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Abstract

Objectives: 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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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.

1 | INTRODUCTION

Mammalian embryogenesis starts with a totipotent zygote that can

develop into a blastocyst containing epiblast (EPI), primitive endoderm

(PE) and trophectoderm (TE).1 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).2,3 Subsequently, multiple approaches

were designed to generate human blastoids using human pluripotent

stem cells (hPSCs).4–8 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,4,8

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.9–11

Impaired trophectoderm is thought to cause various miscarriages,

preeclampsia12 and intrauterine growth restriction.13,14 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 cells15–18 due to the

primed pluripotency representing the postimplantation epi-

blasts.1,19 Recently, efforts have been made to develop approaches

for resetting naive hPSCs,20–25 which result in similar features to

those of human preimplantation embryos at the transcriptomic and

epigenetic levels.26–28 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).9,29–31 However, high demethylation and loss of imprinting

generally occur during naive resetting,32 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

naive and primed hPSCs.33–35 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.8 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.11

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

2.1 | 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% CO2 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.8,33,36

2.3 | Gradient induction experiments with
different concentrations of BMP4

The cells were cultured at 37�C, 5% CO2 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.8

2.4 | Different optimization schemes of BMP4
differentiation

The cells were cultured at 37�C, 5% CO2 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.11 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.

2.5 | 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% CO2

and saturated humidity. Human EPSCs were seeded in 96-well plates

at 2500 cells per well. CCK-8 solution (10 μl per well) with 90 μl 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 � 105 cells) and

BMP4-treated cells (5.0 � 105 cells) were mixed together to a total of

6.0 � 105 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.8

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.8,37

2.8 | Immunofluorescence stanning

Dulbecco's 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

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 μg/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 IgG (H + 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

Illumina X Ten sequencer with a 150 bp paired-end sequencing reaction.

The scRNA sequencing datasets of human embryos were downloaded

from ArrayExpress E-MTAB-392938 and GSE109555.39 The RNA

sequencing datasets of TE-like cells derived from naive and primed

hPSCs and their derivatives were downloaded from GSE144994,29

F IGURE 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 induced 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 μm. (B) Heatmap

of RNA-seq data from TE-like cells derived from human EPSCs (red, this study), naive hPSCs (orange9,29–31), primed hPSCs (blue29,31) 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 (black29). 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.38 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.39 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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GSE167089,9 GSE15061630 and GSE138762.31 All the bulk RNA-seq

data analyses were performed with HISAT2 and Cufflinks using the

UCSC human genome annotation (version hg19) with default settings for

reads mapping and statistical analysis. The batch effects among the mul-

tiple datasets were removed using limma in R. Reads with unique

genome location and genes with no less than 1 TPM in at least one

F IGURE 2 Legend on next page.
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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.

2.10 | 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.8 A previ-

ously published single-cell dataset from Fan et al.8 was integratedwith 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 4.0.3was used to analyse the feature-barcodematrix. 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 analyseswere performedwithGraphPad Prism8 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.8,33,36 The obtained

human EPSCs exhibited a dome shape (Figure S1A), high alkaline

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,8 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,9,29–31 primed hPSCs29,31 and hTSCs from embryos.9,29,31

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-38 or peri-implantation39 human embryos. We found that the TE-

like cells from human EPSCs (this study), 2iLGöY30 and PXGL9 naive

hPSCs and hTSCs were closer to the E7 TE of preimplantation

embryos, while TE-like cells derived from 2iLGö29 and 5iLA31 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), 5iLA31 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-

ent research groups or different naive hPSCs exhibited a

F IGURE 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.44 The expression

levels of TE-like cells derived from human EPSCs and 2iLGöY30 and

PXGL9 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 TP63) 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,45 the

PI3K-Akt signalling pathway,46 extracellular matrix (ECM)-receptor

interactions,47 the TGFβ signalling pathway,48,49 the calcium signalling

pathway,50 axon guidance and the Hippo signalling pathway,16 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.47,51 We selected multiple

genes related to ECM and TE, including COL1A1, KDR, RELN, ITGB6,

VEGFC, FGF10, GDF7, TGFB2 and TGFB3.38,48,49,52–57 Indeed, 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.11 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 imprinting27,58–61 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

2iLGöY30 and PXGL9 naive hPSCs showed highly consistent gene

expression patterns with TE38 cells, in contrast to 2iLGö29 and 5iLA31

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 (TGFβ), histone deacetylase (HDAC), and Rho-

associated kinase (ROCK) signalling pathways, called HTSC medium.11

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,33 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 vivo38 or

in vitro39 at the transcriptome level (Figure 3E). Thus far, we further

confirmed that BMP4 has a central role in inducing TE-like cells
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F IGURE 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 μm. (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 μm. (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 panel38) and
in vitro (right panel39). 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 (GATA6) 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, TGFβ 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.11 Both

BMP4 and BMP4 + EGF blastoids collapsed under extended culturing

(Figure S4E). Compared to the previous results of generating blastoids

using mouse EPSCs independently,62 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,8 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,8 by comparing the single-cell transcriptome

analysis between Day 6 BMP4 human blastoids and E5–E7 human

blastocysts,38 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 work38,63 (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.38,63 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 E738 and Day 663 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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F IGURE 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 μm. (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 μm. (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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F IGURE 5 Optimized blastoids enhance PE lineage differentiation and reduce the IM cell population. (A) UMAP plots showing integrated
datasets of BMP4 and BMP4 + EGF blastoids (left panel) and were divided into 16 major clusters (right panel). (B) UMAP plots showing EPI, PE,
TE and IM cell populations of BMP4 and BMP4 + EGF blastoids, defined using the lineage-specific markers in the CellMaker database. (C) The
proportions of GATA6 positive cells were quantified by counting the cell number using the immunofluorescence stanning images of the blastoids
generated from the BMP4 and BMP4 + EGF groups. Data are the mean ± SD (n = 6 blastoids). *P < 0.05, **P < 0.01. (D) Heatmap showing gene
expression patterns of EPI, PE and TE lineages of BMP4 and BMP4 + EGF blastoids compared to human preimplantation embryos in vivo.38,63

(E) Dot plot indicating the gene expression pattern correlation of PE cells from BMP4 and BMP4 + EGF blastoids and human preimplantation
embryos in vivo38,63 using PE lineage markers. (F) Comparison of PE lineage markers among the BMP4, BMP4 + EGF and human blastocyst
groups in vivo.38,63 (G) Comparison of imprinted gene expression among the BMP4, BMP4 + EGF and human blastocyst groups in vivo.38
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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,1 resulting in TE-like

cells differentiated from primed hPSCs that tend to transform into

amniotic cells.41 Recently, many efforts have been made to convert

naive hPSCs into TE-like cells with transcriptional features similar to

those of embryonic trophoblasts.9,29–31 Subsequently, blastocyst-like

blastoids were reconstructed using naive hPSCs divided into three

main lineages and sharing similar transcriptomes with human

embryos.4–8 However, IM cell populations were reported in multiple

previous works.4,8 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.64,65 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.65 Unlike the preimplantation epiblast, naive hPSCs lose methylation

at imprinted differentially methylated regions (iDMRs) and do not regain

methylation at these loci upon differentiation.27,58 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.52

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.56 VEGFC is mainly produced by decidual natural

killer cells in the foetal–maternal interface, which can improve

immune tolerance and angiogenesis54 and induce TE cells to differen-

tiate into EVTs.55 TGFβ2/β3 negatively regulate TE invasion and EVT

differentiation.48,49 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.66 The EGF/EGFR and VEGF/VEGF receptor (VEGFR)

loops may play a major role among the autocrine and paracrine loops

related to TE proliferation.67 A previous work reported that EGF

downregulated KISS1 expression by activating the PI3K/AKT signalling

pathway to stimulate human TE cell invasion.46 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.11 Additionally, EGFR is commonly used as a surface marker for

labeling CTs and hTSCs.31,53 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 TGFβ,

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.7 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 Rif1 plays critical roles in

the regulation of trophoblast cells in mice.68 Notch and Hippo signal-

ling pathways cross talk to activate Cdx2 expression in mouse preim-

plantation embryos and promote the specialization of

trophectoderm.69 Overexpressing Cdx2 converted haploid ESCs to

TSCs,70 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.71 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,72 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.

AUTHOR CONTRIBUTIONS

Yingying Zhang and Chenrui An provided direction in experimental

design, performed the majority of the experiments, interpreted the

data and wrote the manuscript. Yingying Zhang performed the major-

ity of the experiments related to TE differentiation from human EPSCs

12 of 14 ZHANG ET AL.



and their characterizations. Jiajing Lin, Yanhong Yu and Long Jin per-

formed the blastoid collection, immunofluorescence labelling and the

blastoid in vitro culture experiments. Chenrui An, Chaohui Li and Tao

Tan performed the bioinformatics and data analysis. Yong Fan and

Yang Yu provided resources and conceived and supervised the study.

ACKNOWLEDGEMENTS

This work was supported by the National Key Research and Develop-

ment Program of China (2019YFA0110804, 2021YFC2700303); the

National Natural Science Foundation of China (82071723,

81871162); the Guangdong Basic and Applied Basic Research Foun-

dation (2021B1515020069); and the Guangzhou Education Bureau

Basic Research Foundation (202032769).

CONFLICT OF INTEREST

The authors declare that the research was conducted in the absence

of any commercial or financial relationships that could be construed

as a potential conflict of interest.

DATA AVAILABILITY STATEMENT

The datasets generated during this study are available at Sequence

Read Archive (SRA) with the accession number PRJNA799588.

ORCID

Chenrui An https://orcid.org/0000-0001-5211-0197

Yong Fan https://orcid.org/0000-0002-7107-773X

REFERENCES

1. Nakamura T, Okamoto I, Sasaki K, et al. A developmental coordinate

of pluripotency among mice, monkeys and humans. Nature. 2016;

537(7618):57-62.

2. Rivron NC, Frias-Aldeguer J, Vrij EJ, et al. Blastocyst-like structures

generated solely from stem cells. Nature. 2018;557(7703):106-111.

3. Sozen B, Jorgensen V, Weatherbee BAT, Chen S, Zhu M, Zernicka-

Goetz M. Reconstructing aspects of human embryogenesis with plu-

ripotent stem cells. Nat Commun. 2021;12(1):5550.

4. Yu LQ, Wei YL, Duan JL, et al. Blastocyst-like structures generated

from human pluripotent stem cells (vol 591, pg 620, 2021). Nature.

2021;596(7872):E5.

5. Yanagida A, Spindlow D, Nichols J, Dattani A, Smith A, Guo G. Naive

stem cell blastocyst model captures human embryo lineage segrega-

tion. Cell Stem Cell. 2021;28(6):1016-1022 e4.

6. Liu XD, Tan JP, Schroder J, et al. Modelling human blastocysts by repro-

gramming fibroblasts into iBlastoids. Nature. 2021;591(7851):627.

7. Kagawa H, Javali A, Khoei HH, et al. Human blastoids model blasto-

cyst development and implantation. Nature. 2022;601(7894):

600-605.

8. Fan Y, Min Z, Alsolami S, et al. Generation of human blastocyst-like

structures from pluripotent stem cells. Cell Discov. 2021;7(1):81.

9. Guo G, Stirparo GG, Strawbridge SE, et al. Human naive epiblast cells

possess unrestricted lineage potential. Cell Stem Cell. 2021;28(6):

1040-1056 e6.

10. Xiao L, Ma L, Wang Z, et al. Deciphering a distinct regulatory network

of TEAD4, CDX2 and GATA3 in humans for trophoblast transition

from embryonic stem cells. Biochim Biophys Acta Mol Cell Res. 2020;

1867(9):118736.

11. Okae H, Toh H, Sato T, et al. Derivation of human trophoblast stem

cells. Cell Stem Cell. 2018;22(1):50-63 e6.

12. Woods L, Perez-Garcia V, Kieckbusch J, et al. Decidualisation and pla-

centation defects are a major cause of age-related reproductive

decline. Nat Commun. 2017;8(1):352.

13. Moffett A, Loke C. Immunology of placentation in eutherian mam-

mals. Nat Rev Immunol. 2006;6(8):584-594.

14. Norwitz ER. Defective implantation and placentation: laying the blue-

print for pregnancy complications. Reprod Biomed Online. 2006;13(4):

591-599.

15. Drukker M, Tang C, Ardehali R, et al. Isolation of primitive endoderm,

mesoderm, vascular endothelial and trophoblast progenitors from

human pluripotent stem cells. Nat Biotechnol. 2012;30(6):531-542.

16. Yue C, Chen ACH, Tian S, et al. Human embryonic stem cell-derived

blastocyst-like spheroids resemble human trophectoderm during early

implantation process. Fertil Steril. 2020;114(3):653-664 e6.

17. Xu RH, Chen X, Li DS, et al. BMP4 initiates human embryonic stem

cell differentiation to trophoblast. Nat Biotechnol. 2002;20(12):1261-

1264.

18. Amita M, Adachi K, Alexenko AP, et al. Complete and unidirectional

conversion of human embryonic stem cells to trophoblast by BMP4.

Proc Natl Acad Sci U S A. 2013;110(13):E1212-E1221.

19. Nichols J, Smith A. Naive and primed pluripotent states. Cell Stem Cell.

2009;4(6):487-492.

20. Gafni O, Weinberger L, Mansour AA, et al. Derivation of novel human

ground state naive pluripotent stem cells. Nature. 2013;504(7479):

282-286.

21. Takashima Y, Guo G, Loos R, et al. Resetting transcription factor con-

trol circuitry toward ground-state pluripotency in human. Cell. 2014;

158(6):1254-1269.

22. Ware CB, Nelson AM, Mecham B, et al. Derivation of naive human

embryonic stem cells. Proc Natl Acad Sci U S A. 2014;111(12):4484-

4489.

23. Chan YS, Goke J, Ng JH, et al. Induction of a human pluripotent state

with distinct regulatory circuitry that resembles preimplantation epi-

blast. Cell Stem Cell. 2013;13(6):663-675.

24. Carter MG, Smagghe BJ, Stewart AK, et al. A primitive growth factor,

NME7(AB), is sufficient to induce stable naive state human pluripo-

tency; reprogramming in this novel growth factor confers superior

differentiation. Stem Cells. 2016;34(4):847-859.

25. Theunissen TW, Powell BE, Wang H, et al. Systematic identification

of culture conditions for induction and maintenance of naive human

pluripotency. Cell Stem Cell. 2014;15(4):471-487.

26. Bredenkamp N, Yang J, Clarke J, et al. Wnt inhibition facilitates RNA-

mediated reprogramming of human somatic cells to naive pluripo-

tency. Stem Cell Rep. 2019;13(6):1083-1098.

27. Theunissen TW, Friedli M, He Y, et al. Molecular criteria for defining the

naive human pluripotent state. Cell Stem Cell. 2016;19(4):502-515.

28. An C, Feng G, Zhang J, et al. Overcoming autocrine FGF signaling-

induced heterogeneity in naive human ESCs enables modeling of ran-

dom X chromosome inactivation. Cell Stem Cell. 2020;27(3):482-497 e4.

29. Io S, Kabata M, Iemura Y, et al. Capturing human trophoblast develop-

ment with naive pluripotent stem cells in vitro. Cell Stem Cell. 2021;

28(6):1023-1039 e13.

30. Liu X, Ouyang JF, Rossello FJ, et al. Reprogramming roadmap reveals

route to human induced trophoblast stem cells. Nature. 2020;

586(7827):101-107.

31. Dong C, Beltcheva M, Gontarz P, et al. Derivation of trophoblast stem

cells from naive human pluripotent stem cells. Elife. 2020;9:e52504.

32. Keshet G, Benvenisty N. Large-scale analysis of imprinting in naive

human pluripotent stem cells reveals recurrent aberrations and a poten-

tial link to FGF signaling. Stem Cell Rep. 2021;16(10):2520-2533.

33. Yang Y, Liu B, Xu J, et al. Derivation of pluripotent stem cells with

in vivo embryonic and extraembryonic potency. Cell. 2017;169(2):

243-257 e25.

34. Yang J, Ryan DJ, Wang W, et al. Establishment of mouse expanded

potential stem cells. Nature. 2017;550(7676):393-397.

ZHANG ET AL. 13 of 14

https://orcid.org/0000-0001-5211-0197
https://orcid.org/0000-0001-5211-0197
https://orcid.org/0000-0002-7107-773X
https://orcid.org/0000-0002-7107-773X


35. Liu B, Chen S, Xu Y, et al. Chemically defined and xeno-free culture

condition for human extended pluripotent stem cells. Nat Commun.

2021;12(1):3017.

36. Ma Z, Li Y, Zhang Y, Chen J, Tan T, Fan Y. A lncRNA-miRNA-mRNA

network for human primed, naive and extended pluripotent stem

cells. PLoS One. 2020;15(6):e0234628.

37. Deglincerti A, Croft GF, Pietila LN, Zernicka-Goetz M, Siggia ED,

Brivanlou AH. Self-organization of the in vitro attached human

embryo. Nature. 2016;533(7602):251-254.

38. Petropoulos S, Edsgard D, Reinius B, et al. Single-cell RNA-Seq

reveals lineage and X chromosome dynamics in human preimplanta-

tion embryos. Cell. 2016;165(4):1012-1026.

39. Zhou F, Wang R, Yuan P, et al. Reconstituting the transcriptome and

DNA methylome landscapes of human implantation. Nature. 2019;

572(7771):660-664.

40. Gerri C, McCarthy A, Alanis-Lobato G, et al. Initiation of a conserved

trophectoderm program in human, cow and mouse embryos. Nature.

2020;587(7834):443-447.

41. Lee CQ, Gardner L, Turco M, et al. What is trophoblast? A combina-

tion of criteria define human first-trimester trophoblast. Stem Cell

Rep. 2016;6(2):257-272.

42. Home P, Kumar RP, Ganguly A, et al. Genetic redundancy of GATA

factors in the extraembryonic trophoblast lineage ensures the pro-

gression of preimplantation and postimplantation mammalian devel-

opment. Development. 2017;144(5):876-888.

43. Muhlhauser J, Crescimanno C, Kasper M, et al. Differentiation of

human trophoblast populations involves alterations in cytokeratin

patterns. J Histochem Cytochem. 1995;43(6):579-589.

44. Tocci A. The unknown human trophectoderm: implication for biopsy at

the blastocyst stage. J Assist Reprod Genet. 2020;37(11):2699-2711.

45. MacPhee DJ, Mostachfi H, Han R, Lye SJ, Post M, Caniggia I. Focal

adhesion kinase is a key mediator of human trophoblast development.

Lab Invest. 2001;81(11):1469-1483.

46. Fang L, Gao Y, Wang Z, et al. EGF stimulates human trophoblast cell

invasion by downregulating ID3-mediated KISS1 expression. Cell

Commun Signal. 2021;19(1):101.

47. Klaffky EJ, Gonzales IM, Sutherland AE. Trophoblast cells exhibit differ-

ential responses to laminin isoforms. Dev Biol. 2006;292(2):277-289.

48. Zhao H, Jiang Y, Cao Q, Hou Y, Wang C. Role of integrin switch and

transforming growth factor Beta 3 in hypoxia-induced invasion inhibition

of human extravillous trophoblast cells. Biol Reprod. 2012;87(2):47.

49. Brkic J, Dunk C, O'Brien J, et al. MicroRNA-218-5p promotes endo-

vascular trophoblast differentiation and spiral artery remodeling. Mol

Ther. 2018;26(9):2189-2205.

50. Gan Y, Zhao X, Hu J, Wang ZG, Zhao XT. HCCS1 overexpression

induces apoptosis via cathepsin D and intracellular calcium, and

HCCS1 disruption in mice causes placental abnormality. Cell Death

Differ. 2008;15(9):1481-1490.

51. Hannan NJ, Salamonsen LA. CX3CL1 and CCL14 regulate extracellu-

lar matrix and adhesion molecules in the trophoblast: potential roles

in human embryo implantation. Biol Reprod. 2008;79(1):58-65.

52. Lindenmair A, Nurnberger S, Stadler G, et al. Intact human amniotic

membrane differentiated towards the chondrogenic lineage. Cell Tis-

sue Bank. 2014;15(2):213-225.

53. Horii M, Li YC, Wakeland AK, et al. Human pluripotent stem cells as a

model of trophoblast differentiation in both normal development and

disease. Proc Natl Acad Sci U S A. 2016;113(27):E3882-E3891.

54. Kalkunte SS, Mselle TF, Norris WE, Wira CR, Sentman CL, Sharma S.

Vascular endothelial growth factor C facilitates immune tolerance and

endovascular activity of human uterine NK cells at the maternal-fetal

interface. J Immunol. 2009;182(7):4085-4092.

55. Ma LY, Li GL, Cao GM, et al. dNK cells facilitate the interaction

between trophoblastic and endothelial cells via VEGF-C and HGF.

Immunol Cell Biol. 2017;95(8):695-704.

56. Massuto DA, Kneese EC, Johnson GA, et al. Transforming growth factor

beta (TGFB) signaling is activated during porcine implantation: proposed

role for latency-associated peptide interactions with integrins at the

conceptus–maternal interface. Reproduction. 2010;139(2):465-478.

57. Haouzi D, Dechaud H, Assou S, Monzo C, de Vos J, Hamamah S.

Transcriptome analysis reveals dialogues between human trophecto-

derm and endometrial cells during the implantation period. Hum

Reprod. 2011;26(6):1440-1449.

58. Pastor WA, Chen D, Liu W, et al. Naive human pluripotent cells fea-

ture a methylation landscape devoid of blastocyst or germline mem-

ory. Cell Stem Cell. 2016;18(3):323-329.

59. Guo G, von Meyenn F, Santos F, et al. Naive pluripotent stem cells

derived directly from isolated cells of the human inner cell mass. Stem

Cell Rep. 2016;6(4):437-446.

60. Guo G, von Meyenn F, Rostovskaya M, et al. Epigenetic resetting of

human pluripotency. Development. 2017;144(15):2748-2763.

61. Messmer T, von Meyenn F, Savino A, et al. Transcriptional heteroge-

neity in naive and primed human pluripotent stem cells at single-cell

resolution. Cell Rep. 2019;26(4):815-824 e4.

62. Li R, Zhong C, Yu Y, et al. Generation of blastocyst-like structures

from mouse embryonic and adult cell cultures. Cell. 2019;179(3):687-

702 e618.

63. Yan L, Yang M, Guo H, et al. Single-cell RNA-Seq profiling of human

preimplantation embryos and embryonic stem cells. Nat Struct Mol

Biol. 2013;20(9):1131-1139.

64. Reik W, Walter J. Genomic imprinting: parental influence on the

genome. Nat Rev Genet. 2001;2(1):21-32.

65. Tucci V, Isles AR, Kelsey G, et al. Genomic imprinting and physiologi-

cal processes in mammals. Cell. 2019;176(5):952-965.

66. Maruo T, Matsuo H, Otani T, Mochizuki M. Role of epidermal growth

factor (EGF) and its receptor in the development of the human pla-

centa. Reprod Fertil Dev. 1995;7(6):1465-1470.

67. Ferretti C, Bruni L, Dangles-Marie V, Pecking AP, Bellet D. Molecular

circuits shared by placental and cancer cells, and their implications in

the proliferative, invasive and migratory capacities of trophoblasts.

Hum Reprod Update. 2007;13(2):121-141.

68. Zhang W, Yao C, Luo Y, et al. Rif1 and Hmgn3 regulate the conver-

sion of murine trophoblast stem cells. Cell Rep. 2022;38(13):110570.

69. Rayon T, Menchero S, Nieto A, et al. Notch and hippo converge on

Cdx2 to specify the trophectoderm lineage in the mouse blastocyst.

Dev Cell. 2014;30(4):410-422.

70. Peng K, Li X, Wu C, et al. Derivation of haploid trophoblast stem cells

via conversion in vitro. iScience. 2019;11:508-518.

71. Niwa H, Toyooka Y, Shimosato D, et al. Interaction between Oct3/4

and Cdx2 determines trophectoderm differentiation. Cell. 2005;

123(5):917-929.

72. Castel G, Meistermann D, Bretin B, et al. Induction of human tropho-

blast stem cells from somatic cells and pluripotent stem cells. Cell Rep.

2020;33(8):108419.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Zhang Y, An C, Yu Y, et al. Epidermal

growth factor induces a trophectoderm lineage transcriptome

resembling that of human embryos during reconstruction of

blastoids from extended pluripotent stem cells. Cell Prolif.

2022;55(11):e13317. doi:10.1111/cpr.13317

14 of 14 ZHANG ET AL.

info:doi/10.1111/cpr.13317

	Epidermal growth factor induces a trophectoderm lineage transcriptome resembling that of human embryos during reconstructio...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  ETHICS STATEMENT
	2.2  Establishment and culture conditions of human EPSCs
	2.3  Gradient induction experiments with different concentrations of BMP4
	2.4  Different optimization schemes of BMP4 differentiation
	2.5  CCK-8 assay
	2.6  Generation of blastoids derived from human EPCs in vitro for three-dimensional culture
	2.7  Extended culture of human EPSC-derived blastoids for 8 and 10days in vitro
	2.8  Immunofluorescence stanning
	2.9  RNA-seq library preparation and data analysis
	2.10  Single-cell RNA-sequencing library preparation and data analysis
	2.11  Statistical analysis

	3  RESULTS
	3.1  TE-like cells derived from human EPSCs are similar to the human trophectoderm lineage at the transcriptomic level
	3.2  TE-like cells derived from human EPSCs, but not from naive hPSCs, correctly enhance TE signalling pathways and maintai...
	3.3  TE-like cells derived from human EPSC induction are optimized under small molecule compound selection
	3.4  Human blastoid construction is enhanced using TE-like cells derived from human EPSCs induced by EGF
	3.5  Single-cell transcriptome analysis of three lineages of blastoids

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


