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Abstract

Obijectives: This study aims to optimize the human extended pluripotent stem cell
(EPSC) to trophectoderm (TE)-like cell induction with addition of EGF and improve
the quality of the reconstructing blastoids.

Materials and Methods: TE-like cells were differentiated from human EPSCs. RNA-
seq data analysis was performed to compare with TE-like cells from multiple human
pluripotent stem cells (hPSCs) and embryos. A small-scale compound selection was
performed for optimizing the TE-like cell induction and the efficiency was character-
ized using TE-lineage markers expression by immunofluorescence stanning. Blastoids
were generated by using the optimized TE-like cells and the undifferentiated human
EPSCs through three-dimensional culture system. Single-cell RNA sequencing was
performed to investigate the lineage segregation of the optimized blastoids to human
blastocysts.

Results: TE-like cells derived from human EPSCs exhibited similar transcriptome with
TE cells from embryos. Additionally, TE-like cells from multiple naive hPSCs exhibited
heterogeneous gene expression patterns and signalling pathways because of the
incomplete silencing of naive-specific genes and loss of imprinting. Furthermore, with
the addition of EGF, TE-like cells derived from human EPSCs enhanced the TE
lineage-related signalling pathways and exhibited more similar transcriptome to

human embryos. Through resembling with undifferentiated human EPSCs, we
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1 | INTRODUCTION

Mammalian embryogenesis starts with a totipotent zygote that can
develop into a blastocyst containing epiblast (EPI), primitive endoderm
(PE) and trophectoderm (TE).! The establishment of blastocyst models
would address the problem of studying natural embryonic develop-
ment in vivo and the limited available embryos in vitro. Mouse
blastocyst-like structures termed blastoids were formed using mouse
pluripotent stem cells (mPSCs).>® Subsequently, multiple approaches
were designed to generate human blastoids using human pluripotent
stem cells (hPSCs).*"® These human blastoids separated cell popula-
tions specifically expressing some of the EPI, PE and TE lineage
makers and exhibited similar functions to human blastocysts. How-
ever, cell populations incorrectly expressing lineage markers were
observed during reconstruction, as described in previous works,*®
suggesting that these human blastoids still cannot fully represent
human blastocysts at the transcriptomic and epigenetic levels. There-
fore, a functional blastocyst model must be established to accurately
summarize the cell organization and lineage composition of natural
human blastocysts.

The establishment of TE plays an important role during the pro-
cess of generating human blastoids. In natural human embryonic
development, TE appears in the blastocyst stage, mediating the
interaction at the foetal-maternal interface, and subsequently dif-
ferentiates into cytotrophoblasts (CTs), syncytiotrophoblasts (STs)
and extravillous trophoblasts (EVTs) as implantation occurs.’~1?
Impaired trophectoderm is thought to cause various miscarriages,
preeclampsial? and intrauterine growth restriction.*>* Similar to
reconstructing human blastoids, using hPSCs is a convenient way
to study TE lineage development. The primed hPSCs were consid-
ered to be unable to induce functional TE-like cells*~8 due to the
primed pluripotency representing the postimplantation epi-
blasts.!'? Recently, efforts have been made to develop approaches

20-25 which result in similar features to

for resetting naive hPSCs,
those of human preimplantation embryos at the transcriptomic and
epigenetic levels.24"2% TE-like cells derived from naive hPSCs
exhibited comparable gene expression patterns to TE cells and suc-
cessfully differentiated into TE lineage derivatives (CTs, EVTs and
STs).”2?731 However, high demethylation and loss of imprinting
generally occur during naive resetting,®2 which may disturb
embryogenesis and placental development. It is worth studying the
feasibility of TE-like cell induction or reconstruction of human blas-
toids using naive hPSCs. Human EPSCs are able to form endo- or

extraembryonic tissues and exhibit higher chimeric efficiency than

elevated the quality and efficiency of reconstructing blastoids and separated more
lineage cells with precise temporal and spatial expression, especially the PE lineage.

Conclusion: Addition of EGF enhanced TE lineage differentiation and human
blastoids reconstruction. The optimized blastoids could be used as a blastocyst model

for simulating early embryonic development.

naive and primed hPSCs.3373% In our previous work, we differenti-
ated human EPSCs into TE-like cells with morphological and tran-
scriptional features similar to those of TE cells. Through assembly
of undifferentiated human EPSCs, human blastocyst-like blastoids
were formed with three separated cell lineages and exhibited a
transcriptome similar to that of human blastocysts.® In 2018, Okae
et al. reported conditions for deriving human trophoblast stem cells
(hTSCs), which are capable of transforming into TE lineage deriva-
tives but still require isolation from the human blastocyst or early
placenta.’?

Here, we assessed TE-like cells derived from different hPSCs and
hTSCs with their derivatives. We showed that TE-like cells derived
from human EPSCs were similar to hTSCs and TE from pre- or peri-
implantation embryos at the transcriptome level. However, TE-like
cells derived from naive hPSCs exhibited heterogeneous gene expres-
sion patterns under different batches or resetting methods. We fur-
ther found that this heterogeneity was due to the incomplete
silencing of naive-specific genes and loss of imprinting. Upon small
molecule compound selection, TE-like cells derived from human EPSC
induction were optimized with the addition of epidermal growth fac-
tor (EGF). With undifferentiated human EPSCs, we elevated the qual-
ity of reconstructed blastoids and separated more lineage cells with
precise temporal and spatial expression, especially the PE lineage. The
optimized blastoids showed high similarity to human blastocysts and
could be used as a blastocyst model for simulating early embryonic

development.

2 | MATERIALS AND METHODS

21 | ETHICS STATEMENT

This research was performed under the oversight and approval of the
Clinical Research Ethics Committee of the Third Affiliated Hospital of
Guangzhou Medical University. All procedures were approved by the
Institutional Review Board of the Third Affiliated Hospital of Guang-
zhou Medical University (2020027).

2.2 | Establishment and culture conditions of
human EPSCs

Human EPSCs were cultured in serum-free N2B27-LCDM medium
under 5% CO, at 37°C and saturated humidity. The method and
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materials for the establishment and culture conditions of the human

EPSCs were described previously.8333¢

2.3 | Gradient induction experiments with
different concentrations of BMP4

The cells were cultured at 37°C, 5% CO, and saturated humidity.
Human EPSCs were differentiated with bone morphogenetic protein
4 (BMP4, Catalogue #314-BP-010, R&D Systems, CA) for several
days. On the starting day, which we called Day 0, the cultured human
EPSCs were digested into single cells by TrypLE Express (Catalogue
#12604021, Gibco, CA), centrifuged and placed on 0.5% gelatin twice
for 20 min each time to remove the feeder. Human EPSCs were
seeded in plates pretreated with 1% Matrigel (Catalogue #354277,
Corning, NY), which was diluted in DMEM/F12, and the walls were
treated for at least 60 min in advance in BMP4 differentiation
medium, which was described in our previous work.?

2.4 | Different optimization schemes of BMP4
differentiation

The cells were cultured at 37°C, 5% CO, and saturated humidity.
The method of human EPSCs differentiated with BMP4 is as above.
In this experiment, the medium of Group BMP4 was composed of
25 ng/mL BMP4 differentiation medium. The medium of the
BMP4 + EGF group was composed of 25 ng/mL BMP4 differentia-
tion medium and 50 ng/mL human EGF (Catalogue #EGF L7,
Peprotech, NJ). The medium of the BMP4 + VPA group was com-
posed of 25 ng/mL BMP4 differentiation medium and 0.8 mM val-
proic acid (VPA, Catalogue #227-01071, Wako, Japan). The
medium of the BMP4 + EGF + VPA group was composed of
25 ng/mL BMP4 differentiation medium, 50 ng/mL human EGF and
0.8 mM VPA. Components of the medium of Group HTSC were
described previously.'* The medium of the HTSC + BMP4 group
was composed of HTSC medium with 25 ng/mL BMP4. The
medium of Group HTSC — VPA was composed of HTSC medium
without VPA. The medium of the HTSC - VPA + BMP4 group was
composed of HTSC + BMP4 medium without VPA.

25 | CCK-8 assay

Cell proliferation was assessed with the Cell Counting Kit-8 (CCK-8)
assay (Catalogue #40203ES76, Yeasen, CHN). The method of human
EPSCs differentiated with different optimization schemes of BMP4
differentiation is as above. The cells were cultured at 37°C, 5% CO,
and saturated humidity. Human EPSCs were seeded in 96-well plates
at 2500 cells per well. CCK-8 solution (10 ul per well) with 90 pl of
N2B27 medium was added every 24 h until 120 h, followed by fur-
ther incubation for 2 h at 37°C. Then, the optical density (OD) was
measured at 450 nm.

2.6 | Generation of blastoids derived from human
EPCs in vitro for three-dimensional culture

The cultured human EPSCs were digested into single cells by TrypLE
Express and placed twice on 0.5% gelatin for 20 min each time to
remove the feeder. The three-day BMP4-differentiated cells were
digested into single cells by 0.01% trypsin-EDTA (Catalogue
#25300062, Gibco, CA) for 4 min. Human EPSCs (1.0 x 10° cells) and
BMP4-treated cells (5.0 x 10° cells) were mixed together to a total of
6.0 x 10° cells per well with 2.0 ml of blastoid medium and then
seeded into one well of a 6-well aggreWell400 (Catalogue #34425,
Stem Cell Technologies, CA) culture plate pretreated with anti-
adherence rinsing solution (Catalogue #07010, Stem Cell Technolo-
gies, CA). The blastoid medium was slightly changed every day, and
aggregates were collected on the sixth day. The blastoid medium was

previously described in our work.®

2.7 | Extended culture of human EPSC-derived
blastoids for 8 and 10 days in vitro

The method and culture conditions of the in vitro cultured embryos

were described in previous studies.®”

2.8 | Immunofluorescence stanning

phosphate  buffered saline (DPBS, Catalogue
#C14190500BT, Gibco, MA)-rinsed samples were fixed with 4% para-
formaldehyde for 40 min at room temperature, washed three times
with DPBS, and permeabilized with 0.5% Triton X-100 (Catalogue #
9036-19-5, Sigma-Aldrich, MO) in DPBS for 40 min at room tempera-
ture. Then, 2% BSA in DPBS was used as blocking buffer, and the

samples were blocked with primary antibody diluted in blocking buffer

Dulbecco's

overnight at 4°C. The samples were washed with DPBS containing
0.1% BSA three times. Then, the samples were incubated with
fluorescence-conjugated secondary antibodies diluted in blocking
buffer at room temperature for 2 h. Nuclei were stained with
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (Catalogue
#P36941, Invitrogen, CA) at 1 pg/mL. A Nikon immunofluorescence
microscope (Nikon A1 R, Tokyo, Japan) was used to capture images.
Images were processed by NIS-Elements Viewer and Fiji (ImageJ,
V2.0.0) software. The primary antibodies were as follows: mouse anti-
OCT4 (Catalogue #sc5279, Santa Cruz, CA), mouse anti-SOX2
(Catalogue #ab171380, Abcam, MA), rabbit anti-GATA2/3 (Catalogue
#ab182747, Abcam, MA), rabbit anti-TFAP2C (Catalogue #ab76007,
Abcam, MA), rabbit anti-CK8 (Catalogue #ab53280, Abcam, MA), rab-
bit anti-CDX2 (Catalogue #ab76541, Abcam, MA), and Alexa Fluor
647 anti-cytokeratin 7 antibody (Catalogue #ab192077, Abcam, MA).
The secondary antibodies were Alexa Fluor 488 goat anti-rabbit IgG
(H+ L) (Catalogue # A-11008, Invitrogen, CA) and Alexa Fluor
594 goat anti-mouse 1gG (H 4+ L) (Catalogue# 8890S, Cell Signaling
Technology, MA).
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2.9 | RNA-seq library preparation and data analysis

Total RNA was isolated using TRIzol. Sequencing was performed on an

lllumina X Ten sequencer with a 150 bp paired-end sequencing reaction.
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FIGURE 1 Characterization of TE-like cells derived from human EPSCs, naive hPSCs, primed hPSCs and hTSCs compared with TE at the

transcriptome level. (A) Left panel: representative images of TE-like cells in

duced from human EPSCs using 25 ng/mL BMP4. Right panel:

representative images of TE-like cells, detecting the expression of TE lineage-specific markers (GATA3, TFAP2C, CK8, CDX2) and pluripotent
markers (OCT4, SOX2) by immunofluorescence staining. All images were taken at Day 3 during induction. Scale bars indicate 100 pm. (B) Heatmap
of RNA-seq data from TE-like cells derived from human EPSCs (red, this study), naive hPSCs (orange”??~%), primed hPSCs (blue?**!) and hTSCs

(green9,29,31)

. Hierarchical clustering was based on the genes with a fold change greater than 1.5 between all TE-like cells derived from naive and

primed hPSCs TPM. (C) PCA of RNA-seq data from TE-like cells derived from human EPSCs, naive hPSCs, primed hPSCs and hTSCs derived from

embryos and their derivatives (black?’). Each single symbol represents one

sample in each cell line. (D) PCA of RNA-seq data compared with

single-cell RNA-seq data from human early embryos in vivo.*® Each single symbol represents one sample in each cell line or one cell in human
early embryos at different embryonic days. (E) PCA of RNA-seq data compared with single-cell RNA-seq data from human early embryos
in vitro.%? Each single symbol represents one sample in each cell line or one cell in human early embryos at different embryonic days.
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sample were used for following analysis. Principal component analysis
(PCA) and heatmap analysis were performed with the functions prcomp
and pheatmap in R. TPM was normalized by log2 transformation, and
the parameter scale was used in the pheatmap and pcromp functions.

The plot3D function was used to show the PCA results.

210 | Single-cell RNA-sequencing library
preparation and data analysis

Day 6 BMP4 + EGF blastoids were collected and prepared to establish an
scRNA sequencing library, as described in our previous work® A previ-
ously published single-cell dataset from Fan et al.% was integrated with the
Day 6 BMP4 + EGF blastoid dataset using Find Integration Anchors and
Integrate Data. UMAP was used for dimensionality reduction, and
FindClusters was used to identify clusters (resolution 0.8). The R package
Seurat 4.0.3 was used to analyse the feature-barcode matrix. DEGs (differ-
entially expressed genes) between lineages were defined with uncor-
rected P values smaller than 0.01 and log-fold change larger than 0.25
(log2FC > 0.25) in one group.

2.11 | Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 software using
unpaired two-tailed Student's t tests and one-way ANOVA. All of the sta-
tistical tests performed are indicated in the figure legends. The data are
presented as the mean + SD, and P < 0.05 was regarded as a significant
difference. The significant differences in cell numbers and gene expression
between the two samples were analysed by the GraphPad Prism
8 software.

3 | RESULTS

3.1 | TE-like cells derived from human EPSCs are
similar to the human trophectoderm lineage at the
transcriptomic level

We converted human induced pluripotent stem cells (hiPSCs) into
human EPSCs by an established protocol.®3%%¢ The obtained

phosphatase activity (Figure S1B), a normal karyotype (Figure S1C)
and high expression of pluripotent cell markers (Figure S1D). Tera-
toma assays verified the ability to differentiate into three germ
layers (Figure S1E).

According to previous work,® we differentiated human EPSCs
into TE-like cells under 25 ng/mL BMP4 induction (Figure 1A). Three
days later, the TE-like cells derived from human EPSCs showed specif-
ically elevated gene expression levels of TE lineage markers (GATA3,
TFAP2C, CK8, CDX2),40~43 accompanied by downregulated expression
of pluripotent markers (OCT4, SOX2) (Figure 1A). We next performed
RNA sequencing (RNA-seq) of the TE-like cells derived from human
EPSCs to compare multiple datasets of TE-like cells derived from
naive hPSCs,”2?73 primed hPSCs??%! and hTSCs from embryos.”27%1

Hierarchical clustering analysis effectively separated each cell type
and showed that TE-like cells derived from human EPSCs clustered
together with hTSCs and that all TE-like cells derived from naive
hPSCs displayed similar gene expression patterns (Figure 1B), while
the TE-like cells derived from primed hPSCs differed from the other
cells (Figure 1B). Principal component analysis (PCA) gave consistent
results in comparisons of TE-like cells derived from human EPSCs,
naive hPSCs, primed hPSCs, hTSCs and their derivatives (CTs, STs and
EVTs) (Figure 1C).

To further distinguish the TE-like cells derived from multiple
hPSCs, we performed PCA with comparison between the RNA-seq
data used above and the single-cell RNA-seq (scRNA-seq) data of
pre-28 or peri-implantation®’ human embryos. We found that the TE-
like cells from human EPSCs (this study), 2iLG6Y>° and PXGL? naive
hPSCs and hTSCs were closer to the E7 TE of preimplantation
embryos, while TE-like cells derived from 2iLG6%? and 5iLA3! naive
hPSCs and primed hPSCs were positioned away (Figure 1D). Com-
pared to the TE of peri-implantation embryos, the TE-like cells from
human EPSCs (this study), 5iLA®! naive hPSCs and hTSCs gathered
together approaching Day 10 (a postimplantation blastocyst stage) TE
cells (Figure 1E). However, the TE-like cells from naive hPSCs, similar
to preimplantation TE cells, seemed to separate together with those
cells from primed hPSCs (Figure 1E). These results suggested that
human EPSC-derived TE-like cells shared a transcriptome similar to
that of pre- and peri-implantation embryos and captured both gene
expression patterns in pre- and postimplantation embryos, which may
be due to the intermediate pluripotency of human EPSCs between

naive and primed hPSCs. In contrast, TE-like cells derived from differ-

human EPSCs exhibited a dome shape (Figure S1A), high alkaline ent research groups or different naive hPSCs exhibited a

FIGURE 2 TE-like cells derived from human EPSCs enhance TE-specific signal pathways, while those from naive hPSCs exhibit incomplete
pluripotency and lose imprinting. (A) Heatmap of the expression patterns of selected TE lineage-enhanced genes in TE-like cells derived from
human EPSCs, naive hPSCs, primed hPSCs and hTSCs. (B) Expression of TE-specific genes in TE-like cells derived from human EPSCs, naive
hPSCs, primed hPSCs and hTSCs. The expression levels of genes are represented using Log2(TPM + 1). Error bars represent the SD of replicates.
(C) Expression of differentially expressed pathway-related genes in TE-like cells derived from human EPSCs and naive hPSCs. The expression
levels of genes are represented using the average of replicates or single cells' Log2(TPM + 1). Each blue dot represents one gene. Red lines in
each column represent medians of expression among all genes. (D) Expression of naive-specific genes in TE-like cells derived from human EPSCs,
naive hPSCs, and TE in vivo (left panel) and in vitro (right panel). The expression levels of genes are represented using Log2(TPM + 1). Error bars
represent the SD of replicates. (E) Heatmap showing the expression patterns of selected imprinted genes (based on the Geneimprint database,
https://www.geneimprint.com/site/genes-by-species) in TE-like cells derived from human EPSCs, naive hPSCs, and TE in vivo.
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heterogeneous transcriptome, and TE-like cells differentiated from

primed hPSCs could not mimic the embryonic trophectoderm lineage.

3.2 | TE-like cells derived from human EPSCs, but
not from naive hPSCs, correctly enhance TE signalling
pathways and maintain imprinting

To further characterize TE-like cells derived from human EPSCs, naive
hPSCs, primed hPSCs and hTSCs, we analysed the expression of all
genes with upregulated expression in the TE lineage.** The expression
levels of TE-like cells derived from human EPSCs and 2iLG6Y*° and
PXGL? naive hPSCs were much higher than those of other cells, even
compared with those of hTSCs (Figure 2A). However, all cells consis-
tently expressed TE lineage-specific genes (CGB5, GATA2, GATA3,
TFAP2C, KRT7/8/18 and TPé3) at similar levels (Figure 2B), which was
also found in the comparison of gene expression related to placental
development, yolk sac formation and amniotic membrane or fluid
(Figures S2A, S2B and S2C). This finding suggests that there are some
non-TE lineages directly related to factors in TE-like cells derived from
naive hPSCs causing the occurrence of heterogeneous gene expres-
sion patterns.

Next, we compared the DEGs between TE-like cells derived from
human EPSCs and naive hPSCs (Figure S2D). KEGG analysis showed
that genes with upregulated expression in the TE-like cells derived
from human EPSCs were enriched in multiple TE-related signalling
pathways based on previous studies, including focal adhesion,*® the
PI3K-Akt signalling pathway,*® extracellular matrix (ECM)-receptor
interactions,*” the TGFp signalling pathway,*®*’ the calcium signalling
pathway,>° axon guidance and the Hippo signalling pathway,'® com-
pared with the TE-like cells derived from naive hPSCs and primed
hPSCs (Figures 2C and S2E). Among them, the ECM signalling path-
way plays a major role in TE development.*”>* We selected multiple
genes related to ECM and TE, including COL1A1, KDR, RELN, ITGB6,
VEGFC, FGF10, GDF7, TGFB2 and TGFB3.38484952°57 |ndeed, the
expression levels of these genes in the TE-like cells derived from
human EPSCs were significantly higher than those in the TE-like cells
derived from naive hPSCs (Figure S2F). Interestingly, both the TE-like
cells derived from naive and primed hPSCs upregulated the wingless/
integrated (WNT) signalling pathway (Figure S2G) compared with
those from human EPSCs, which is considered to be essential for
hTSCs in previous work.?? These results indicate that the heteroge-
neous enhancement of TE-related signalling pathways is the reason
why TE-like cells derived from naive and primed hPSCs partially
obtain TE features.

More importantly, we found that TE-like cells derived from naive
hPSCs significantly elevated the signalling pathway regulating pluripo-
tency of stem cells in comparison with those from human EPSCs
(Figure S2G). To further explore the effect of pluripotency on TE dif-
ferentiation, we detected the expression of naive-specific genes and
observed higher expression levels in the TE-like cells derived from
naive hPSCs than the others (Figure 2D). This finding indicates that
naive hPSCs did not completely exit naive pluripotency during TE-like

cell induction. Additionally, owing to genome-wide demethylation and
loss of imprinting?”°87¢! during naive resetting, we investigated
whether these epigenetic features would be maintained in TE-like
cells derived from naive hPSCs. Upon investigation of the expression
of imprinted genes, TE-like cells derived from human EPSCs and
2iLG6Y® and PXGL’ naive hPSCs showed highly consistent gene
expression patterns with TE®® cells, in contrast to 2iLG6%” and 5iLA!
naive hPSCs (Figure 2E), consistent with our abovementioned PCA
data. This finding suggested that this heterogeneity of TE-like cells
derived from naive hPSCs was due to the incomplete silencing of

naive-specific genes and loss of imprinting.

3.3 | TE-like cells derived from human EPSC
induction are optimized under small molecule
compound selection

In 2018, Okea et al. established an hTSC culture condition using EGF
and WNT activator (CHIR99021), while inhibiting transforming
growth factor beta (TGF), histone deacetylase (HDAC), and Rho-
associated kinase (ROCK) signalling pathways, called HTSC medium.!
HTSCs can differentiate into three main trophoblast cells with molec-
ular characteristics, transcription levels and secretion functions similar
to those of placental cells in early pregnancy.

To further optimize the previously established TE-like cells
derived from human EPSCs induced by the BMP4 induction system,
we conducted small-scale compound selection based on HTSC
medium. We chose EGF or VPA combined with BMP4 to form six TE-
like cells derived from human EPSC induction programs. Other com-
pounds were excluded because CHIR99021 and Y27632 both existed
in the human EPSC LCDM medium,®® and A83-01 is a signalling path-
way antagonist of BMP4. After 3 days of induction, all the groups
treated with BMP4 showed cobblestone-shaped cells, while the HTSC
medium-induced TE-like cells were island-shaped (Figure 3A). Adding
EGF increased the cell proliferation rate in the presence of BMP4, in
contrast to the addition of VPA (Figure 3B). Accordingly, we added
the HTSC — VPA and HTSC — VPA + BMP4 groups as controls dur-
ing TE-like cell induction. The expression levels of GATA3 in the
BMP4-based TE-like cells were higher than those in the HTSC groups,
while there were no significant differences of the other TE markers
among these cells (Figures 3C, S2H and S2I).

Next, we performed RNA-seq on the TE-like cells derived from
human EPSCs. Hierarchical clustering clearly distinguished the TE-like
cells derived using different induction systems, and the BMP4-based
groups clustered together, while the TE-like cells induced by HTSC
were separated (Figure 3D). We also found that hTSCs from different
embryos exhibited heterogeneous gene expression patterns
(Figure 3D), suggesting that the HTSC induction system has uneven
stability. PCA showed that among the BMP4-treated groups, the addi-
tion of EGF or VPA resulted in more similarity to TE in vivo®® or
in vitro®? at the transcriptome level (Figure 3E). Thus far, we further

confirmed that BMP4 has a central role in inducing TE-like cells



ZHANG ET AL.

Proliferation rate of differents groups
BMP4 + EGF

(B) =-
—%- BVP4
—#- BMP4+EGF
*- BMP4+VPA
—o- BMP4+EGF+VPA
HTSC
—& HTSC+BMP4

T T T T T
Day1 Day2 Day2 Day4 DayS

BMP4 BMP4 + EGF

BMP4 + VPA

BMP4 + EGF + VPA
DAPI A

|

DAPI TrAP2C 2]

TFAP2C Merge

:
DAPI

DAPI

HTSC - VPA

DAPI [

PI

HTSC + BMP4 HTSC - VPA + BMP4

Merge

TFAP2C 1 FAP2C

TE from D& to D12 in vitro

DAPI

TE from E5 to E7 in vivo

OoCT4

Our data
® BMP4
BMP4+EGF

Dong, etal. 2020

BT5.hTSC D6TE

Lo, et al. 2021
CT30_hTSC

Guo, et al. 2021

D12TE

BMP4+EGF+VPA
BMP4+VPA
HTSC

CT27_hTSC 5

HTSC+RMP4

X ®
Zhou et al, 2019
® D6TE
® D8TE
D10TE
D12TE
Petropoulos et al, 2016
e ESTE
e E6TE
E7TE
-5 20 h Dong et al, 2020
® BT5_hTSCs

Lo etal, 2021
® CT30_hTSCs

PCZ (14.1%)
PC2 (5.4 %)

Guo et al, 2021
CT27_hTSCs

[ ¢

SOS1Y 519

SOS1Y 0ELD
OS1IH

-10 0
PC1 (26,6 %)

! !
-10 0
PC1 (195 %)

10

493+7diNg
VdA+49T+dING
VdA+rdING
EeSIT AT}
PdNG+OSLH

FIGURE 3 TE-like cells derived from human EPSC induction are optimized with small molecule compound selection. (A) Representative
images of TE-like cells derived from human EPSCs with induction of six grouped small molecule combinations. Scale bars indicate 100 pm. (B) The
curves show the proliferation rate of TE-like cells induced by multiple groups of small molecule combinations from Days 1 to 5. The Y-axis
represents the proliferation rate. (C) Representative images of TE-like cells induced by different groups of small molecule combinations, detecting
the expression of TE lineage markers (GATA3, TFAP2C, CK8, CDX2) and pluripotent markers (OCT4, SOX2) by immunofluorescence staining. All
images were taken at Day 3 during induction. Scale bars indicate 100 pm. (D) Heatmap of RNA-seq data from TE-like cells under multiple
induction conditions. Hierarchical clustering was based on the genes with a fold change greater than 1.5 between TE-like cells derived using
BMP4 and HTSC TPM. (E) PCA of RNA-seq data compared with single-cell RNA-seq data from human early embryos in vivo (left panel®®) and

in vitro (right panel®®). Each single symbol represents one sample in each cell line or one cell in human early embryos at different embryonic days.
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derived from human EPSCs and that the addition of EGF further pro-
motes TE-like cells to become similar to TE cells in vivo or in vitro.

3.4 | Human blastoid construction is enhanced
using TE-like cells derived from human EPSCs induced
by EGF

To identify the function of TE-like cells derived from human EPSCs
under different induction conditions, we carried out the reconstruc-
tion of blastoids according to our previous work. In the three-
dimensional culture system early on the third day, cell aggregates of
the BMP4 and BMP4 + EGF groups formed small cavities (Figure 4A).
On Day 6, the BMP4 and BMP4 + EGF groups formed obvious
blastocyst-like structures, similar in shape to human blastocysts,
including a dense inner cell mass (ICM), a cavity and circular sur-
rounding cells (Figure 4A). Few blastoids were generated from the
HTSC + BMP4 and VPA groups with poor shapes (Figure 4A). Blas-
toids generated from the BMP4 and BMP4 + EGF groups accu-
rately expressed ICM markers (OCT4, SOX2), TE markers (GATA3,
TFAP2C, CDX2, CK8, CK7) and PE maker (GATAé) through immuno-
fluorescence staining and microscoping with or without the Z axis
(Figures 4B and S3A). However, the cell aggregates derived from
other groups incompletely expressed lineage-specific genes
(Figure S3B). In comparison to natural human blastocysts, these
human blastoids generated from the BMP4 and BMP4 + EGF
groups exhibited similar shapes, including similar average diameters
(Figure 4C) and ICM ratios (Figure 4D). In addition to EGF, the effi-
ciency of blastoid generation was 1.5 times higher than that in the
BMP4 group (Figures 4E, S4A and S4B), suggesting that the addi-
tion of EGF strengthens the establishment of blastoids by optimiz-
ing the induction of TE-like cells.

To further assess the role of EGF in TE-like cell induction by
BMP4, we analysed the DEGs between the TE-like cells induced by
BMP4 and BMP4 + EGF (Figure S4C). KEGG and GO term analyses
showed that the BMP4 + EGF-TE-like cells further enhanced TE
lineage-related signalling pathways, such as the ECM-receptor inter-
action, TGFp signalling pathway and Hippo signalling pathway, com-
pared with the BMP4-TE-like cells (Figure S4D). Moreover, adding
EGF enhanced the WNT and pluripotency of stem cell signalling path-
ways (Figure S4D), which is consistent with previous reports.’* Both
BMP4 and BMP4 + EGF blastoids collapsed under extended culturing
(Figure S4E). Compared to the previous results of generating blastoids
using mouse EPSCs independently,®?> we did not achieve blastocyst-
like structures using human EPSCs alone or TE-like cells induced with
BMP4 treatment (Figure S4F). To identify whether blastoids simulated
postimplantation morphogenesis, we used the in vitro culture condi-
tion (IVC) of human embryos to extended culturing of BMP4 or
BMP4 + EGF blastoids. The morphological characteristics of blastoids
on Days 8, 10 and 12 were consistent with previous work,2 exhibiting
31.1% and 40% adherence rates (Figure S4G) and correct expression
of ICM and TE lineage markers (Figure S4H). In summary, these results
indicate that the BMP4 + EGF induction system functionally

optimizes the differentiation of TE-like cells and improves the effi-

ciency of generating human blastoids.

3.5 | Single-cell transcriptome analysis of three
lineages of blastoids

In our previous work,?2 by comparing the single-cell transcriptome
analysis between Day 6 BMP4 human blastoids and E5-E7 human

blastocysts,>®

we proved that the blastoids derived from human
EPSCs captured the EPI, TE and PE cell populations that mostly over-
lapped with the blastocysts. However, many cells express both ICM
and TE markers, termed an intermediate (IM) cell population, which
cannot represent human embryos. Next, we wondered whether EGF-
optimized blastoids could reduce the intermediate cell population and
became closer to human blastocysts. We performed scRNA-seq of
Day 6 BMP4 + EGF blastoids to compare the scRNA-seq data of
BMP4 blastoids from our previous work. Uniform manifold approxi-
mation and projection (UMAP) analysis revealed largely overlapping
distributions of BMP4 and BMP4 blastoids with 16 divided clusters
(Figure 5A). To define these clusters at high resolution, we selected
dozens of lineage-related genes based on the CellMarker database
(http://biocc.hrbmu.edu.cn/CellMarker/index.jsp) (Figure S5A). We
separated the clusters into EPI, PE and TE cell populations according
to the number of lineage markers expressed (Figure 5B). Intermediate
(IM) cell populations were also found to express lineage markers
incorrectly, consistent with previous work®®%® (Figure 5B). Notably,
the BMP4 + EGF blastoids had a 5% decrease in the IM cell popula-
tions while achieving more PE cells compared to the BMP4 blastoids
(Figure 5B). By counting the cell number, the proportion of GATA6
(a PE lineage marker) positive cells from BMP4 + EGF group is 2 times
higher than that from BMP4 group (Figure 5C), suggesting the
increasing PE cell number. We further verified lineage marker expres-
sion compared with that of human preimplantation embryos.>8%% The
separated cell populations of the BMP4 + EGF and BMP4 blastoids
both expressed the most markers in the specific lineages, similar to
human preimplantation embryos (Figure 5D). The characterization of
multiple well-defined lineage marker genes showed consistent results
(Figure S5B). Next, we wondered whether the increased PE cell popu-
lation of the BMP4 + EGF blastoids truly resembled the PE lineage.
The Pearson correlation coefficient showed that this PE cell popula-
tion was close to PE cells from E73® and Day 6% human embryos
(Figure 5E) with similar PE lineage gene expression levels (Figure 5F).
In comparisons of imprinting gene expression patterns in human three
embryonic lineages, the expression levels of imprinting genes in the
pre-implantation epiblasts (EPI) were higher than those in TE and PE,
no matter at E5, E6 or E7 (Figure 5G). We also found the similar
expression patterns in the BMP4 + EGF blastoids but not in the
BMP4 blastoids (Figure 5G).

Thus, by optimizing TE-like cell induction with the addition of
EGF, we increased the efficiency of blastoid generation and achieved
more cell lineage formation under high-resolution clustering, espe-

cially in the PE lineage.
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FIGURE 4 Blastoid reconstruction is enhanced using TE-like cells induced by adding EGF. (A) Representative images of blastoids using TE-like cells
induced by different grouped small molecule combinations at Day 3 and Day 6. Scale bars indicate 100 um. (B) Representative images of blastoids
reconstructed from TE-like cells induced by BMP4 and BMP4 + EGF, detecting the expression of TE lineage-specific markers (GATA3, TFAP2C, CDX2,
CK8) and pluripotent markers (OCT4, SOX2) by immunofluorescence staining. All images were taken at Day 6 during induction. Scale bars indicate

100 pm. (C) Diameter was quantified between human blastoids generated from the BMP4 and BMP4 + EGF groups and blastocysts. Data are the
mean + SD (n = 10 blastoids). *P < 0.05, **P < 0.01. (D) The ICM cell ratio was quantified between human blastoids generated from the BMP4 and
BMP4 + EGF groups and blastocysts, data are mean + SD (n = 10 blastoids). *P < 0.05, **P < 0.01. (E) Derivation efficiency was quantified between
human blastoids generated from the BMP4 and BMP4 + EGF groups. Data are the mean + SD (n = 9 times). *P < 0.05, **P < 0.01
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4 | DISCUSSION

Trophectoderm formation is the first differentiation event in human
embryogenesis. Due to ethical restrictions and few available embryos,
TE-like cell derivation using pluripotent stem cells is the main method
to study trophectoderm development. Single-cell RNA-seq analysis
demonstrated that primed hPSCs are close to the late postimplanta-
tion ectoderm when TE and EPI lineages separate,* resulting in TE-like
cells differentiated from primed hPSCs that tend to transform into
amniotic cells.** Recently, many efforts have been made to convert
naive hPSCs into TE-like cells with transcriptional features similar to
those of embryonic trophoblasts.”??~3! Subsequently, blastocyst-like
blastoids were reconstructed using naive hPSCs divided into three
main lineages and sharing similar transcriptomes with human
embryos.*® However, IM cell populations were reported in multiple
previous works.*® In the present study, we found that TE-like cells
derived from naive hPSCs did not completely turn off naive-specific gene
expression. This phenomenon may be an important reason for the for-
mation of IM cell populations. Persistently expressed naive-specific
genes contribute to differences in the degree and progression of cell dif-
ferentiation and organization. Furthermore, these blastoids cannot accu-
rately depict the state of a human embryo at a specific stage. Genomic
imprinting is of mammalian parental origin and relies on the monoallelic
expression of a set of genes that are essential for embryonic develop-
ment.®*¢°> The imprinting signature is mostly established in the germline
and maintained even if the embryo undergoes extensive demethylation
after fertilization but is demethylated only in the new primordial germ
cells.®> Unlike the preimplantation epiblast, naive hPSCs lose methylation
at imprinted differentially methylated regions (iDMRs) and do not regain
methylation at these loci upon differentiation.?”>® Indeed, we observed
heterogeneous gene expression patterns of TE-like cells derived from
naive hPSCs, while TE-like cells derived from human EPSCs shared a sim-
ilar imprinting signature to TE. This result indicates that both TE-like cells
and blastoids derived from naive hPSCs have a risk of loss of imprinting,
demonstrating a hidden risk for subsequent research on embryonic
development.

Human EPSCs have a certain potential for TE differentiation. In
this study, a number of signalling pathways related to the TE lineage
were significantly enhanced compared with those in the TE-like cells
derived from naive or primed hPSCs. The related genes in these path-
ways were confirmed to be involved in regulating the development of
the TE lineage in multiple previous studies. COL1A1 is considered a
marker for osteogenic differentiation of amniotic membrane cells.>2
ITGB6 and EGFR are commonly used as cell surface markers for simul-
taneously labelling CTs and hTSCs. The combination of the TE-like cell
surface marker ITGB6 and latency-associated peptides can promote
embryo implantation.”® VEGFC is mainly produced by decidual natural
killer cells in the foetal-maternal interface, which can improve
immune tolerance and angiogenesis®* and induce TE cells to differen-
tiate into EVTs.>®> TGFp2/p3 negatively regulate TE invasion and EVT
differentiation.*®4? Thus, these genes are involved in the differentia-
tion, development and invasion of TE cells by interacting with and

influencing each other to form a rigorous signal regulatory network.

In early pregnancy, EGF and EGFR are expressed in the tropho-
blast cells of the placenta and stimulate cell proliferation and hormone
production.®® The EGF/EGFR and VEGF/VEGF receptor (VEGFR)
loops may play a major role among the autocrine and paracrine loops
related to TE proliferation.®” A previous work reported that EGF
downregulated KISS1 expression by activating the PI3K/AKT signalling
pathway to stimulate human TE cell invasion.*® EGF is necessary for
epithelial stem cell proliferation and cooperates with forskolin, an
EPAC/RAP1 agonist, to enhance the formation of sac-like struc-
tures.* Additionally, EGFR is commonly used as a surface marker for
labeling CTs and hTSCs.2%% Based on these previous works and our
findings, we consider that the addition of EGF strengthens TE-like cell
induction by enhancing ECM-receptor interactions and the TGFp,
WNT and PI3K/AKT signalling pathways. From natural human
embryos, EPI and TE cells are easier to obtain than PE cells. There is
currently no mature way to derive PE cells because of the slower
growth than that of EPI and TE cells.” PE markers are usually
expressed in TE cells, which makes it difficult to identify the true PE
cell population. The addition of EGF during the generation of blastoids
increased the proportion of the PE cell population with high similarity
to that of human embryos, which offers a robust way to derive PE
cells.

Previously, some important regulatory genes have been found in
mice, such as Cdx2 and Rif1. Knocking out Rifl plays critical roles in
the regulation of trophoblast cells in mice.®® Notch and Hippo signal-
ling pathways cross talk to activate Cdx2 expression in mouse preim-
plantation embryos and promote the specialization of
trophectoderm.®® Overexpressing Cdx2 converted haploid ESCs to
TSCs,”° suggesting Cdx2 influenced the pluripotency. There is a cross-
regulation of the Nanog and Cdx2 promoters during trophoblast differ-
entiation and Cdx2 can represses Oct4 expression.”! These indicated
that Cdx2 and Rif1 are key regulators for specialization of TE lineage
cells. To verify the function of these regulators in human TE lineage
cells, it is necessary to establish a cell line resembling the TE in vivo.
However, the current method of differentiating human TE lineage
cells still needs to be optimized. In this study, we found the expression
of Cdx2 in the induced TE-like cells but not in the blastoids. In the pre-
vious work, Cdx2 is mentioned as a medium TE maker which is tempo-
rarily up-regulated during the preimplantation embryos,”? We suspect
Cdx2 initiates TE differentiation in the early stage, but fails to sustain
in subsequent development.

In summary, by assessing TE-like cells derived from multiple
hPSCs, we demonstrated that TE-like cells derived from human EPSCs
represented the TE of preimplantation embryos and optimized TE-like
cell induction by adding EGF. The application of optimized TE-like
cells effectively improved the efficiency of reconstructing blastoids
and provided a robust method to generate PE cells.
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