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DEVELOPMENTAL BIOLOGY

Primary specification of blastocyst trophectoderm by
scRNA-seq: New insights into embryo implantation
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Mechanisms of implantation such as determination of the attachment pole, fetal-maternal communication, and
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underlying causes of implantation failure are largely unexplored. Here, we performed single-cell RNA sequencing
on peri-implantation embryos from both humans and mice to explore trophectoderm (TE) development and
embryo-endometrium cross-talk. We found that the transcriptomes of polar and mural TE diverged after embryos
hatched from the zona pellucida in both species, with polar TE being more mature than mural TE. The implanta-
tion poles show similarities in cell cycle activities, as well as in expression of genes critical for implantation and
placentation. Embryos that either fail to attach in vitro or fail to implant in vivo show abnormalities in pathways
related to energy production, protein metabolism, and 185 ribosomal RNA m®A methylation. These findings
uncover the gene expression characteristics of humans and mice TE differentiation during the peri-implantation

period and provide new insights into embryo implantation.

INTRODUCTION

In mammals, successful implantation is the basis of pregnancy
establishment. However, even genetically normal blastocysts fail to
implant at a rate of 40 to 50% (1). During implantation, the outer
layer of blastocyst cells, namely, the trophectoderm (TE), develops
into the trophoblast lineage that directly attaches to and invades a
synchronized endometrium (2). Any abnormalities in either the
embryo or the endometrium will result in implantation failure.
Compared to the effects of endometrial factors, the impact of
blastocyst TE on gestational outcomes has long been underestimated
(3). However, there has been growing interest in studies of the
correlation between TE cell development and implantation in re-
cent years. During the blastocyst stage, the embryo polarizes with its
compact inner cell mass (ICM) surrounded by a monolayer of TE
moving to one side. Despite the long-held notion that the entire TE
layer has an equal potential to interact with the endometrium and to
form an implantation site (4), it has recently been increasingly
recognized that the polar and mural TE cells are different in their
potentials (5, 6). In species such as pigs, horses, guinea pigs, mice,
and rats, the embryo consistently orients itself toward, attaches to,
and invades the endometrium via the mural TE (7, 8). In humans
and nonhuman primates, however, it is the polar TE that attaches to
the endometrium (9, 10). Mouse models have been used as powerful
tools to study embryo implantation. However, the differential mecha-
nisms underlying TE cell development and implantation initiation
in mice and humans remain elusive.
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At present, it remains unclear how mural and polar TEs play
their roles in anchoring the embryo to the endometrium. Because
of the inaccessibility of in vivo experimentation at the attachment
stage, in vitro models have become vital tools to investigate embryo
development and cell-cell cross-talk at the implantation site. Post-
implantation embryo culture systems have been established in the
absence of maternal tissues. In certain conditioned culture medium,
embryos can be attached to the culture dish on day 7, the same time
they normally implant in vivo, and the cultured embryos can
autonomously organize themselves for further development (11).
This model of cultured human embryos from the preimplantation
period to the postimplantation period has been applied to investi-
gate TE cell development during early implantation (12). However,
this model is not detailed enough to investigate embryo-endometrium
interaction. Because of the limited accessibility of primary human
endometrial epithelial cells, the endometrial adenocarcinoma-derived
Ishikawa (ISK) cell line has become a powerful tool to study embryo
implantation. Coculture of mouse or human embryos with ISK cells
was previously described (13, 14), enabling the exploration of
human embryo-endometrium cross-talk. Recent single-cell tran-
scriptome studies have provided abundant data on the specification
of three lineages, including epiblast (EPI), primitive endoderm
(PE), and TE, in preimplantation human embryos and extensively
analyzed the differentiation of blastocyst TE (5, 6, 15-17). Specifi-
cally, single-cell RNA sequencing (scRNA-seq) was used to analyze
trophoblast differentiation at the postattachment stage (from days 8
to 12) (18) and in first-/second-trimester human placentas (19).
Another study showed that TE transcription patterns shifted from
days 6 to 14, and trophoblast subpopulations were defined (20).
However, more detailed information is needed regarding the TE
cell sublineage during the periattachment stage.

This study focused on TE cell development from the preimplanta-
tion stage to attachment to ISK cells in vitro. scRNA-seq analysis has
been applied to investigate human and mouse peri-implantation embryo
cells obtained from physically dissected polar and mural poles to
classify the subpopulations of TE cells. We aimed to elucidate the
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gene expression characteristics of polar and mural TE cells at differ-
ent developmental stages. Upon the establishment of an embryo-
endometrial cell coculture system, we investigated cell-cell interactions
between TE and endometrial cells and observed the functional roles of
different TE sublineages in embryo implantation. We further examined
the factors that may cause implantation failure by comparing the
characteristics of embryos that failed to attach to the endometrium
in vitro with those of embryos that failed to implant in vivo.

RESULTS

In this study, we collected both human and mouse embryos during
the preimplantation stage. Human embryos were donated by patients
undergoing in vitro fertilization (IVF) treatment, and all participants
signed an informed consent form. To simplify the stage presenta-
tions of embryos from humans and mice, blastocysts with an intact
zona pellucida [B3 and B4 embryos in Gardner grading, days 5 and

6 in humans and embryonic day 3.5 (E3.5) in mice] were defined
as stage I (S1), and completely hatched B6 embryos (days 6 and
7 inhumans and E4.5 in mice) were defined as stage IT (S2). Hatched
blastocysts cocultured with ISK cells for 24 hours (days 7 and 8 in
humans and E5.5 in mice) were defined as stage III (S3) (Fig. 1, A and B).
Each embryo was dissected into two parts with a laser (under micro-
scopic guidance) along the edge of the ICM (Fig. 1, C to E). Human
embryos attached to ISK cells on the polar side, similar to that in vivo
(Fig. 1F). Before laser dissection, S3 embryos were carefully re-
moved by detaching the cells around the attachment site. Clusters
of polar and mural cells were further separated into individual sin-
gle cells via enzyme digestion for scRNA-seq. Cell aggregates from
the polar poles were composed of a mixture of the ICM, TE, and
cocultured Ishikawa cells (coISK), while the mural poles were com-
posed of practically pure TE cells (Fig. 1, C to E).

After the exclusion of cells that failed to meet certain data quality
thresholds, a total of 2327 individual cells were analyzed in this
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Fig. 1. scRNA-seq transcriptome profiling of peri-implantation embryos. (A) Representative images of three human embryonic stages. Left: Stage |, B3 and B4, days
5and 6, blastocyst with zona. Middle: Stage II, B6, days 6 and 7, hatched blastocyst. Right: Stage Ill, days 7 and 8, hatched blastocyst cocultured with ISK cells for 24 hours
and attached to ISK cells. Scale bar, 50 um. (B) Representative images of mouse stage Ill embryo. Scale bars, 100 um. (C) Schematic illustration of TE cell subtype
identification. Blue cell: MTE, pink cell: PTE, orange cell: PE, purple cell: EPI, and green cell: colSK. (D and E) Process of dissecting S2 (D) and S3 (E) embryos under
microscopy by laser and digested single cells. The red line shows the cutting path. (F) Immunofluorescence images show the embryo-endometrial cell coculture system

(human embryo).

Liu et al., Sci. Adv. 8, eabj3725 (2022) 10 August 2022

20f13



SCIENCE ADVANCES | RESEARCH ARTICLE

study (fig. S1A). Among these cells, a total of 1719 cells from human
and mouse embryos (S1 to S3), including ISK cells, were analyzed for
TE development and cell-cell cross-talk; 163 cells from two partially
hatched (B5) human blastocysts were retained to analyze the cells at
the hatching site, and 437 cells from four embryos with attachment
failure (AF) and 8 cells biopsied from embryos for preimplantation
genetic testing were used for implantation failure analysis.

Development and differentiation of human TE cells

A total of 25 human embryos, comprising 8 S1 embryos, 12 S2
embryos, and 5 S3 embryos (embryos that failed to attach were
excluded), were collected along with two clusters of coISK; all sam-
ples were analyzed for human TE cell differentiation (fig. S1A). On
average, 7077 genes and 0.7 million transcripts were expressed in
each cell (fig. S1, B and C, and table S1). Unsupervised hierarchical
clustering results showed that cells from the same developmental
stage were clustered together, excluding cells from a few embryos
that may have been in transitional developmental stages. Cells from
the same pole were closer than those from different poles within
each stage (fig. S1D). Principal components analysis (PCA) revealed
that cells presented stage continuity (fig. S1E). Uniform manifold
approximation and projection (UMAP) showed distinct clusters
of TE, ICM, and coISK. As expected, all ICM cells were specifically
located in the embryonic pole (fig. S1F). Different cell types could
be distinguished by the expression of certain marker genes, such as
CDX2, GATA2, and GATA3 for TE; SOX2, NANOG, and POU5F1
for EPI; and GATA4, PDGFRA, and FOXA2 for PE (5, 15). The ISK
cells that adhered to the embryos were distinguished from em-
bryonic cells by clustering with experimental labeled coISK cells
(fig. S1, Fand G).

Gene Ontology (GO) analysis was performed to identify the sig-
natures most strongly associated with each stage of TE (fig. S2A and
table S2). S1 TE cells were active in metabolism, energy production,
and the assembly of cell-cell junctions, contributing to the develop-
ment of a functional outer TE layer on the blastocyst. S2 TE cells
were active in nitrogen compound biosynthetic processes and vitamin
metabolic processes, especially folic acid metabolism. For S3 TE, the
top GO terms were translational elongation, cell proliferation, blood
vessel development, and hormonal responses. As determined by the
gene expression tendencies, nine clusters of differentially expressed
genes (DEGs) were classified in S1 to S3 TE (fig. S2B). Among these
DEGs, the expression of ESRRB, which is required for mouse
trophoblast stem cell self-renewal, and the pluripotency marker gene
POUSFI (21, 22) were decreased as TE cells developed. The placental
development genes DLX3, RXRA, and PPARG (23-25) were in-
creasingly expressed in TE cells with embryo development. Cell
cycle genes that regulated the G;-S transition, including CCNEI and
CDK2, were up-regulated in S3 TE cells, while those controlling the
G»-M transition, including CCNBI and CDK1, were down-regulated,
suggesting that DNA replication increased while cell division de-
creased in S3 TE cells (fig. S2C).

Human blastocysts are consistently attached to endometrial cells
by the polar side (10). To comprehend the differences between TE
cells from the polar and mural sides, we physically dissected the
embryos with a laser to separate the polar part from the mural part.
ICM and TE cells were clearly distinguished by cell clustering at all
three stages (Fig. 2A) and defined by traditional marker genes
(fig. S3A). At stage I, no obvious subtypes were observed among the
TE cells. At stage II, four TE subtypes were identified. Combining
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location information, the cell type found mostly in the polar part
was characterized as PTE (polar TE), and the type found mostly in
the mural part was defined as MTE (mural TE). Because the boundary
between polar and mural TEs is blurry, both PTE and MTE included
small numbers of cells from the other side. The following analyses
were based on clustered cell types instead of cell locations. Three
subclusters of MTEs were observed at stage II. Among the three
subgroups of MTEs, the gene expression profiles of MTE1 and
MTE2 were similar, while that of MTE3 was closer to that of PTE
(Fig. 2B and table S3). Pseudotime analysis of S2 TEs showed that S2
PTE was more mature than S2 MTE, as S2 PTE was at the end of the
trajectory. The developmental stage of MTE3 was between those of
MTE1/2 and PTE, indicating that MTE3 represents a transitional
state (fig. S3B). We merged our S2 embryo datasets with the corre-
sponding stage of embryos (embryonic days 6 and 7) from a previ-
ous study (5), and the distribution of cells from the two studies were
mixed very well (Fig. 2A). The cell types of S2 PTE and three S2
MTEs were further verified by comparison with the datasets from
this study (fig. S3, C and D). When cocultured with ISK cells for
24 hours, TE cells can be clearly divided into PTE and MTE
(Fig. 2A). Specifically, PTE started to prepare for placental develop-
ment by enriching genes involved in cellular responses to hormone
stimuli and blood vessel development. MTE, however, was more
active in energy metabolism (fig. S4A). The gene expression patterns
of S2 PTE and S3 PTE were very similar in regard to cell motion, in
utero embryonic development, and hormonal responses (Fig. 2B).
Genes related to metabolism and cell cycle regulation, however,
showed different expression patterns. The cell cycle was less active
in PTE than in MTE. Notably, the cell cycle was even more inactive
in S3 PTE than in S2 PTE (fig. S4, B to D). Thus, it appears that the
transcriptome of PTE and MTE have become distinct after hatching
from the zona pellucida, with PTE being the more mature of the two
(Fig. 2C). All the cell types were consistent when merging all the
three stages’ cells together (fig. S3E).

For the partially hatched embryos, the hatching site could be
located on either the mural side or the polar side. To determine
whether the TE cells at the hatching site were more advanced, we
included two more embryos that were partially hatched (B5 by the
Gardner scoring system). We analyzed transcriptome of MTE cells
from the hatching site and nonhatching site. PCA showed that these
two embryos were between S1 and S2 in regard to their develop-
mental stages, and the characteristics of MTE cells at the hatching
site were equivalent to that in the nonhatching site (fig. S4E).

ATP6VOD2 (ATPase H' transporting V0 subunit d2), which
regulates H' transport, is vital for blastocyst cavity formation.
CYP26A1 (cytochrome P450 family 26 subfamily A member 1) is a
critical enzyme that regulates the metabolism of retinoic acid and
is involved in the processes of embryonic development, cell differ-
entiation, and embryo implantation (26, 27). Both ATP6V0D2 and
CYP26A1 were highly expressed in S1 TE cells (Fig. 2, D and E).
Notably, traditional TE markers were not equally expressed in MTE
and PTE. For example, HANDI (28) was preferentially expressed in
MTE (Fig. 2, D and E), and villous syncytiotrophoblast (STB) marker
genes, including SDC1, GCM1, OVOLI1, ERVFRD-1,and CGA (29-31),
were up-regulated in S2 PTE and S3 PTE (Fig. 2, D and E, and figs.
S4F and S5A). Multinucleated cells were observed at the polar TE
in human B6 embryos (fig. S5B). Moreover, PGF (placenta growth
factor, a gene regulated by GCM1I) (32) was also highly expressed in
S2 and S3 PTEs, presumably supporting embryo attachment and
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Fig. 2. Human TE cell differentiation during peri-implantation. (A) Cell lineage identification of S1, S2, and S3 TEs (first three columns). Integrated analysis of S2 TE in
this study and E6 and E7 TE from the previous study [Petropoulos et al. (5)] (last column). (B) Unsupervised hierarchical clustering of highly variable genes in TE cells of
three stages and the corresponding GO analysis. (C) Pseudotime analysis of TE cells of three stages. The arrows show the developmental trajectory. Colors represent
corresponding cell types. (D) Dot plots show relative gene expression levels [log, (TPM/10 + 1), average levels + SEMs] of specifically expressed genes for each TE cell type.
(E) Immunofluorescence images of the TE-specific gene CYP26A1 in S1 embryos, MTE-specific gene HAND1, and the PTE-specific gene GCM1 in S2 embryos. ICM is marked
by an *. Scale bar, 100 um.
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penetration into the endometrium by the polar face. Other genes
mentioned by Petropoulos et al. (5) to be highly expressed in
PTE (including CCR7, CYP19A1, DLX5, and MUCI5) (5) were
confirmed to be expressed in the PTE in this study (fig. S3C).

TE cell differentiation in mice

Mouse embryos implant with the MTE (distant from the ICM), in
contrast to human embryos (fig. S6A). To compare TE cell develop-
ment between humans and mice, we performed scRNA profiling of
mouse embryos at stages corresponding to that we examined in
humans. In total, 592 cells from 26 mouse embryos were analyzed
(figs. S1A and S6, B and C; and table S4). Similar to human embryos,
mouse TE cells initiated their differentiation at S2 after hatching
from the zona. However, mouse PTE cells were not clearly identifi-
able until S3 (Fig. 3A). In mice, as in humans, PTE cells were more
mature than MTE cells (fig. S6D). Previously identified genes that
regulated trophoblast development, such as Gata3 (33) and Rxra
(24), were preferentially expressed in mouse MTE cells (Fig. 3B).
MTE cells were more active than PTE cells in actin filament-based
cytoskeleton activities and cell adhesion, which are required for
mural TE cells to phagocytize and penetrate the luminal epithelium
(fig. S6E and table S5) (34).

In human embryos, the TE cells at the implantation pole were
more quiescent than those at the opposite pole; a similar finding
was observed in mouse embryos, with the implantation pole being
the MTE instead of the PTE (Fig. 3C and fig. S4B). In humans, Ki67
immunostaining showed a higher proliferation capacity in the MTE
than in the PTE, while the opposite was true in mice (Fig. 3D). On
the other hand, both human PTE and mouse MTE expressed genes
related to placental development, with their expression profiles
being species specific. For example, as expected, the mouse tropho-
blast stem cell markers Eomes and Elf5 (28, 35, 36) were highly
expressed in mouse TE but rarely detected in human embryos. On
the other hand, OVOLI and CGA, two genes related to trophoblast
syncytialization and hormone production (37), were expressed
exclusively in human trophoblasts (Fig. 3E). The implantation poles
of both species (PTE in humans and MTE in mice) shared 34 and
9 DEGs in S2 and S3 embryos, respectively (fig. S6F and tables S6 and
S7). These genes are involved in various cellular processes during
implantation, such as cell recognition and adhesion (B3GNT5 and
TIANLI) (38, 39), cell migration (LCPI, EFHD2, and FMNL?2)
(40-42), immune tolerance (CSF3R) (43), placentation and cell
lineage specification (RXRA, GATA2/3, TFAP2AC, and ARID3A)
(33), and hormone stimuli (TEAD3) (44). In addition, the AKT/PI3K
(phosphatidylinositol 3-kinase)/mTOR (mammalian target of rapa-
mycin) pathway, which participates in metabolism, cell growth, the
immune response, and the DNA damage response (45), was observed
among the common DEGs of implantation poles (Fig. 3, F and G).
Of these genes, the formin FMNL2 was colocalized with actin fila-
ments at the attachment site (Fig. 3H). However, the PTEs from
humans and mice showed few similarities. Overall, both human
and mouse PTEs were more mature than MTEs. Accordingly, some
of the genes participating in implantation and placentation were
conserved in the implantation poles of these two species.

We further used SCENIC (Single-Cell rEgulatory Network Infer-
ence and Clustering) to predict some potential transcription factors
for each cell type at each stage in both humans and mice (fig. S7).
Consistently, many transcription factors related to trophoblast de-
velopment, such as ESRRB, CDX2, and TEAD4, were enriched TE
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cells. GATA3, RXRA, ARID3A, and BHLHE40 showed a high tran-
scriptional activity at the implantation poles in both humans and
mice. These results demonstrate the importance of these genes for
embryo implantation and conservation between species.

Embryo-endometrial cell interaction during attachment

The molecular mechanisms underlying cell-cell communication
between the TE and endometrium during implantation remain
unclear. To better understand this process, we used an embryo-ISK
cell coculture system to mimic in utero embryo implantation. Analy-
sis results showed that among the genes encoding adhesion
molecules, including mucins (MUCs), galectins (LGALSs), integrins
(ITGA and ITGB), and extracellular matrix (ECM) molecules, the
genes MUCI15, LGALS3, and ITGAS5 were enriched in S2 PTE and
S3 PTE, and MUCI, LGALS1, LGALSS, ITGAV, ITGA3, ITGA5,
ITGA6, ITGB4, and ECM1 were enriched in coISK cells (Fig. 4A).
We also used CellPhoneDB (46) to predict cell-cell interactions
between coISK and S3 PTE. Multiple desmocollins (DSCI, DSC2,
and DSC3) and a desmoglein (DSG2) were enriched in polar TE
cells and coISK cells, respectively, indicating that there was a close
mediation of cell-cell junctions between the embryos and the endo-
metrium. Furthermore, several gene pairs mediating cell-cell interac-
tions (i.e., ligands and receptors) were also enriched in S3 PTE
and coISK, including CCL5-ACKR2, CD274-PDCDI, APP-CD74, and
FLT1-VEGFA; these gene pairs are presumably involved in the in-
flammatory response (47), fetomaternal tolerance (48, 49), and
early angiogenesis (50) during implantation (Fig. 4, B and C; fig. S8E;
and table S8). The interactions between ICM and TE cells at each
developmental stage in humans and mice were also explored. The
expression levels of CCL5-CCRI and CCL5-ACKR?2 [responsible for
the recruitment of effector immune cells (51, 52)] increased during
human embryonic development, indicating that EPI might regulate
PTE in immune responses at the maternal-fetal interface. In mice,
TE cells exhibited more active regulation of EPI development (fig.
S8, A to D). To explore the effects of the embryo on the develop-
ment of endometrial cells, ISK cells either cocultured with an
embryo or grown without an embryo (53) were analyzed (Fig. 4D
and table S9). Genes related to cell proliferation, retinoic acid signaling,
and embryo attachment were up-regulated in coISK cells, including
TMAB4X, SLC7A8, RGCC, FABP5, and ATF3 (Fig. 4E).

Embryo implantation failure

In addition to the five successfully attached (AS) S3 embryos (E15
to E18 and E23), four (E26 to E29) failed to attach to ISK cells and
were defined as “AF” (attachment failure) embryos (Fig. 5A and
table S10). The TE cells in these AF embryos expressed similar
subtype-specific genes with AS embryos (fig. SOA). To exclude possi-
ble biases caused by individual differences, we individually analyzed
each AF MTE. The gene expression patterns of MTE cells in AF
embryos were substantially different from those in attached embryos;
however, the gene expression patterns of PTE cells were similar
between the two types of embryos (Fig. 5B). GO analysis of the
overlapping DEGs in MTE and PTE cells in AF embryos showed
up-regulation of genes regulating translational elongation, such as
RPS28, RPS29, RPS12,and RPL17 (Fig. 5, Cto E, and fig. S9, Band F).
TPT1, which plays a role in the response to DNA damage (54), was
also up-regulated in AF embryos (Fig. 5E). Proteasome subunits that
regulate ubiquitin protein ligase activity were down-regulated in
AF embryo MTE cells. Genes encoding mitochondrial ribosomal
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Fig. 3. Comparison of mouse TE with human TE. (A) Cell lineage identification of mouse S1, S2, and S3 TEs. (B) Immunofluorescence images of GATA3 and RXRA in
mouse S2 embryos. Scale bar, 100 um. (C) Cell cycle analysis of MTE and PTE in human and mouse. (D) Immunofluorescence images of Ki67 in human and mouse S2
embryos. Scale bars, 100 um. (E) Bar plots showing relative expression levels [log, (TPM/10 + 1), average levels + SEMs] of specific genes in the implantation pole of human
and mouse embryo. (F) Expression pattern and functional annotations of the common DEGs in implantation poles of human and mouse embryo. (G) Immunofluorescence
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proteins, mitochondrial organization proteins (such as TIMMS50,
TIMM?23, and TIMMDCI), and NADH (reduced nicotinamide
adenine dinucleotide)-ubiquinone oxidoreductase subunits were
markedly down-regulated in the MTE of AF embryos (Fig. 5, D to F).
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The overall TE in AF embryos showed a similar expression pattern
of decreased ubiquitin protein ligase activity and energy production
compared to the three TE stages in AS embryos (fig. S9C). The
expression level of eukaryotic initiation factor 6 (EIF6), which has
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Fig. 4. Embryo-endometrial cell interactions during attachment. (A) Cell adhesion molecule enrichment analysis in embryo cells and colSK cells. Relative expression
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induced in colSK.

been reported to control cell motility, invasiveness (55), and prolif-
eration (56), also decreased, suggesting impaired cell motion and
proliferation in the MTE of unattached embryos (Fig. 5E). The
methyltransferase METTL5 [an enzyme responsible for 18S ribo-
somal RNA (rRNA) m®A methylation] and its activator TRMT112
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were down-regulated in AF embryo MTE cells, while the demethylase
ALKBH5 was up-regulated in three of the four unattached embryos
(Fig. 5E and fig. S9F). Knockout of Trmt112 by CRISPR-Cas9 in
mouse zygotes did not affect the blastocyst formation rate (fig. S9G).
However, none of the Trmt112 knockout (KO) embryos resulted in
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a live birth (fig. SOH). When Trmt112 was specifically knocked
down in trophoblast cells by lentivirus-mediated RNA interference,
the embryo attachment rate was signiﬁcantlgl reduced (fig. S9I). These
results indicate that reduced 185 rRNA m°A methylation activity in
MTE cells might affect embryo attachment to the endometrium.

Preimplantation genetic testing (PGT) is widely used in assisted
reproductive technology (ART) to prevent birth defects and genetic
diseases by identifying defects before gestation. During the PGT
procedure, a cluster of cells is biopsied, including 5 to 10 TE cells
from the mural part of a blastocyst, for genetic analysis. In this
study, one or two cells from the same biopsied cluster were isolated
for transcriptome sequencing to identify key genes that might regu-
late embryo implantation. Embryos that had normal chromosomes
and were free of known single-gene disorders were transferred after
genetic diagnosis. The clinical outcomes of eight PGT embryos
transferred from January 2016 to August 2016 were followed up.
Among these eight embryos, five implanted successfully (IS), leading
to delivered babies, and the other three underwent implantation
failure (Fig. 5G, fig. S9D, and table S10). Similar to our in vitro re-
sults concerning the up-regulation of translational elongation genes
(such as RPS28 and RPS29) in AF MTE, these two genes were also
up-regulated in IF biopsies (Fig. 5I and fig. S9, E and F). In addition,
genes involved in protein metabolism, mitochondrion organiza-
tion, and 185 rRNA m®A methylation as well as genes involved in
implantation (FGF13 and RBP7) and DNA repair (C200rf196, also
known as SHLD1) were down-regulated in cells from IF embryos
(Fig. 5, Hand I, and fig. S9, E and F). Overall, the MTE cells of IF
and AF embryos displayed similar malfunctions in protein metabo-
lism, 185 rRNA m°A methylation, and energy production.

DISCUSSION

At the blastocyst stage, the ICM is surrounded by the TE, a single
layer of epithelial cells that directly contacts the endothelium and
later transforms to a vital organ transporting oxygen and nutrition
to the fetus. Our data characterized two peri-implantation-stage TE
subpopulations, derived from polar and mural poles, and assessed
their correlations with embryo implantation. In our methods,
instead of digesting the whole blastocyst (5, 6), we collected single
cells following physical dissection of the embryo into two parts
along the edge of the ICM. The definition of the TE cell subpopulation
in this study was consistent with that in previous studies. Our data
showed that the TEs from the two sides were transcriptionally similar
before hatching (with an intact zona pellucida). Meistermann et al.
(6) reported that TE differentiation originated at the stages of
expanded/hatched blastocysts, which is similar to our observation.
In our study, ESRRB and POU5FI showed higher expression activity
in S1 TE than in S2/3 TE. These results support the prior study on
TE cell plasticity, in which reaggregated TE cells from early-stage
human blastocysts were able to form a new blastocyst with an ICM
(22). However, the plasticity of TE cells at different stages still needs
to be carefully evaluated.

Beginning when the blastocysts hatched (or perhaps earlier, at
the B5 stage), subpopulations of PTE and MTE were identified. The
former population was more differentiated than the latter and
expressed villous STB marker genes. However, unlike STB cells, with
their irregular shapes and conspicuously large size, TE cells from the
polar side in our study were regular in shape and average in size. In
addition, at the attachment stage, PTE is less syncytialized and less

Liu et al., Sci. Adv. 8, eabj3725 (2022) 10 August 2022

migratory than the subsequent day 8 STB (18). Multinucleated cells can
be formed either by cell-cell fusion or by endoreplication. Blastocyst
PTE expressed fusion genes such as ERVFRD-1 (Syncytin-2), GCM1,
and OVOLI1. We also observed that endoreplication-related genes were
up-regulated (CCNE1/CDK2) or down-regulated (CCNB1/CDK1I)
in S3 TE compared with earlier-stage TE (57). The villous STB is
formed by the fusion of cytotrophoblasts (CTBs) (19). These results
imply that the formation of primitive multinucleated cells at the
beginning of implantation may be established in a different manner.
However, follow-up studies that include protein quantification and
functional experiments are required for further validation. MTE
shows higher proliferative activity than PTE; thus, the TE cell
replenishment would be more reliant upon MTE. Villous CTB acts in
a similar way to replenish STB and extravillous trophoblast. However,
MTE does not consistently express villous CTB marker genes (19)
or early-stage CTB marker genes (18, 20). The roadmap from
blastocyst TE to placental trophoblast could be more complicated.

Mouse models have long been used as powerful tools to study
human embryo implantation. However, the fact that human and
mouse embryos attach to the endometrium in opposite directions
has led to the issue that some of the mechanisms found in mice are
not identical to those in humans (8). A comparative study of human
and mouse TE specification might further expand our understanding
of which mechanisms are shared or not shared between humans
and mice. Some implantation- and placentation-related genes are
conserved at the implantation poles in humans and mice. Specifically,
FMNL2, which facilitates F-actin assembly to form lamellipodial
protrusions (42), was enriched at the implantation poles of both
humans and mice. These lamellipodial protrusions could be vital
for the interactions between the embryo and endometrium at the
apposition stage, which ultimately guide the embryo attachment in
the right direction. On the other hand, the TEs of the nonimplantation
poles in humans (MTE) and mice (PTE) are more active in cell
proliferation and energy production, which are necessary for TE
development.

Human TE-endometrium interaction at the beginning of im-
plantation is poorly understood because of the inaccessibility of the
materials in vivo. The coculture system using embryos and endo-
metrial cells makes it possible to investigate cell-cell cross-talk at the
attachment site. Here, we used a simple coculture system using an
adenocarcinoma-derived endothelial cell line (ISK cells), whose
cell characteristics are easy to sustain. Notch signaling, critical for
fetal-maternal communication during implantation and placenta-
tion (58), was enriched in our analysis. Recently, researchers from
Austria found that the gene pair PGF-NRPI was highly enriched in
the polar TE of derived blastoid and endometrial organoid cells
(59), and this finding was consistent with our results. To some
extent, this model can recapitulate the cell-cell interactions that
occur in vivo. However, it is important to mention that the attach-
ment surface of ISK cells does not exactly mimic that of uterine
endometrial epithelial cells, as ISK cell line is immortal.

Because embryo implantation is a complex process involving
multiple factors, any of a variety of fetal or maternal abnormalities
can result in implantation failure. To address this issue, we investi-
gated the altered gene expression of embryos that failed to attach
in vitro or implant in vivo. PGT is a powerful tool that allows us to
examine the genomic integrity and gene expression patterns of a
few mural TE cells obtained from embryos before uterine transfer.
MTE cells collected from embryos that either failed to implant
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clinically or failed to attach in our in vitro coculture system exhibited
similar transcriptional characteristics, including abnormalities in
mitochondrial gene expression and protein metabolism, decreased 185
rRNA m°A methyltransferase activity, and increased demethylase
activity. It has been reported that m°A modification in rRNA is
important in programs such as stemness, differentiation, and develop-
ment (60). In placental trophoblasts obtained from patients with
recurrent miscarriages, the global levels of mMRNA m°A methylation are
significantly decreased, while those of the m°A demethylase ALKBH5
are increased (61). Therefore, these disorders in MTE cells could be
regarded as potential embryonic causes that affect the implantation
process. In clinical practice, human embryo quality is conventionally
determined through morphological evaluation by skilled embryologists
(manual grading). All the embryos that were seeded onto ISK cells or
transferred into the uterus after PGT were highly qualified for transfer.
As shown in our results, morphologically sound embryos did not
necessarily result in successful implantation. Recent studies showed that
the ratio of mitochondrial DNA (mtDNA) to genomic DNA (gDNA),
i.e., mtDNA/gDNA, could be used to predict blastocyst development
(62). On the basis of these studies, our novel findings may yield useful
indicators to help assess embryo quality for transfer during ART.

In summary, we provided a time-course analysis of TE cell specifi-
cation during implantation. In addition, we described the gene
expression characteristics of different TE subpopulations in both
human and mouse embryos. Moreover, we discussed the cross-talk
between the embryo and endometrium and the possible factors that
may lead to implantation failure. Therefore, this study provides
valuable information and future directions for embryo implanta-
tion research, which might potentially benefit patients with recur-
rent implantation failure.

MATERIALS AND METHODS

Human embryo preparation

Embryos were obtained from couples undergoing standard clinical
IVF protocols at the Center for Reproductive Medicine of Peking
University Third Hospital. The average age of the women was
30 years (25 to 35 years).

Embryo-ISK cell coculture system

The embryo-ISK cell coculture system has been described previously
(13). Briefly, the ISK cell line (a gift from the laboratory of H. Wang)
was maintained in phenol red-free DMEM/F-12 medium (11039,
Gibco) supplemented with 10% charcoal-stripped fetal bovine serum
(CFBS) and penicillin-streptomycin. The day before coculture, ISK
cells were passaged to a glass-bottom dish. Fully hatched embryos
were seeded onto the cell surface at 70 to 80% confluence in
DMEM/F-12 medium supplemented with 30% CFBS, progesterone
(63.5 nM), estradiol-17f (7.14 nM), epidermal growth factor
(20 ng/ml), and penicillin-streptomycin. The dish was placed in a
CO; incubator for 24 hours before the following steps.

Separation of PTE and MTE by embryo microdissection

Embryos were cut with a laser along the edge of the ICM until the
polar side, and the mural side was completely separated into two
masses under the micromanipulator. These two masses of cells were
incubated in digestion solution containing Accutase/trypsin (1:1)
for 30 min until most of the cell mass had dissociated into single
cells. The mural cell mass contained the MTE, while the polar cell
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mass contained the PTE as well as the ICM. Inner cells were excised
according to marker gene expression by scRNA-seq analysis.

Mouse embryo preparation

Eight- to 10-week-old female B6D2F; mice were superovulated to
obtain mature oocytes as described previously (63); they were then
mated with 129S2/Sv male mice to collect embryos. The blastocysts
were obtained from the uterus at E3.5 (S1). Mouse embryos were
cultured with KSOM medium (MR-020P-F, Millipore) at 37°C and
5% CO; until they hatched from the zona (S2). The hatched embryos
were cocultured with ISK cells for 24 hours (S3). The capture of
single cells from the mural and polar sides was performed in the
same way as in the human embryos.

Immunofluorescence

The embryos were fixed with 4% paraformaldehyde in DPBS
(Dulbecco’s Phosphate-Buffered Saline) for 30 min at room tempera-
ture and then washed three times with 0.1% human serum albumin
(HSA) in DPBS. Then, 1% Triton X-100 was applied for 30 min at
room temperature for membrane permeabilization. The embryos were
washed and then blocked with 3% bovine serum albumin in DPBS at
room temperature for 90 min. Next, the embryos were incubated with
primary antibodies [glial cells missing transcription factor 1 (GCM1)
antibody, NBP2-48520, Novus; heart and neural crest derivatives
expressed 1 (HAND1) antibody, ab196622, Abcam; CYP26A1,
sc-53618, Santa Cruz Biotechnology; PGF antibody, ab9542, Abcam;
OCT?3/4 (octamer-binding protein 3/4, also called POU class 5
homeobox 1) antibody, sc-5279, Santa Cruz Biotechnology; OCT4
antibody, ab19857, Abcam; FMNL2 (formin like 2) antibody,
$c-390298, Santa Cruz Biotechnology; GATA3 (GATA binding
protein 3) antibody, ab199428, Abcam; RXRA (retinoid X receptor
alpha) antibody, ab125001, Abcam; and Ki67 antibody, ab15580,
Abcam] at 4°C overnight. The embryos were washed with washing
solution (DPBS with 0.1% Tween 20 and 0.01% Triton X-100) three
times for 5 min each and then incubated with secondary antibodies
[goat anti-rabbit immunoglobulin G (IgG) Alexa Fluor 488, A11008,
Invitrogen; goat anti-mouse IgG Alexa Fluor 488, A11001, Invitrogen;
goat anti-mouse IgG Alexa Fluor 555, A21422, Invitrogen; and
TRITC, goat anti-rabbit IgG, ZF-0316, ZSGB-BIO] in blocking
solution for 1 hour at room temperature. After being washed, the
samples were stained with Hoechst 33342. The samples were imaged
with confocal microscopy (Carl Zeiss 710), and the images were
processed with ZEN imaging software (Carl Zeiss).

scRNA-seq library construction and sequencing

Single cells were captured with a mouth pipette and washed in
DPBS with 0.1% HSA. Then, the cells were transferred to lysis
buffer. Single-cell transcriptome libraries were constructed with a
modified single cell-tagged reverse-transcription sequencing method
(64). Briefly, the single cells were lysed to release the RNA. We
reverse-transcribed the RNA using oligo(dT) primers with cell-specific
barcodes and unique molecular identifier (UMI) sequences. The
complementary DNA (cDNA) was amplified via 18 cycles of
PCR. Next, the single-cell amplification products were pooled to-
gether and purified. Subsequently, the cDNA was used as a template
for four cycles of PCR with an IS primer and a biotin index primer to
add biotin modification at the 3’ ends of the cDNA strands. Then,
300 ng of cDNA was fragmented into lengths of approximately
300 base pairs (bp) with Covaris M220. We used Dynabeads MyOne
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Streptavidin C1 beads (65001, Thermo Fisher Scientific) to enrich the
3’ terminal cDNAs and then constructed a sequencing library with
the Kapa HyperPrep Kit (KK8504, Kapa Biosystems). At least 1 Gb
of sequencing data for each individual cell was generated on the
Mlumina HiSeq 4000 platform with 150-bp paired-end sequencing.

Processing of scRNA-seq data

First, the raw paired-end reads were separated with the help of the
distinct cell barcode information in read 2. Second, according to the
ReadID information, the corresponding read 1 was obtained. Third,
we trimmed the template-switch oligonucleotide sequence, poly(A) tail
sequence, low-quality bases (N > 10%), and adaptor contamination
from read 1. Next, using TopHat (v2.0.12) (65), we aligned the processed
reads to the hgl9 human reference genome [UCSC (University of
California Santa Cruz)]. Subsequently, using the HTSeq package
(66), we counted and grouped the uniquely mapped reads. For each
gene, we removed duplicated transcripts based on the UMI infor-
mation. Last, for each unique UMI, we quantified the transcript copy
number and used log, (TPM/10 + 1) for downstream analysis,
where TPM is the number of transcripts per million. For the human
data, we set the filter criteria as follows: The number of expressed
genes in each cell was more than 2000 genes, and the number of
transcripts was more than 10,000. For the mouse data, we set the
primary filter criteria as follows: The number of expressed genes
in each cell was more than 1200 genes, and the number of transcripts
was more than 10,000. In addition, the second maximum pairwise
and Pearson correlations were required to be greater than 0.6 (5).

Cell cluster identification

The R package Seurat was applied to perform cell cluster classification
on the normalized TPM expression values of the filtered data (67).
Highly variable genes were selected using the “FindVariableGenes”
function and used as input for a PCA. Jackstraw analysis with
100 replicates was used to select principal components (PCs) that
could significantly separate the cells (68). After that, the signifi-
cant PCs were used to perform UMAP analysis through the
RunUMAP function.

Identification of DEGs within each cluster

The FindMarkers function (test.use = “roc”) of the Seurat package
was applied to the normalized TPM expression values to identify
distinct cluster-specific marker genes with power > 0.4. GO analysis
was performed using The Database for Annotation, Visualization and
Integrated Discovery (DAVID) (https://david.ncifcrf.gov/tools.jsp).

Cell cycle analysis
In total, 43 G;-S and 54 G,-M cell cycle-related genes were used
as input for cell cycle analysis (69, 70).

Construction of single-cell trajectories for TE clusters
Monocle v2.6.4 (71) was applied to construct the trajectory landscape
of TE development. Tendency plots were plotted using the ggplot2
package in pseudotime order.

Reclassification of DEGs from three human TE clusters by
developmental time

We applied an R package (cummeRbund) to group the DEGs
from three human TE cluster cells in pseudotime order using
genesCluster (k =9).
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Cell-cell interaction analysis

CellPhoneDB software was used to integrate a database, consisting of
ligands, receptors, and interaction modules, to systematically predict
cell-cell interactions using the default parameters (https://github.
com/Teichlab/cellphonedb) (46). For the top interaction pairs, we
applied the R package scmap to visualize the interaction modules.

CRISPR-Cas9-mediated knockout in mouse zygotes

Trmt112 single guide RNAs (sgRNAs) (sgRNA1, GGGGTTGATG-
CGGACCTCAG; and sgRNA2, TGCAGGCAGCGGACACCGTA)
and spCas9 proteins were electrotransfected into mouse zygotes
(performed by JiShiJinBian, Beijing, China). Zygotes were cultured
for further experiments.

Trophoblast-specific knockdown by a lentiviral vector
Trmt112 short hairpin RNAs (shRNAs) (sequence 1: 5-GAAACTGCT-
CACCCACAATCT-3'; sequence 2: 5'-GCTGTTGAATGATGAG-
GAGAC-3'; sequence 3: 5'-ACCCTGCAATGCCCAGAATCT-3)
and scramble control shRNA (5-TTCTCCGAACGTGTCACGT-3')
were subcloned into the pGLV3/H1/green fluorescent protein
lentiviral vector (GenePharma, Shanghai, China). The lentivirus was
diluted in embryo culture medium to 8 x 10° TU (transducing
units)/ml with polybrene (5 pg/ml). The zona was removed from
each mouse blastocyst before individual incubation in 15 pl of diluted
lentivirus droplets for 4 hours. Then, the embryos were cocultured
with ISK cells as described above.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3725

View/request a protocol for this paper from Bio-protocol.
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