly re-

flected by an accentuation of these same pathway signatures.

This suggests that human trophoblast development is driven

by a continuity rather than a sequential switch between different

signaling activities and that the strength of the signaling activity

correlates with the progression from a self-renewal to a differen-

tiation program. This dampened signaling activity observed in

the self-renewing state might reflect the minimal requirement

of unspecialized human trophoblast progenitors.

A comprehensive list of pathway components and their contri-

bution to pathway eigengenes can be found in Table S2G.

Further knockout experiments are needed to determine how

these pathways are modulated between hPSCs, hTSCs, and

trophoblast lineages; yet, this analysis gives a global picture of

hTSC pathway signatures and changes associated with cell

fate conversion of hPSCs.

hTSCs Are Akin to Post-implantation Day 8–10
Cytotrophoblasts
An outstanding question regarding hTSCs is to understand

which developmental stage these cells are reflecting. To address
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this question, we compared the transcriptomes of hTSCs with

single-cell RNA sequencing (scRNA-seq) data of human peri-im-

plantation embryos (146 embryos; 6,838 cells), from day 3 to 14

(prolonged culture of human embryos for 9 days after blastocyst

stage) (Petropoulos et al., 2016; Zhou et al., 2019). We projected

all cells on a uniform manifold approximation and projection

(UMAP) and highlighted sample annotation (Figure 4A, inset).

UMAP recapitulated developmental time and fate, showing the

succession of eight-cell stage, morula, early blastocyst, EPI,

primitive endoderm (PrE), TE, and trophoblast (TB) cells from

left to right. We noticed a cluster of trophoblasts with enrichment

of apoptosis-related genes that we named ‘‘apoptotic tropho-

blasts’’ and the previously reported cluster of yolk-sac tropho-

blasts (Zhou et al., 2019). We further clustered cells on the

UMAP,which yielded 19 clusters of cells. In particular, this distin-

guished clusters associated with the development of the tropho-

blast lineage: early, medium, and late pre-implantation TE, in line

with our recent report (Meistermann et al., 2019); five post-im-

plantation trophoblasts (trophoblast #1 to trophoblast #5); and

pre-EVT, EVT, pre-ST, and ST (Figure 4A).

We used gene sets associated with each cluster, or gene sets

recently associated with pre-implantation TE, post-implantation

trophoblast, EVT, and ST to benchmark the transcriptional

signature of h(i/c)TSCs (Xiang et al., 2020) (Figures S6A and

S6B). Gene sets specific of each cluster highlighted the hierarchy

of transcriptomic changes upon progression toward the tropho-

blast lineage (Figure S6A). Overall, comparison of transcriptional

profiles of h(i/c)TSCswith peri-implantation scRNA-seq datasets

pointed that h(i/c)TSCs are related to the trophoblast lineage

from day 5 to 12 (Figures S6A and S6B). Curation of the list led

us to propose markers of post-implantation trophoblasts that

matched hTSC lines and distinguished them from ST cells,

EVTs, and hPSC lines (Figure 5). The markers that are better

associated with hTSCs are found in the gene sets specific of

clusters trophoblast #1 and trophoblast #2, which are mainly

composed of cells isolated from day 8 and day 10 embryos.

Among those gene lists, we identified markers that have been

assessed by immunofluorescence in human embryos: NR2F2,

CDX2, GATA3, KRT7, and CCR7 (Deglincerti et al., 2016; Meis-

termann et al., 2019; Niakan and Eggan, 2013; Petropoulos

et al., 2016). Projection of the expression of those markers on

the UMAP led us to propose that hTSCs expressed genes asso-

ciated with clusters trophoblast #1 and trophoblast #2. Indeed,

hTSCs are expressing LRP2 and NR2F2, but not CDX2 (marker

of medium TE) or EVT or ST markers (Figures 4B and 5). To

further support our conclusion, we represented gene set expres-

sion across embryonic cell populations and stem cells as violin

plots summarizing the heatmap (Figure 6). This representation

allows to appreciate genes sets present or absent in each cell

type. For example, hNPSCs are displaying high expression of

EPI genes, moderate expression of early TE genes, and low

expression of post-implantation trophoblast genes. hNPSCs

are therefore the closest to EPI. h(i/c)TSCs were akin to the

trophoblast #1 and trophoblast #2 clusters, while BAP-treated

cells were closer to the trophoblast #5 and pre-ST clusters.

Finally, ST and EVT cells derived from hTSC differentiation

in vitro shared similar expression profiles with those of ST and

EVT cells found in the embryo (Figure 6).
Altogether, our analysis points out markers that can distin-

guish developmental timing of TE and trophoblast cells and

associate hTSCs with day 8–10 of development. Those markers

notably include LRP2 and NR2F2.

DISCUSSION

In the present study, we generated hiTSCs from patients with

diverse genetic backgrounds. We found that the OSKM system

was not restricted to embryonic lineages, but was permissive to

the trophoblast fate. Therefore, this system, largely accessible

to researchers, is suitable for the parallel generation of isogenic

hiTSCs and hiPSCs, which could greatly benefit the study of

placental diseases. Comparison with primary placental cells and

hTSC lines confirmed that hi/cTSCs were similar to embryo- and

placenta-derived hTSCs. They recapitulated transcriptome, pro-

tein markers, and differentiation potential into EVT and ST cells.

In this study, we also revisited the relations between hPSCs

and the trophoblast lineage. We used two different systems to

evaluate the potential of hPSCs to generate hTSCs: BAP treat-

ment and transition into hTSC medium. We assessed a broad

spectrum of hPSCs, comprising hNPSCs, related to pre-implan-

tation EPI; hEPSs, showing contribution to extra-embryonic

lineages in chimeras; and primed hPSCs, related to post-implan-

tation EPI. We found that all types of hPSCs produced differen-

tiated trophoblasts, but not hTSCs, in response to BAP. By

contrast, hNPSCs and extended hPSCs, but not primed hPSCs,

converted to hTSCs, following transition into hTSC medium.

During the preparation and revision of this manuscript, other

groups have reported conflicting evidence that the potential to

generate trophoblasts is either higher in ground state or in

expanded potential stem cells (Cinkornpumin et al., 2020;

Dong et al., 2020; Gao et al., 2019). For example, Gao et al.

(2019) claimed that expanded potential hPSCs (hEPSCs), but

not hNPSCs (cultured in 5iLAF), can generate hTSCs. Dong

et al. (2020) and Cinkornpumin et al. (2020) reported conversion

from 5iLAF naive cells. Here, we report successful conversion

into hTSCs from the two other main culture media used for

hNPSCs (Takashima et al., 2014) and extended hPSCs (Yang

et al., 2017). Our results indicate that the potential to engage

the trophoblast lineage is common to all hPSCs. However, in

our model, only hNPSCs and hEPSs completed cell fate conver-

sion to hTSCs. We concluded that the potential to form hTSCs

correlates with the proposed developmental time equivalent of

the initial culture, with hNPSCs being the most potent state to

form hTSCs. We do not exclude that primed hPSCs could

generate hTSCs in another system, but this might rely on other

pathways. Further investigations are needed to determine

whether plasticity exists in the embryo, between the EPI and

the TE, and how it is regulated upon developmental progression.

Another key point of this study was to determine the develop-

mental counterpart of hTSCs in the embryo. To address this, we

took advantage of scRNA-seq datasets of the human embryo

during the peri-implantation development, from day 3 to 14.

Our analysis revealed high complexity of the trophoblast lineage,

divided in twelve clusters of cells, including TE, CTB, ST, and

EVT. We compared molecular signatures and found that hTSCs

resemble NR2F2+ day 8–10 CTB, which is clearly distinct from
Cell Reports 33, 108419, November 24, 2020 9
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Figure 4. Transcriptomic Analysis of Human Development from Day 3 to 14

(A) UMAP representation of the combined scRNA-seq dataset from Petropoulos et al. (2016) and Zhou et al., (2019), covering eight-cell stage to ‘‘day 14’’ of

human development. Cluster analysis revealed 19 clusters, indicated on the UMAP.

(B) Projection of the developmental day annotation on the UMAP.

(C) Projection of expression levels for selected genes on the UMAP. The scale of expression is logarithmic and is equivalent to a log2ðx + 1Þ transformation of

expression counts.
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Figure 5. Developmental Matching of hTSCs

with Peri-implantation Trophoblasts of the

Human Embryo

Gene expression heatmaps of selected markers

characterizing embryo cell clusters are shown for

scRNA-seq embryo samples (left) or digital gene

expression sequencing (DGE-seq) cellular model

samples sequenced for this study (right). Expres-

sion is Z scored. A panel of 10 genes was selected

among the best markers of each cell cluster, indi-

cated at the right of the heatmaps. The entire list of

markers is available in Table S2. On the left heat-

map, 30 cells were randomly selected for each

single-cell cluster.
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CDX2+ day 5–6 TE. Therefore, hTSCs might be suitable to study

early events of trophoblast lineage development, but maybe not

for pre-implantation TE. To address this, we need to optimize

culture conditions to isolate and maintain human trophectoderm

stem cells (hTESCs). Recent studies suggest that this state ex-

ists in human, and CDX2+ hTSCs have been obtained, but these

cells have not been compared with the human TE yet (Knöfler

et al., 2019; Mischler et al., 2019).

Finally, generation of hiTSCs by reprogramming provides a

welcome alternative to the derivation of hTSCs from embryos

and placentas. This will enlarge the genetic repertoire of hTSC

lines and give access to specific genetic backgrounds of inter-

est. A next step is to generate hiTSCs from patients affected

by placental disorders. With this strategy, we can now consider

studies to investigate the role of genetics in placental develop-

ment and diseases such as preeclampsia, intrauterine growth re-

striction, miscarriage, or choriocarcinomas. hiTSCs could also

serve for screening new formulations of human embryo culture
media, with potential applications to in vitro fertilization. New

models of the embryo, such as blastoids, could benefit to this

field of research (Rivron et al., 2018a). In this context, parallel

derivation of isogenic hiTSCs and hiPSCs could provide a valu-

able source of cells. Overall, the assets of hiTSCs are compara-

ble to the advantages of hiPSCs over hESCs in the field of human

development and disease modeling.
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Figure 6. Expression Profiles of Human Embryo Gene Sets in hi/cTSCs

Violin plots summarizing the heatmaps of Figure 5. Gene sets characterizing embryo cell populations are plotted for single-cell clusters (middle, gray-shaded

panels) or cellular models for this study (left and right). Within each plot, each violin/boxplot consists of the aggregation of gene sets’ expression levels.

Expression of each gene is scaled by the standard deviation prior to the aggregation.
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Antibodies

GATA2 Sigma-Aldrich WH0002624M1; RRID:AB_1841726

GATA3 R&D AF2605; RRID:AB_2108571

NR2F2 Abcam ab211776

CGB Abcam ab9582; RRID:AB_296507

HLA-G Abcam ab52455; RRID:AB_880552

DSP Abcam ab71690; RRID:AB_1603776

SOX2 SCBT sc-17320; RRID:AB_2286684

Donkey anti-rabbit-Alexa Fluor 488 ThermoFisher A21206; RRID:AB_2535792

Donkey anti-mouse-Alexa Fluor 568 ThermoFisher A10037; RRID:AB_2534013

Donkey anti-goat-Alexa Fluor 647 ThermoFisher A21447; RRID:AB_141844

Biological Samples

Villous cytotrophoblasts from 1st trimester

human placenta

Thierry Fournier’s lab 1536

Villous cytotrophoblasts from 1st trimester

human placenta

Thierry Fournier’s lab 1560

Extravillous trophoblasts from 1st trimester

human placenta

Thierry Fournier’s lab 1478

Extravillous trophoblasts from 1st trimester

human placenta

Thierry Fournier’s lab 1657

Chemicals, Peptides, and Recombinant Proteins

Y27632 (ROCK inhibitor) Axon Medchem 1683

Insulin-Transferrin-Selenium-Ethanolamine

supplement (ITS-X)

GIBCO 51500-056

L-ascorbic acid Sigma-Aldrich A7506

hEGF Miltenyi Biotec 130-097-751

CHIR99021 Axon Medchem 1386

A83-01 Axon Medchem 1421

SB431542 Axon Medchem 1661

valproic acid Sigma-Aldrich P4543

PD0325901 Axon Medchem 1408

mLIF Miltenyi Biotec 130-095-779

Gö6983 Axon Medchem 2466

N2 supplement GIBCO 17502048

B27 supplement GIBCO 17504-001

B27 supplement minus vitamin A GIBCO 12587010

human LIF Miltenyi Biotec 130-108-156

(S)-(+)-Dimethindene maleate Tocris 1425

Minocycline hydrochloride Tocris 3268

IWR-endo-1 Axon Medchem 2510

human fibroblast growth factor 2 Peprotech 100-18B

human NRG1 CST 5218SC

Forskolin Axon Medchem 2264

human R-Spondin-1 Peprotech 120-38

human HGF Peprotech 100-39H

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

N-Acetyl-L-cysteine Sigma-Aldrich A9165

Bovine Serum Albumin (BSA) Sigma-Aldrich A3059

Mitomycin C Sigma-Aldrich M4287

Critical Commercial Assays

Elecsys free bhCG Cobas/Roche 04854071

Deposited Data

DGE-seq datasets generated by this study This paper; ENA https://www.ebi.ac.uk/ena/browser/view/

PRJEB34037

Code generated by this study This paper; GitLab https://gitlab.univ-nantes.fr/E137833T/

Castel_et_al_2020

Experimental Models: Cell Lines

CT30 Okae et al., 2018; Riken BioBank RCB4938

CT1 Okae et al., 2018 N/A

CT2 Okae et al., 2018 N/A

BL1 Okae et al., 2018 N/A

BL2 Okae et al., 2018 N/A

AV01 This paper N/A

AV02 This paper N/A

AV03 This paper N/A

AV04 This paper N/A

AV11 This paper N/A

AV12 This paper N/A

AV21 This paper N/A

AV22 This paper N/A

AV23 This paper N/A

AV24 This paper N/A

L8A2 Kilens et al., 2018 N/A

M2A8 Kilens et al., 2018 N/A

M8A9 Kilens et al., 2018 N/A

M8A15 Kilens et al., 2018 N/A

M2A18 Kilens et al., 2018 N/A

HNES1 Guo et al., 2016 N/A

EPS01 This paper N/A

EPS02 This paper N/A

H9 (WA09) Thomson et al., 1998 N/A

L8K1 Kilens et al., 2018 N/A

L8B1 Kilens et al., 2018 N/A

Oligonucleotides

Primer: CGA Forward:

CAGAATGCACGCTACAGGAA

Eurofins Genomics N/A

Primer: CGA Reverse:

CGTGTGGTTCTCCACTTTGA

Eurofins Genomics N/A

Primer: CGB Forward:

TGTGCATCACCGTCAACA

Eurofins Genomics N/A

Primer: CGB Reverse:

TGCACATTGACAGCTGAGAG

Eurofins Genomics N/A

Primer: SDC1 Forward:

GGATGACTCTGACAACTTCTCC

Eurofins Genomics N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: SDC1 Reverse:

CTACAGCCTCTCCCTCCTT

Eurofins Genomics N/A

Primer: HLA-G Forward:

GCCAATGTGGCTGAACAAAG

Eurofins Genomics N/A

Primer: HLA-G Reverse:

TATGATCTCCGCAGGGTAGAA

Eurofins Genomics N/A

Primer: MMP2 Forward:

GGCACCCATTTACACCTACA

Eurofins Genomics N/A

Primer: MMP2 Reverse:

AACCGGTCCTTGAAGAAGAAG

Eurofins Genomics N/A

The full list of primers used in this study can

be found in Table S1B

N/A N/A

Software and Algorithms

Volocity Quorum technologies v6.5

Fiji ImageJ v1.52p

StepOne Thermofisher v2.3

R Bioconductor v4.0

Other

scRNA-seq dataset from Petropoulos et al. Petropoulos et al., 2016; ArrayExpress https://www.ebi.ac.uk/arrayexpress/

experiments/E-MTAB-3929/

scRNA-seq dataset from Zhou et al. Zhou et al., 2019; GEO https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE109555

scRNA-seq dataset from Xiang et al. Xiang et al., 2020; GEO https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE136447
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Dr Laurent

DAVID (laurent.david@univ-nantes.fr)

Materials Availability
There are restrictions to the availability of cell lines due to the lack of an external centralized repository for their distribution and our

need to maintain the stock. We are glad to share cell lines with reasonable compensation by requestor for their processing and ship-

ping. We may require a completed Materials Transfer Agreement if there is potential for commercial application.

Data and Code Availability
The datasets generated during this study (DGE-seq) are available at European Nucleotide Archive (ENA) https://www.ebi.ac.uk/ena/

browser/view/PRJEB34037. The code generated during this study is available at GitLab https://gitlab.univ-nantes.fr/E137833T/

Castel_et_al_2020.

The scRNA-seq dataset from Petropoulos et al. (2016) is available at ArrayExpress https://www.ebi.ac.uk/arrayexpress/

experiments/E-MTAB-3929/. The scRNA-seq dataset from Zhou et al. (2019) is available at NCBI Gene Expression Omnibus

(GEO) https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109555. The scRNA-seq dataset from Xiang et al. (2020) is avail-

able at NCBI Gene Expression Omnibus (GEO) https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136447.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
For human somatic cell reprogramming into hiTSCs and hiEPSs, fibroblasts from healthy donors were used: BJ1,male fibroblasts are

commercial BJ human neonatal fibroblasts extracted from normal human foreskin (Stemgent Cat# 08-0027); L71 from a 51-year-old

healthy man; L80 from a 57-year-old healthy woman. Those fibroblasts were previously used to generate isogenic hiPSCs and

hiNPSCs (Kilens et al., 2018). For conversion experiments, we used hiNPSC and hiPSC lines from Kilens et al., and H9 hESCs
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(WA09 Lot WB0090) obtained from the WiCell Research Institute. hESCs were used under authorization RE17-007R from the French

oversight committee, Agence de la Biomédecine. All cell lines used in this study are further described in Table S1A.

Human preimplantation embryos
Data analysis and transcriptomic modeling of human preimplantation development is detailed in Meistermann et al. (2019).

METHOD DETAILS

Experimental design
Biological replicates are indicated in each figure. Randomization and blinding were performed for qRT-PCR but not for other exper-

iments. No data or samples were excluded from any of the experiments.

Tissue culture
All cell lines were cultured at 37 �C, under hypoxic (5% O2, 5% CO2) or normoxic conditions (20%O2, 5% CO2) as indicated. Culture

medium was daily replaced. 10 mM Y27632 (Axon Medchem) was added to the culture medium upon cell seeding of human stem

cells. PXX indicates passage number, and P+XX indicates that cells were converted for XX passages.

Human fibroblasts were cultured in fibroblast medium, composed of high glucose Dulbecco’s modified Eagle’s medium (DMEM)

GlutaMAX-I (GIBCO) supplemented with 10% fetal bovine serum (FBS, Hyclone), 1% sodium pyruvate (GIBCO) and 1% non-essen-

tial amino acids (GIBCO).

Mouse embryonic fibroblasts (MEFs) were prepared from E13.5 pups that were decapitated, eviscerated, dissociated with 0.25%

trypsin, 0.1% EDTA and plated in MEF medium [DMEM high glucose (Thermo Scientific �), Glutamax 1:100 (GIBCO�), 0.5% of

penicillin–streptomycin (Life Technologies)] on 0.1% gelatin-coated plates. MEFs were mitotically inactivated using 0.01mg/ml mito-

mycin C (Sigma-Aldrich�) to be used as feeder cells. MEF isolation was performed in compliance with the French law and under su-

pervision of the UTE animal core facility, University of Nantes.

hiTSCs were cultured on MEF feeder cells in hTSCmedium (Okae et al., 2018) [DMEM/F12 (GIBCO) supplemented with 0.1mM 2-

mercaptoethanol (GIBCO), 0.2% FBS, 0.5% penicillin-streptomycin, 0.3%Bovine Serum Albumin (BSA, Sigma-Aldrich), 1% Insulin-

Transferrin-Selenium-Ethanolamine supplement (ITS-X, GIBCO), 1.5mg/ml L-ascorbic acid (Sigma-Aldrich), 50 ng/ml hEGF (Miltenyi

Biotec), 2 mM CHIR99021 (Axon Medchem), 0.5 mM A83-01 (Tocris), 1 mM SB431542 (Tocris), 0.8 mM valproic acid (Sigma-Aldrich)

and 5 mMY27632]. hiTSCs could be passaged with TrypLE (15 min, 37�C, Life Technologies) every 4 days at a 1:3 to 1:4 split ratio or

every 7 days at a 1:40 to 1:60 split ratio. hiTSCs were routinely cultured at 37�C in hypoxic conditions (5% O2, 5% CO2).

hNPSCs were cultured on MEF feeder cells in t2iLGöY medium (Takashima et al., 2014) [DMEM/F12 supplemented with 1% N2

(GIBCO), 1% B27 (GIBCO), 1% non-essential amino acids, 1% GlutaMAX (GIBCO), 0.1 mM 2-mercaptoethanol, 50 mg/ml BSA,

0.5% penicillin–streptomycin, 1 mM CHIR99021, 1 mM PD0325901 (Axon Medchem), 20 ng/ml mLIF (Miltenyi Biotec), 5 mM

Gö6983 (AxonMedchem) and 10 mMY27632] (Takashima et al., 2014). hNPSCs were passaged every 4 days at a 1:3 split ratio using

TrypLE (5 min, 37�C, Life Technologies). hNPSCs were routinely cultured at 37 �C in hypoxic conditions (5% O2, 5% CO2).

hEPSs were cultured on MEF feeder cells in LCDM medium (Yang et al., 2017) [48% DMEM/F12 and 48% Neurobasal (GIBCO)

supplemented with 0.5% N2 supplement, 1% B27 supplement minus vitamin A (GIBCO), 1% non-essential amino acids, 0.1 mM

2-mercaptoethanol, 0.5% penicillin-streptomycin, 5% knockout serum replacement (KSR, GIBCO), 10 ng/ml human LIF (Miltenyi

Biotec), 1mM CHIR99021, 2 mM (S)-(+)-Dimethindene maleate (Tocris) and 2 mM Minocycline hydrochloride (Tocris), 1 mM IWR-

endo-1 (Miltenyi Biotec) and 2 mM Y-27632] (Yang et al., 2017). hEPSs were passaged every 4 days at a 1:8 split ratio using TrypLE

(5 min, 37�C, Life Technologies). hEPSs were routinely cultured at 37�C in normoxic conditions (20% O2, 5% CO2).

Primed hPSCs could be cultured on MEF feeder cells in KSR+FGF2 medium (Amit et al., 2000) [DMEM/F12 supplemented with

20% KSR, 1% non-essential amino acids, 1%GlutaMAX, 50 mM 2-mercaptoethanol, 0.5% penicillin-streptomycin and 10 ng/ml hu-

man fibroblast growth factor 2 (FGF2, Peprotech)]. 10 colonies were manually picked every 7 days for passage and seeded as small

clumps (�200 mm) in a new 35mm dish. Primed hPSCs could also be cultured on MEF feeder cells in iPS-Brew medium (Miltenyi

Biotec) and these cells were passaged every 4 to 6 days at a 1:8 to 1:25 split ratio using TrypLE (5 min, 37�C, Life Technologies).

Primed hPSCs were routinely cultured at 37�C in normoxic conditions (20% O2, 5% CO2).

10mM ROCK inhibitor (Y-27632) was systematically added to the culture media for 1 day after cell passaging with TrypLE. All cell

lines were tested negative for mycoplasma using the MycoAlert kit (LONZA, LT07-318).

Somatic cell reprogramming to hiTSC
Human adult fibroblasts were reprogrammed using the CytoTune-iPS 2.0 Sendai reprogramming kit (Life Technologies). Two days

before infection, 3.0 to 4.0 3 104 fibroblasts were seeded per well on a 12-well plate, coated with Matrigel. At day 0, cells were in-

fectedwith the three vectors: polycistronic Klf4-Oct4-Sox2,Myc andKlf4 at a 5:5:3 or 3:3:3multiplicity of infection (MOI) respectively.

At day 9 of infection, cells were dissociated with TrypLE (5 min, 37�C, Life Technologies) and seeded in 35mm dishes, on MEFs. On

the following day, cells were transited into E7 reprogramming medium (STEMCELL Technologies). From day 21 onward, cells were

transited into hTSC medium. Induced hTSC lines (hiTSC) were routinely cultured at 37�C in hypoxic conditions (5% O2, 5%CO2).
e4 Cell Reports 33, 108419, November 24, 2020



Article
ll

OPEN ACCESS
Somatic cell reprogramming to hiNPSCs, hiEPSs and hiPSCs was performed as described in previous reports (Kilens et al., 2018;

Yang et al., 2017).

Conversion of hNPSC and hEPS to hcTSC
hNPSCs and hEPSs were dissociated with TrypLE (5 min, 37�C, Life Technologies) and seeded in 35mm dishes, on MEFs, at a den-

sity of 0.6 to 1.73 105 cells per dish. Cells were maintained in their initial medium supplemented with 10 mM Y27632 for 1 day. From

day 2 onward, cells were transited into hTSCmedium. Converted hTSC lines (hcTSC) were routinely cultured at 37�C in hypoxic con-

ditions (5% O2, 5% CO2).

Primed hPSCs included in conversion experiments were initially cultured in KSR+FGF2 or iPS-BREW. 10 colonies were picked

(KSR+FGF2) or cells were passaged with TrypLE (iPS-BREW) and seeded at a density of 0.5 to 1.25 3 105 cells per dish in 35mm

dishes coated with MEFs for conversion assays.

Differentiation of hi/cTSC to EVT and ST
After at least 15 passages, cells were collected for differentiation assays.

Prior to differentiation into ST and EVT cells, h(i/c)TSCs (initially cultured on MEFs) were transited to fibronectin for at least 3

passages.

EVT differentiation
2-4 days before passage, h(i/c)TSCs were transited into pre-EVT medium [DMEM/F12 supplemented with 0.1mM 2-mercaptoetha-

nol, 0.5% penicillin-streptomycin, 0.3% BSA, 1% ITS-X supplement, 4% KSR, 7.5 mM A83-01 (Tocris), 2.5 mM Y27632, 5 mM IWR-

endo-1 (Miltenyi Biotec)]. Then, cells were passaged with TrypLE to a density of 0.8 to 3.0 3 104 cells/cm2. Before treatment was

initiated, cells were placed in differentiation basal medium [DMEM/F12 containing 0.1mM2-mercaptoethanol, 0.5%Penicillin-Strep-

tomycin, 0.3% BSA, 1% ITS-X], supplemented with 10 mM ROCK inhibitor (Y27632). Within 6 hours, timing depending on the lines,

cells were transited into EVT medium (Okae et al., 2018) [Differentiation basal medium, supplemented with 100 ng/ml NRG1, 7.5 mM

A83-01, 2.5 mM Y27632, 4% KnockOut Serum Replacement, 2% Matrigel]. At day 3, medium was replaced with the EVT medium

containing 0.5%Matrigel, without NRG1. Typically, EVT formation was observed by day 4-5. At day 6, mediumwas replaced with the

EVT medium containing 0.5% Matrigel, without NRG1 and KSR. Cells were collected on day 8 for subsequent analyses.

2D-ST differentiation
h(i/c)TSCs were passaged with TrypLE to a density of 2.0 to 6.03 104 cells/cm2. Before treatment was initiated, cells were placed in

differentiation basal medium [DMEM/F12 containing 0.1 mM 2-mercaptoethanol, 0.5% Penicillin-Streptomycin, 0.3% BSA, 1% ITS-

X], supplemented with 10 mM ROCK inhibitor (Y27632). Within 3 hours, timing depending on the lines, cells were transited into ST

medium (Okae et al., 2018) [Differentiation basal medium, supplementedwith 2.5mMY27632, 2mM forskolin, and 4%KSR].Medium

was replaced at day 3, and cells were analyzed at day 6.

3D-ST differentiation
Prior to 3D differentiation assay, h(i/c)TSCs were transited to trophoblast organoid medium (TOM) with small modifications (Turco

et al., 2018) [DMEM/F12, 1X N2 supplement, 1X B27 supplement minus vitamin A, 1.25 mM N-Acetyl-L-cysteine, 1% GlutaMAX

(GIBCO), 0.5% Penicillin-Streptomycin (TOM basal medium), supplemented with 500 nM A83-01, 1.5 mM CHIR99021, 80 ng/ml hu-

man R-spondin1, 50 ng/ml hEGF, 100 ng/ml hFGF2, 50 ng/ml hHGF, 2 mM Y-27632]. 0.4 to 1.0 3 105 cells passaged with TrypLE

were embedded into 150ml drops comprising: 50ml Matrigel and 50ml PBS+/+ along with 960 ng fibronectin, 50 ng laminin521 and

50ml TOM basal medium. Drops were carefully deposited on sterile parafilm covered dishes and placed at 37�C for 20 minutes to

solidify. Complete TOM supplemented with 10 mM ROCK inhibitor (Y27632) was further added to cover the drops. Medium was re-

placed every 3 days with TOM. The 3D structures emerged within a week and were collected on day14 for subsequent analyses.

MEF-BAP treatment
hPSC and hi/cTSC lines were dissociated with TrypLE and seeded on 35mmdishes coatedwithMEFs, at a density of 0.4 to 1.03 105

cells per dish. For primed hPSCs cultured in KSR +FGF2 medium, about 10 colonies were manually picked and seeded per dish.

hPSCs and hi/cTSCs were maintained in their initial medium supplemented with 10 mM Y27632 for 1 day. The following day, initial

medium was replaced with MEF-BAP (Amita et al., 2013) [DMEM/F12 supplemented with 20% KSR, 1% non-essential amino acids,

1% GlutaMAX, 50mM 2-mercaptoethanol (MEF-CM, conditioned for 24 hours on a MEF monolayer and filtrated with a 0.22 mm pore

size filtration unit), 2 ng/ml human BMP4 (Miltenyi Biotec), 1mMA83-01 and 0.1 mM PD173074 (Axon Medchem)]. MEF-BAP medium

was daily replaced. Supernatants and cells were collected at day 3 and 6 of differentiation for subsequent analyses.

Isolation of VCT, ST and EVT cells from human placentas
Isolation of placental cell types was conducted following previously published protocols (Handschuh et al., 2006). Briefly, chorionic

villi were dissected from term placentas of healthy mothers. Mononucleated cytotrophoblasts (VCTs) and extravillous trophoblasts

(EVTs) were isolated after trypsin-DNase digestion, sedimentation, filtration and discontinuous Percoll gradient fractionation. VCTs
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were cultured for 2h in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%decomplemented fetal calf serum (FCS), 2 mM

glutamine, 100 IU/mL penicillin and 100 mg/mL streptomycin. EVTs were cultured on Matrigel in the same culture conditions for 48h.

ST cells were obtained by further differentiation of VCTs for 72h in these conditions (spontaneous aggregation and fusion of VCTs).

b-hCG dosage
Cell culture supernatants were collected at days 0, 3 and 6 of forskolin and MEF-BAP treatments. Amounts of secreted b-hCG were

measured by electrochemiluminescence immunoassay ‘‘ECLIA’’ (Elecsys free bhCG, Cobas/Roche�) on Cobas� e601 immuno-

assay analyzer, at the Clinical Biochemistry Laboratory, CHU Nantes, France.

Immunostaining
For immunofluorescence (IF) analysis, cells were fixed at room temperature using 4% paraformaldehyde for 15 min. Samples were

then permeabilized for 60 min at room temperature with IF buffer [phosphate-buffered saline (PBS), 0.2% Triton, 10% FBS], which

also served as a blocking solution. Samples were incubated with primary antibodies overnight at 4 �C. The following antibodies were

used: anti-GATA2 (1:50 ; Sigma�WH0002624M1), anti-GATA3 (1:100, R&D�AF2605), anti-NR2F2 (1:100, Abcam� ab211776), anti-

CGB (1:100, Abcam� ab9582), anti-HLA-G (1:100, Abcam� 52455), anti-DSP (1:200, ref: Abcam� ab71690), anti-SOX2 (1:500,

SCBT� sc-17320). Incubation with secondary antibodies was performed for 2 h at room temperature along with 40,6-diamidino-

2-phenylindole (DAPI) nuclei staining. Confocal immunofluorescence images were acquired with A1-SIM Nikon� confocal micro-

scope. Optical sections of 0.5-1 mm-thick were collected. Images were processed using Volocity� visualization software.

RNA extraction and qRT-PCR
Total RNA was extracted using RNeasy� columns and DNase-treated using RNase-free DNase (QIAGEN�). First-strand cDNAs

were generated using 500ng of RNA, M-MLV reverse transcriptase (Life technologies�), 25mg/ml polydT (Ambion�) and 9.6mg/ml

random primers (Roche�).

qRT-PCR were performed on a StepOne instrument (Applied Biosystems�) using power SYBR green PCR master mix, for genes

listed in the primers table (Table S1B). For each sample, the ratio of specific mRNA level relative to GAPDH levels was calculated.

Experimental results are shown as relative gene expression.

DGE-Seq data generation
For 30 DGE profiling, RNA-sequencing protocol was performed according to our implementation of Soumillon et al. protocol (Kilens

et al., 2018; Soumillon et al., 2014). Briefly, the libraries were prepared from 10 ng of total RNA. The mRNA poly(A) tails were tagged

with universal adapters, well-specific barcodes and unique molecular identifiers (UMIs) during template-switching reverse transcrip-

tion. Barcoded cDNAs from multiple samples were then pooled, amplified and tagmented using a transposon-fragmentation

approach which enriches for 30ends of cDNAs. A library of 350–800 bp was run on an Illumina� HiSeq 2500 using a Hiseq Rapid

SBS Kit v2-50 cycles and a Hiseq Rapid PE Cluster Kit v2.

QUANTIFICATION AND STATISTICAL ANALYSIS

DGE-Seq data preprocessing
Read pairs used for analysis matched the following criteria: all 16 bases of the first read had quality scores of at least 10 and the first 6

bases correspond exactly to a designed well-specific barcode. The second reads were aligned to RefSeq human mRNA sequences

(hg19) using bwa version 0.7.17. Reads mapping to several transcripts of different genes or containing more than 3 mismatches with

the reference sequences were filtered out from the analysis. DGE profiles were generated by counting for each sample the number of

unique UMIs associated with each RefSeq genes. DGE-sequenced samples were acquired from five sequencing runs. Sequenced

samples with at least 50000 counts and 6000 expressed genes were retained for further analysis.

Transcriptomic analyses from DGE-Seq data
Samples were filtered out if the number of unique UMIs was inferior to 50000 and the number of expressed genes inferior to 6000; 165

samples passed those cutoffs. Sampleswere normalized using same strategy as described in theDESeq2method (Love et al., 2014).

For performing dimension reduction and clustering, samples were logged using a log2(x+1) transformation. The five different runs

were merged using ComBat (Johnson et al., 2007) from the library ‘‘sva’’ in parametric mode, using technical replicates between

batches as references for computing batch effects. Each gene expression of the corrected values was subtracted by the minimum

of the gene expression before the batch correction. This step does not change the relative expression of genes; however, it permits

an easier interpretation of the expression values as minimums cannot be less than zero. Finally, each set of technical replicates were

merged. The resulting samples consist in the median of each gene for its set of technical replicates. A set of over-dispersed genes

was determined for computing the correlation heatmap from Figure 1C and the PCA from Figures 3 and S1C. To pick these, the co-

efficient of variation of each gene from the normalized adjusted expression was fitted by the mean expression of each gene, using a

LOESSmethod. Genes with a positive residual for the regression weremarked as over-dispersed. This leads to a total of 2770 genes.

Pathway eigengenes and their gene contribution were computed with the following steps: first, the gene sets corresponding to each
e6 Cell Reports 33, 108419, November 24, 2020
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pathway were downloaded on the KEGG database. Pathways with at least 4 genes existing in our data were conserved. Second, a

PCA was computed for each pathway, using the gene set of the pathway as the input of the PCA. The first component of each PCA

was designated as ‘‘pathway eigengene.’’ In heatmaps, unless otherwise stated, samples are clustered from the Euclidean distance

of expression, by a hierarchical clustering using Ward’s method. Genes are clustered from a co-expression distance (distance of bi-

weight midcorrelation) between gene expressions, by a hierarchical clustering using Ward’s method.

Transcriptomic analyses from single-cell RNA-Seq data
Datasets (Petropoulos et al., 2016; Zhou et al., 2019) were normalized and log transformed using scran (Lun et al., 2016), thenmerged

with fastMNN from the R library ‘‘batchelor’’ (Haghverdi et al., 2018) with the parameter k set up to 420. UMAP was performed on all

available genes with the R library ‘‘uwot.’’ The n_neighbors parameter was set to its maximum (6838), and min_dist = 0.2. A first cell

clustering was done usingMonocle3 (Qiu et al., 2017), then, preimplantation clusters were re-annotated using clusters found inMeis-

termann et al. (2019). First, coordinates of centroids of these previous clusters were determined on the UMAP using Petropoulos da-

taset, then, cells were attributed to the cluster with the nearest centroid in term of Euclidean distance. To determine the markers of

each clusters, genes with at least a mean 2 normalized count in DGE-Seq and 4 normalized count in single-cell RNA-Seq were kept

for computing AUROCs. Genes with an AUC of at least 0.85 were designated as markers. Markers determined by Xiang et al. (2020)

were also filtered, with a mean expression of at least 2 normalized counts in DGE-Seq data.

Statistical tests and group size
Data were processed using R. All statistical tests are indicated in the figure legends. Group size (n) is represented by dots projected

on boxplots (Figures 1D, 2C, S1D, S2B, and S2C), vertically aligned dots in scatterplots (Figure S3D), vertical slices on heatmaps

(Figures 1C, 5 [right], S4–S6 [right]), or specific shaped and colored dots projected on PCA (Figures 3A–3G and S1C) which corre-

spond to biological replicates. For marker gene expression levels, significance (p < 0.05) between two groups was calculated using

the unpaired two-samplesWilcoxon-Mann-Whitney test that was computed with the stat_compare_means() function from ggplot2 R

package. The Wilcoxon-Mann-Whitney test was chosen for stringency, low propensity to produce false positive results and for well-

fitting the data. Given our type of data, no specificmethod was used to determine whether the data met assumptions of the statistical

approach.
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