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Abstract

Objective: To study the use of human embryonic stem cell (hESC)-derived trophoblastic
spheroid (BAP-EB) as human blastocyst surrogate for studying early implantation and
trophoblast development.

Design: Laboratory study.
Setting: University research laboratory.

Patients/Animals: hESCs (VAL3 and H9/WAOQ9) and endometrial aspirates donated from
infertile patients.

Interventions: BAP-EB were derived from hESC. The transcriptomes of BAP-EB were
analysed by next-generation RNA sequencing. The effects of Hippo signalling pathway were
studied by a YAP inhibitor. The attachment of BAP-EB onto primary endometrial epithelial
cells (EEC) collected at pre-receptive and receptive phases were compared. Antibody blocking
assay was used to study the molecule(s) involved in BAP-EB attachment.

Main Outcome Measures: Gene expression profiles and endometrial cell attachment rates.

Results: BAP-EB differentiation protocol for VAL3 could be used to induce trophoblast
differentiation in another hESC line, H9. Transcriptomic analysis showed that the epiblast
signature gene expressions were reduced, while that of the trophoblast were induced during
BAP-EB differentiation. Specifically, trophectoderm (TE) signature genes were induced in
BAP-EB at 48h and 72h post-induction of differentiation. Hippo signalling pathway was one
of the pathways induced during BAP-EB differentiation. YAP1 inhibitor significantly reduced
attachment, outgrowth and trophoblast gene expressions of BAP-EB. Besides, significantly
higher number of BAP-EB derived from both VAL3 and H9 attached onto receptive EEC than
pre-receptive EEC. Antibody blocking assay demonstrated that endometrial E-cadherin might
be critical in early implantation.

Conclusion: The data suggested BAP-EB possess TE-like signature and supported the use of
BAP-EB as blastocyst surrogate for the study of trophoblast development and endometrial
receptivity.



Introduction

Development of trophectoderm (TE) and its subsequent differentiation to trophoblast
are critical to implantation (1). As the supply of human embryos is limited and its use for
research has ethical concerns, various models have been used to decipher these
developmental events. However, species-specific differences limit the extrapolation of
developmental findings from animal to human (2, 3). The commonly used primary trophoblast
or choriocarcinoma cell lines derived spheroids as embryo surrogates (2) also have their
limitations. First, the availability of early placental tissues and proliferation of the derived
trophoblast in culture are limited. Second, the choriocarcinoma cells possess cancerous
characteristics and may not resemble the early embryos. Third, these mature trophoblastic cells
are at developmental stages later than that of the TE (2).

To study the early trophoblastic cells, trophoblast stem cells (TSC) are derived from
mouse blastocysts (4) and very recently from human blastocysts (5). Notably, Caudal Type
Homeobox 2 (CDX2) which is the mouse trophectoderm genes (6) and detected at the TE of
cultured E6 human embryos (7), is weakly expressed in the human TSC (5), suggesting that
human TSC might not represent the TE cells in blastocysts.

Simultaneous treatments with bone morphogenic protein 4 (BMP4) and blockage of
SMAD?2/3 and MEK1/2 pathways induced differentiation of human embryonic stem cells
(hESC) into trophoblast (8-11). To generate embryo surrogates for early implantation study,
we have established the hESC-derived trophoblastic spheroids (BAP-EB) which resembled
human blastocysts in size and with a blastocoel-like cavity (12). They expressed
trophectodermal/trophoblastic markers. In contrast to the choriocarcinoma spheroids that
attached to all the cell types tested, BAP-EB attached specifically onto receptive endometrial
epithelial cells (12).

The present study aimed at studying the transcriptome of BAP-EB during differentiation
and comparing with the published transcriptomes of human preimplantation embryos. We
further determined the potential use of BAP-EB as a human blastocyst surrogate for studying
early implantation process and trophoblast development.

Material and Methods

Human ESC culture and trophoblast differentiation

Human ESC lines VAL3 and H9 obtained from the Spanish Stem Cell Bank (Spain)
and the WiCell Research Institute (USA), respectively, were maintained as described (12).
BAP was used to induce trophoblast differentiation in a three-dimensional (BAP-EB) (12)
format.

Isolation of endometrial epithelial cells and primary trophoblastic cells

To obtain the endometrial aspirates for isolation of epithelial cells from receptive and
non-receptive endometrium, infertile women were recruited during their I\VF treatments.
Endometrial biopsies were taken on Day hCG+2 (n=29) or hCG+7 (n=25) when the women
did not have an embryo transfer due to failure of fertilization, failure of men in submitting a
semen sample after egg collection, or failure of finding sperm in testicular biopsy in men with
non-obstructive azoospermia. Endometrial epithelial cells (EEC) and primary trophoblastic
cells were isolated as previously described (12). Written informed consent was obtained from



all subjects recruited and the study protocol was approved by the Institutional Review Boards
of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (IRB: UW 16-
094).

Next Generation RNA sequencing and bioinformatics analysis

RNA was extracted from 18 samples including undifferentiated VAL3 (n=2), BAP-EB
differentiated for Oh (n=4), 24h (n=2), 48h (n=4), 72h (n=4) and 96h (n=2). RNA sequencing
(RNA-seq) was performed by Illumina Pair-End sequencing of 101bp using Illumina HiSeq
SBS Kit v4 and HiSeq PE Cluster Kit v4 cBot on an Illumina HiSeq 1500 instrument (Illumina
Inc.). The average read counts were 52-64 million reads per sample. The sequencing reads
generated from each sample were aligned to the human genome (UCSC hg19) with Subread
aligner (http://subread.sourceforge.net/) (13). The gene count matrix was transformed into
transcript per kilobase million (TPM) or count per kilobase million (CPM). Differential
expression analysis was performed with R package linear models for microarray data
(http://bioinf.wehi.edu.au/limma/) (14). The differentially expressed genes were identified
using thresholds of FDR < 0.05 and fold change > 2.

Additional RNA-seq data from published studies were obtained from the gene
expression omnibus (GEO) (Accession number: GSE36552) and ArrayExpress (Accession
number: E-MTAB-3929). Single-cell transcriptomes of 1529 individual cells isolated from 88
human preimplantation embryos collected at embryonic day 3 to day 7 (E3 to E7) (15) were
included in the analysis. The gene count matrices between different studies were adjusted for
non-biological experimental variations using COMBAT (https://www.bu.edu/jlab/wp-
assets/ComBat/Abstract.html). T-distributed Stochastic Neighbor Embedding (t-SNE) analysis
was computed and plotted with Rtsne (https://github.com/jkrijthe/Rtsne). The heatmaps were
plotted with gplots using z-scores calculated for each gene across different samples. The
correlation plot was plotted with ggcorrplot using Pearson correlation analysis. Gene Set
Enrichment Analysis (GSEA) (software.broadinstitute.org/gsea) was performed using Pre-
ranked function. The gene lists from BAP-EB RNA-seq were ranked based on t-values derived
from limma. The gene sets were derived from published datasets. The enrichment statistics was
set as “weighted”.

Quantitative PCR and Immunocytochemistry
Quantitative PCR (qPCR) and immunocytochemistry were performed as previously
described (12) using qPCR primer-probes and antibodies (Supplemental Table S1).

BAP-EB attachment and outgrowth
The attachment and outgrowth of BAP-EB onto endometrial epithelial cells were
performed as described (12).

Cell viability assay

The Cell proliferation kit Il (XTT, Roche, Sigma) was used to determine cell viability
upon Verteporfin (VP, Tocris, Bio-Techne) treatment. VAL3 and H9 were seeded at 6000 and
10000 cells per well of 96-well plates (Corning). On the day of assay, the absorbance was
determined by an ELISA plate reader with a wavelength of 492 nm (Infinite F200, Tecan)
according to the manufacture’s instruction.

Statistical Analysis



Data were analysed and plotted using SPSS (IBM), Prism (GraphPad) and SigmaPlot
software (Jandel Scientific). Statistical analysis was performed by Chi-Square test, t-test, Rank
Sum test and One-Way ANOVA as appropriate. P<0.05 was considered as statistically
significant.

Results

BAP-EB differentiation protocol is applicable in another hESC line

Using the same differentiation protocol (12), BAP-EB derived from another hESC line,
H9 also possessed a blastocoel-like cavity (Supplemental Figure S1A), expressed trophoblast
markers (Supplemental Figure S1B), secreted placental hormone BhCG (Supplemental
Figure S1C) and attached specifically onto receptive endometrial epithelial cells
(Supplemental Figure S1D).

Transcriptome of BAP-EB

Eighteen RNA samples from hESC and BAP-EB at different time points post-induction of
differentiation (PID) were subjected to RNA-seq. An average expression of 21,118 (83%) out
of 25,343 RefSeq genes were detected in the 18 samples sequenced (Supplemental Table S2).
We validated the sequencing data by performing gPCR on some TE specific genes (GATAZ2,
GATA3, KRT18, TET2, CLDN4 and CDX2). The expressions of these genes were concordant
with the same increasing/decreasing trends as those found in the RNA-seq data (Supplemental
Figure S2).

Unsupervised hierarchical clustering showed that the samples were branched into two
major clusters corresponding to un- or less-differentiated cells (hESC, BAP-EB at Oh and 24h)
and differentiating cells (BAP-EB at 48h, 72h and 96h) (Figure 1A). T-distributed Stochastic
Neighbor Embedding (t-SNE) analysis also identified the two major clusters (Figure 1B). We
compared the expression patterns of selected functional gene sets. Epiblast (EPI) signature
genes (15) were highly expressed in hESC, and BAP-EB at Oh and 24h PID but dramatically
decreased from 48h PID and thereafter. On the contrary, TE (15) and trophoblast (16) signature
genes were induced from 48h PID onwards (Figure 1C).

Upon BAP differentiation, 770, 1898, 2286 and 2159 genes (fold change >2 and p<0.05)
were induced in BAP-EB-24h (Supplemental Table S3), BAP-EB-48h (Supplemental Table
S4), BAP-EB-72h (Supplemental Table S5) and BAP-EB-96h (Supplemental Table S6),
respectively. Gene ontology (GO) analysis showed that the most significant GO terms enriched
at 48h, 72h and 96h PID included cell-cell adhesion and desmosome (Supplemental Table S4,
S5, S6).

Transcriptome of attachment competent BAP-EB resembles that of human Day 7 polar
trophectoderm

The transcriptional profiles of BAP-EB were compared to two published transcriptomes
of human preimplantation embryos (15, 17). To allow comparison from these studies using
different platforms and sequencing depths, we adjusted the non-biological experimental
parameters between the published and our datasets using COMBAT (18). t-SNE plot showed
that the hESC, BAP-EB at Oh and 24h PID intermingled with the EPI samples, while BAP-EB
at 48, 72h and 96h PID intermingled with the TE samples from Yan’s (17) and Petropoulos’s
(15) E6 and E7 (Figure 1D). Unsupervised hierarchical clustering revealed similar findings
(Figure 1E). In addition, Pearson correlations of differentiating cells (48, 72h and 96h PID) to



TE were higher than to EPI (Supplemental Figure S3). Collectively, these results showed BAP-
EB transcriptome resembled that of TE cells.

The top 500 up- or -down regulated genes between trophectoderm (TE) and epiblast (EPI)
in the published data sets (15, 17) (Supplemental Table S7) and the differential gene lists of
BAP-EB at different time points PID were subjected to gene set enrichment analysis (GSEA)
(Figure 2). The normalized enrichment scores (NES), in which the magnitude indicated
correlations between gene sets and the expression dataset, were compared between different
groups. We first compared the differentially expressed genes of BAP-EB at 48h or 72h PID
relative to the untreated control (Oh) with the differentially expressed gene list of TE versus
EPI of late blastocysts from Yan’s data set (17). GSEA revealed positive NES values with the
TE up-regulated genes and negative values with the EPI up-regulated genes (Figure 2A),
suggesting that the expression profiles of BAP-EB at 48h or 72h PID were positively correlated
with that of TE. The same conclusion was reached by performing similar comparison with the
differentially up-/down-regulated genes in the TE of blastocysts on day 5 (E5), day 6 (E6) and
day 7 (E7) in the Petropoulos’s study (15) (Supplemental Figure S4).

GSEA comparisons were performed between differentially up-/down- regulated genes in
BAP-EB-72h relative to BAP-EB-48h against the differential gene list between E5-TE versus
E5 pre-lineage cells, E7-TE versus E6-TE and E6-TE versus E5-TE. Since BAP-EB-72h had
the highest NES value with E7-TE up-regulated genes, the analyses indicated that BAP-EB-
72h resembled most to E7-TE among other groups (Figure 2B).

The top 500 differentially expressed genes between E7 EPI and polar TE (pTE) or mural
TE (mTE) (15) were compared against differentially expressed gene list of BAP-EB-48h versus
BAP-EB-72h. GSEA analyses showed that the highest NES value was obtained between BAP-
EB-72hand E7 pTE (Figure 2C). When compared differentially expressed genes between pTE
or mTE at E6 or E7, the highest NES was observed at E7 (Figure 2D). We further analysed
the expression ratios of the reported 135 pTE signature genes (15) in BAP-EB-72h as compared
to those in BAP-EB-48h, it was found that the expression ratios of 123 out of 135 genes (>90%)
matched with that between pTE and mTE (Figure 2E). The top 25 differentially expressed
genes between E6-TE and E7-TE, and between BAP-EB at 48h and 72h were listed
(Supplemental Table S8).

Hippo signalling is involved during BAP-EB differentiation

The top 10 enriched KEGG pathways induced after differentiation for 24h to 96h were
listed (Figure 3A). Hippo signalling pathway was the common pathway enriched at all time
points. Hippo signalling is also one of the enriched KEGG pathways among TE up-regulated
genes when compared to EPI in human blastocyst as early as E5 (Supplemental Table S7).
We found induction of Hippo related genes (Supplemental Table S9) including YAP1, CDH1,
AMOT, TEAD1, TEAD3 but not TEAD4 during BAP-EB differentiation (Supplemental Figure
S5A). After treating BAP-EB-24h with Verteporfin (VP) at 1.25 nM, which did not affect cell
viability (Supplemental Figure S5B), YAP1 immunoreacitivity was reduced in the resulting
BAP-EB-72h (Figure 3B). The attachment rates (Figure 3C) and the outgrowth area (Figure
3D) of the treated BAP-EB on receptive endometrial epithelial cell line Ishikawa were also
reduced.

The effect of VP treatment on gene expressions of BAP-EB was followed. VP treatment
significantly increased the expression of pluripotent marker, OCT4 but decreased that of CDX2
in BAP-EB-48h when compared to the untreated control (p<0.01). Although VP had no effect
on ELF5 and GATAS3, the mRNA levels of trophoblastic markers including CDH1 at 48h PID,



CK7, and HLA-G at 72h PID, and ERVW-1 (Syncytin-1) and CGB at 96h PID were reduced
significantly upon VP treatments (Figure 3E).

Integrin-mediated and cell adhesion related pathways were enriched in attachment
competent BAP-EB

There were 678 genes up- and 868 genes down-regulated in the attachment competent
BAP-EB-72h when compared with the attachment incompetent BAP-EB-48h (fold change >2
and P<0.05, Supplemental Table S10). The GO terms and KEGG pathways were shown in
Supplemental Table S10. Some genes from the induced GO clusters and KEGG pathways in
BAP-EB-72h (Supplemental Figure S6A) were validated by qPCR and the results confirmed
significantly higher expressions of these genes in BAP-EB-72h than in BAP-EB-48h
(Supplemental Figure S6B).

BAP-EB as human embryo surrogate for the study of early implantation

The specific attachment potential of BAP-EB derived from VAL3 or H9 on primary
endometrial epithelial cells (EEC) was examined. It was found that significantly higher
attachment rates were obtained in EEC isolated from patients at their receptive phases (hnCG+7
day) for VAL3 (Mean = SD: 31.5+ 27.1% vs. 1.8 £ 3.1%, p<0.001) and H9 (32.9 £+ 22.9% vs
1.2 + 2.3%, p<0.001) when compared to pre-receptive phases (hCG+2 day) (Figure 4A).
Antibody blocking assay was followed by using antibodies against two attachment related
molecules, E-cadherin and integrin 3 during BAP-EB attachment. It was found that a
significantly lower BAP-EB attachment rate was found in the anti-E-cadherin antibody pre-
treated Ishikawa cells (26.5 £ 28.2%) when compared to its normal IgG control (67.6 = 33.0%,
p<0.05) or blank control (65.3 + 25.5%, n=5, p<0.05, Figure 4B). However, no difference was
found when antibody against integrin 3 was used (56.1 £+ 24.2% vs blank: 63.7 + 28.1% vs
rabbit IgG: 65.3 £ 32.5%, n=4, p>0.05, Figure 4B). The mRNA expressions of E-cadherin
(CDHZ1) were significantly lower in non-receptive endometrial cell lines AN3CA and HEC1-
B when compared to receptive cell lines Ishikawa and RL95-2 (Figure 4C).

Discussion

BAP-EB differentiation protocol was first applied to a hESC line VAL3 producing VAL3-
BAP-EB (12). In the present study, we applied the same protocol to another commonly used
hESC line, H9 and produced H9-BAP-EB. The characteristics of H9-BAP-EB were similar to
that of VAL3-BAP-EB in terms of morphologies, marker expressions and the specificities of
attachment onto endometrial cells. The data demonstrated the applicability of the
differentiation protocol to different hESC lines.

To obtain the transcriptional roadmap of the hESC-derived trophoblastic spheroids, we
performed RNA sequencing of BAP-EB at different time points PID. Gene clustering analysis
showed that biological replicates of each time points were clustered together, indicating the robustness
of the differentiation protocol. There are two major clusters separating the non-differentiated (hESC,
Oh) or differentiating (24h) BAP-EB from the more differentiated cells (48h, 72h, 96h). Selected
functional gene sets analysis further demonstrated the trophoblast differentiation as
demonstrated by the reduced EP1 signature genes (15) but induced TE (15) and trophoblast (16)
signature genes expression from 48h PID onwards. We further analysed the GO terms and
KEGG pathways enriched in BAP-EB. We found that cell-cell adhesion and desmosome are
among the most significant GO terms enriched from 48h to 96h, in line with failure of



disaggregation of the outer cells of Day 6 expanded blastocysts into single cells due to a
strongly adhered epithelium (19). Given the blastocyst-like structure and the high expression
of TE signature genes, the transcriptional profiles of BAP-EB were compared to two
independent studies documenting the transcriptomes of human preimplantation embryos. The
clustering analysis and GSEA suggested the TE signature of BAP-EB-48h and BAP-EB-72h.
We previously found that BAP-EB-72h but not BAP-EB-48h attaches specifically onto
receptive endometrial epithelial cells (12). It is thus logical to assume changes in gene
expression between BAP-EB-72h and BAP-EB-48h should be related to the change in
attachment competency. To determine if such gene changes occurred in human embryos,
GSEA comparisons were made between differentially up-/down- regulated genes in BAP-EB-
72h relative to BAP-EB-48h against the differential gene list between TE cells at different
developmental stages (E5, E6, E7). Interestingly, BAP-EB-72h resembled E7-TE as evident
from the highest NES value in GSEA.

We further analysed the reported 135 pTE signature genes (15) and found that BAP-EB-
72h closely resembled the E7 pTE while BAP-EB-48h was E7 mTE-like. These data matched
with the notion that human blastocysts adhere to endometrial epithelial cells with their polar
TE (pTE), the TE cells adjacent to the ICM (7, 20). Among the top 25 differentially expressed
genes between E6-TE and E7-TE, and BAP-EB at 48h and 72h, genes related to cell surface
receptors (TNFRSF21, MRGPRX1, CCKBR, TREMLZ2), placental function (GJA5, MMP2),
tissue remodelling (ADAMTS20) and interactome of human embryo implantation (GAST,
PGC) were induced in both E7-TE (vs E6-TE) and BAP-EB-72h (vs BAP-EB-48h). On the
other hands, genes that are related to ion pumps (ATP6V1B1, SLC7A3, SLC12A3) were
reduced, consistent with the collapse of the cystic structure of BAP-EB at 72h PID.

The top 10 enriched KEGG pathways induced after differentiation were highly similar
among different time points. Interestingly, Hippo signalling pathway was ranked first or second
among the pathways enriched for the genes induced from 24h to 72h PID. Hippo signalling
pathway is critical during the first cell differentiation into TE and ICM in mice (21); nuclear
localized TEAD together with its coactivator YAP induce expression of genes associated with
TE specification such as Cdx2 and Gata3 in mouse blastocysts (22). The role of Hippo
signalling in human early development is not well-documented. It has been suggested that the
Hippo signalling is conserved among species (23). Consistently, Hippo signalling is also one
of the enriched KEGG pathways among TE up-regulated genes when compared to EPI in
human blastocyst as early as E5, supporting its role in development of human TE.

Y AP, one of the targets and terminal effectors of Hippo signalling, was induced at 48h and
72h PID. We therefore used a small molecule named Verteporfin (VP) that inhibited TEAD-
Y AP association to study the role of Hippo signalling during BAP-EB differentiation. The VP
reduced YAP1 signal might be attributed to the increased YAPL degradation. In fact, VP
increased the levels of a YAP chaperon protein (14-3-3c), which sequestrated YAP in
cytoplasm and targeted them for degradation in the proteasome (24). The reduced YAP1 signal
was associated with reduced attachment and outgrowth of BAP-EB onto endometrial epithelial
cells, suggesting the role of Hippo signalling during early implantation process. VP treatment
also reduced the trophoblast marker expressions. The observations agreed with a recent study
showing that the inhibition of YAP1 and TEAD interaction by VP or YAP1 knockdown
reduced the blastulation rate, hatching rate and number of CDX2" cells in the bovine
blastocysts (25). Data obtained in the current study suggested the important role of Hippo
signaling in trophoblast development leading to implantation.

When compared with the attachment incompetent BAP-EB-48h, GO terms like
extracellular matrix organization, integrin-mediated signalling pathway and cell adhesion were
enriched in attachment competent BAP-EB-72h. Moreover, the embryo implantation related
KEGG pathways like ECM-receptor interaction, cytokine-cytokine receptor interaction and



focal adhesion were also induced in BAP-EB-72h. ECM-receptor interaction is one of the most
remarkable events during mouse implantation (26). Cytokine-cytokine receptor interactions
was identified as the second largest interactome during human embryo implantation (27). Focal
adhesion kinase plays an important role in growth factor- and integrin-mediated cell migration
(28) and regulating cell proliferation and motility during early placental development (29). On
the other hand, the enriched KEGG pathways for the suppressed genes in attachment competent
BAP-EB-72h were related to pathways like Wnt signalling and tight junction. The suppression
of these two pathways matched with the trophoblast differentiation and disappearance of cystic
structures from 48h to 72h PID.

VAL3-BAP-EB-72h but not VAL3-BAP-EB-48h attach onto receptive endometrial
Ishikawa cells and can be used as embryo surrogate in an in vitro implantation assay (12). H9-
BAP-EB-72h had similar property and the observations could be reproduced using primary
endometrial epithelial cells (EEC). The higher attachment rates of BAP-EB onto EEC collected
at receptive phases confirmed the specific interaction between BAP-EB-72h and the receptive
endometrium. To test whether BAP-EB-72h can be used for the study of early implantation
process, we performed antibody blocking assay during BAP-EB attachment. Adhesion
molecules like integrins and cadherins play key roles in blastocyst attachment. Intrauterine
injection of E-cadherin antibody (30) and Cdh1l ablation (31) reduced implantation in mice.
Integrin B3 is a biomarker of endometrial receptivity (32). In agreement with others (33, 34),
the mRNA expression of E-cadherin (CDH1) was barely detectable in non-receptive
endometrial cell lines AN3CA and HEC1-B, but highly expressed in receptive cell lines
Ishikawa and RL95-2. Together with another epithelial cell junctional molecule ZO-1, E-
cadherin is expressed in the uterine epithelial cells at peri-implantation period (35). Clinical
correlation also links lower E-cadherin expression to repeated implantation failure and
recurrent miscarriage (36). The current data indicated that E-cadherin might be critical for the
initial implantation process, supporting the use of the current coculture model for studying
interplay between the embryo and the endometrium.

Conclusion

We showed that BAP-EB differentiation protocol is applicable to other cell lines.
Transcriptomic analysis demonstrated reduction of epiblast signature genes and induction of
TE and trophoblast signature genes during BAP-EB differentiation. Specifically, TE signature
genes were induced in BAP-EB at 48h and 72h PID, which were associated with possession of
blastocyst-like structure and acquisition of attachment competency, respectively. We also
showed that Hippo signalling was involved in BAP-EB differentiation. The facts that BAP-EB
specifically attached onto receptive primary endometrial epithelial cells suggested the potential
use of the model for studying early implantation processes. The decision to pursue IVF
treatment is difficult due to high cost, physical and psychological burden, and low success rate
of the treatment. The development of a reliable predictive tool of implantation success and a
better understanding of the implantation process are important in providing optimal counselling
on chances of IVF success and in alleviating frustration among infertile couples with failed
IVF cycles. The current model also extends the use of BAP-EB as predictive tool for assessing
endometrial receptivity. In conclusion, we propose that BAP-EB is the best available embryo
surrogate for study of trophoblast development and endometrial receptivity.
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Figure Legend:

Figure 1: RNA-Seq transcriptome profiling of BAP-EB at different time points (A)
Unsupervised hierarchical clustering of 18 samples [hESC (n=2), BAP-EB at Oh (n=4), 24h
(n=2), 48h (n=4), 72h (n=4) and 96h (n=2)]. (B) t-SNE analysis showing the gene expression
pattern variation among cells at different stages of differentiation. (C) Heatmaps of selected
functional genes in differentiating BAP-EB. Normalized expression was plotted on a high-to-
low scale (red-black-green) of genes specific to epiblast (EPI), trophectoderm (TE) and
trophoblast. (D) t-SNE plot of BAP-EB (o), human early to late-blastocyst from Yan’s (I]) and
Petropulos’s (blue/green A) datasets. (E) Heatmaps of BAP-EB, human early to late-blastocyst
from Yan’s and Petropulos’s datasets.

Figure 2: Gene Set Enrichment Analysis (GSEA) of differentially expressed genes in
BAP-EB-48h or BAP-EB-72h verse published human blastocysts transcriptomes. GSEA
of differentially expressed genes in BAP-EB-48h or BAP-EB-72h against top 500 up (upper
plots) or down (bottom plots)-regulated genes between TE and EPI in Yan’s study (A) or TE
of different developmental days obtained from Petropoulos’s study (B). (C) GSEA of top 500
up or down-regulated genes between EPI and E7-pTE or E7-mTE with the differential gene
list between BAP-EB-48h or -72h verse -0h. (D) GSEA of top 500 up or down-regulated genes
between mTE and pTE in E6 or E7 with the differential gene list between BAP-EB-48h and -
72h. The normalized enrichment score (NES), p-value (p) and false discovery rate (FDR) are
shown under each plot. (E) the expression ratios of the reported 135 pTE signature genes [21]
in BAP-EB-72h as compared to 48h (black bars), and matched in the expression ratios of pTE
as compared to mTE (blue bars).

Figure 3: The effects of Verteporfin (VP) on BAP-EB differentiation. (A) The top 10
KEGG pathways induced at BAP treatment for 24h, 48h, 72h and 96h over BAP-EB-0h. (B)
The expression of YAP1 in VAL3 or H9 BAP-EB-72h after treated with VP or DMSO for 24h.
(C) The attachment rates of VAL3 or H9 BAP-EB-72h after VP (1.25nM) treatment from 24-
48h. N=5, *p<0.05 when compared to DMSO control. (D) The mean outgrowth area of VP
treated BAP-EB-72h on Ishikawa from Day 1 (D1) to D3. DO represent the mean size of BAP-
EB after attachment. *p<0.05 when compared to DMSO. (E) The relative mRNA levels of
OCT4, CDX2, ELF5, CDH1, GATA3, KRT7, CGB, ERVW-1, HLA-G and MMP2 in BAP-EB
treated with DMSO (black bars) or 1.25nM VP (grey bars) at 48h, 72h and 96h PID. hESC
(white bars) was also included. *p<0.05 when compared between DMSO and VP treatments at
the same time points.

Figure 4: BAP-EB as blastocyst surrogate for implantation study. (A) Attachment rate of
BAP-EB-72h derived from VAL3 or H9 on primary EEC isolated from endometrium at hCG+2
(+2) or hCG+7 (+7) stage. *p<0.05, t test. (B) The attachment rates of VAL3-BAP-EB-72h on
Ishikawa cells that were pre-incubated with antibodies against E-cadherin or integrin 33 (grey
bars) and their corresponding 1gG (white bars). Ishikawa cells without treatment (blank, black



bars) were included as controls. (C) Relative CDH1 mRNA levels in Ishikawa, RL95, HEC-
1B and AN3CA EEC cell lines. @ 2¢b¢ n<0.05.

Supplemental Figure S1: BAP-EB derived from H9. (A) Representative diagrams of H9
BAP-EB after -0h, -24h, -48h, -72h, -96h and -120h of BAP treatment. (B) The relative mRNA
levels of pluripotent marker (OCT4), trophectoderm markers (CDX2 and ELF5), trophoblast
marker (KRT7), STB marker (CGB) and EVT marker (HLA-G) in hESC (ES) and during BAP-
EB differentiation at Oh, 48h, 72h, 96h and 120h PID. * p<0.05. (C) BhCG levels in H9-BAP-
EB spent media collected at 96h and 120h after BAP treatment. (D) The attachment rates of
H9-BAP-EB-72h (black bar) and JEG3 spheroid (grey bar) onto receptive endometrial
epithelial cell line Ishikawa (Ishi), non-receptive endometrial epithelial cell lines HEC1B (HEC)
and AN3CA (AN), oviductal epithelial cell line OE-E6/E7 (OE) and non-endometrial HeLa
cell line.

Supplemental Figure S2: Validation of RNA sequencing. Real time quantitative analysis of
TE markers (GATA2, GATA3, KRT18, TET2, CLDN4 and CDX2) during BAP-EB
differentiation. The differential expression patterns were compared to the TPM values obtained
in RNA-seq data.

Supplemental Figure S3: Pearson correlation plot. Correlation plot showing the distances
between transcriptomes of un-differentiated (BAP-EB-0h) and BAP-EB (-24h, 48h, 72h, 96h)
with TE and EPI obtained from Yan's (Y’s) and Petropoulos’s (P’s) studies. The correlation
values between each sample were obtained from Pearson correlation analysis.

Supplemental Figure S4: GSEA analysis. GSEA of differentially expressed genes in BAP-
EB-48h or 72h against top 500 up (upper plots) or down (bottom plots)-regulated genes
between TE and EPI obtained from Petropoulos’s study. The normalized enrichment score
(NES), p-value (p) and false discovery rate (FDR) are shown under each plot.

Supplemental Figure S5: Hippo signalling pathway study. (A) The relative mMRNA levels
of YAPL, TEAD1, TEAD3, TEAD4, CDH1 and AMOT during BAP-EB differentiation (*
p<0.05, Mann- Whitney U test, n=5). (B) the relative proliferation rates of VAL3 and H9 during
BAP differentiation from Oh to 120h with or without 0.5 (blue), 1.25 (red) and 2.5 (green) nM
VP treatments. DMSO was included as controls.

Supplemental Figure S6: KEGG pathway enrichment analysis of BAP-EB-72h (verse -
48h). (A) Lists of genes in BAP-EB-72h enriched KEGG pathways (P<0.05). (B) Real time
quantitative analysis of selected genes (bold and underlined) in the KEGG pathways during
BAP-EB differentiation. Statistical analysis was performed between BAP-EB-48h verse -72h
(Mann-Whitney U test, *P<0.05, n=4).
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Figure S1
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Figure S1: Transcriptome profiling of BAP-EB by RNA sequencing (related to Figure 1). (A) Plots of TPM values for

selected genes (CLDN10, TRIML1 and PLACS) showing the gene expression levels in BAP-EB at different time points. (B)
Real time quantitative analysis of TE markers (GATA2, GATA3, KRT18, TET2, CLDN4 and CDX2) during BAP-EB

differentiation. The differential expression patterns were compared to the TPM values obtained in RNA-seq data. (C) A

representative image of the invaded cells from BAP-EB-96h in Transwell invasion assays. (D) The expression levels (TPM)

of syncytiotrophoblast markers (CYP19A1 and GCM1) during BAP-EB differentiation.
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Figure S2: KEGG pathway enrichment analysis of BAP-EB-72h (verse -48h) (related to Table 1). (A) Lists of genes
in BAP-EB-72h enriched KEGG pathways. (B) Real time quantitative analysis of selected genes in the KEGG pathways
during BAP-EB differentiation. Statistical analysis was performed between BAP-EB-48h verse -72h (Mann-Whitney U

test, ¥*P<0.05, n=4).
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Figure S3: Unsupervised hierarchical clustering of RNA sequencing data of differentiating BAP-EB at different time
points (hESC, Oh, 24h, 48h, 72h and 96h) and human preimplantation embryos (o: oocytes; zy: zygotes; 2c: 2-cell; 4c: 4-
cell; 8c: 8-cell; m: morula; EPI: epiblast; PE: primitive endoderm; TE: trophoectoderm). Related to Figure 2.
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Figure S4: Common genes enriched or suppressed in attachment competent BAP-EB-72h and human E7-TE prior to
implantation (Related to Figure 4). (A) Top 20 differentially expressed genes between E7-TE verse E6-TE that were also
differentially expressed between BAP-EB at 72h verse 48h. (B) Folds enriched (left) and suppressed (right) of the 20
differentially expressed genes (E7-TE/E6-TE) in BAP-EB at 72h verse 48h (72h/48h).
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Figure S5: The relationship of the whole genome methylation status in human TE cells and the gene expression pattern
in BAP-EB at 48h and 72h (related to Figure 5). (A) Pearson correlation matrix for the biological replicates of human TE
and human ESC samples acquired from Smith et al., 2014 (B) Clustering of human TE and ESC global DNA methylation
profiles. (C) The distribution of differentially methylated CpG sites across the mapped genes that overlapped with promoter,
exon, intron or intergenic regions. (D) GSEA for determining whether top 500 differentially methylated genes between human
TE and ESC samples were correlated with gene expression changes in BAP-EB. The pre-ranked gene lists were obtained
according to changes in gene expression levels between BAP-EB (48h or 72h) and undifferentiated VAL3.
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Figure S6: Correlations of DNA methylation status and gene expression of ELF5 between trophoblastic cell
differentiated from two dimensional (BAP/2D) and embryoid body model (BAP-EB/3D) (related to Figure 6). (A)
Pyrosequencing results of the average percentage of DNA methylated ELF5 promoter region in hESC (black bar), BAP/2D
(grey bars) and BAP-EB/3D (white bars) at different differentiation time points (* P<0.05, Mann-Whitney U test, n=4). (B)
The relative gene expression of ELF5 during BAP-EB differentiation.



