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In brief
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endometrium that mirrors post-
implantation development, revealing key
signaling events at the maternal-
embryonic interface relevant to early
pregnancy success.
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SUMMARY

Embryo-maternal interaction is essential for post-implantation human development. While endometrial organo-
ids have enabled in vitro modeling of the uterine environment, a fully integrated 3D co-culture system with hu-
man embryos has not been established. Here, we develop a physiologically relevant 3D platform that supports
the co-culture of human embryos with endometrial organoids, enabling reciprocal embryo-maternal communi-
cation. This system sustains development to day 14 post-fertilization with structural and molecular fidelity to
Carnegie stage landmarks, including yolk sac formation, primordial germ cell specification, and trophoblast
maturation. Single-cell transcriptomics and functional assays reveal that the endometrial niche accelerates ex-
travillous trophoblast emergence at day 9 post-fertilization and primes their invasive programs. Disruption of
maternal signals, including human chorionic gonadotropin signaling blockade, markedly impairs embryonic
progression. This co-culture system provides a powerful and tractable model to dissect human peri- and
post-implantation development, with broad relevance to early pregnancy loss, placental biology, and reproduc-
tive medicine.

INTRODUCTION implantation stages in the absence of maternal tissues, shedding

light on early post-implantation development.*~” Parallel efforts

Successful post-implantation development depends on both a
competent blastocyst and a receptive endometrium.’ The endo-
metrium not only supports blastocyst attachment but also
initiates the formation of the maternal-fetal interface, which is
essential for continued embryogenesis.” Disruptions in tro-
phedctoderm (TE)-endometrium interactions can lead to implan-
tation failure, pregnancy loss, and other complications.® Recent
studies have extended the culture of human blastocysts beyond

have used human pluripotent stem cells to generate 3D em-
bryo-like structures®'® that model peri-implantation to early
organogenesis stages, providing key insights into human
embryogenesis. However, these systems lack maternal compo-
nents, limiting their ability to fully recapitulate early pregnancy.
To address this, recent studies have explored 2D co-culture
systems combining human embryos with endometrial cells to
model peri-implantation crosstalk.'*'®> While these efforts have
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offered valuable information, they fall short of replicating the
complex three-dimensional architecture of the in vivo uterine
environment. At present, no 3D system exists that faithfully
models embryo-maternal interactions during early post-implan-
tation in humans.

Endometrial organoids (EOs)'®"” have emerged as promising
platforms for reconstructing the maternal uterine environment,
successfully capturing multiple epithelial and stromal cell types
of the endometrium in vitro. Building on this, we developed a
3D EO-based platform’® that mimics the receptive endome-
trium. In this study, we establish a 3D co-culture system
combining human embryos with receptive EOs. This integrated
model enables direct embryo-maternal interactions and pro-
vides a physiologically relevant system for investigating human
post-implantation development.

RESULTS

A 3D co-culture system supports human embryogenesis
to d.p.f. 14 with physiological fidelity

To establish a 3D co-culture system recapitulating embryo-
endometrial interactions, we combined day 5 post-fertilization
(d.p.f.) human blastocysts derived from in vitro fertilization (IVF)
with receptive EOs that include both epithelial and stromal com-
partments'® (Figure 1A). To support the co-culture, we optimized
the culture media used for 3D human embryo cultures- (mIVC
medium)* originally used for extended embryo culture, gener-
ating a modified medium compatible with both embryos and
EOs (HIVC1 and HIVC2) (see STAR Methods). Blastocysts
were initially cultured in HIVC1 medium under 6% CO,, followed
by a switch to HIVC2 medium at 72 h. Half-media changes
were performed every other day to maintain nutrient balance
and signaling gradients. Both embryos and EOs were maintained
in 3D under conditions adapted from protocols used for post-
implantation human embryo culture® (see STAR Methods),
enabling extended co-development within a physiologically rele-
vant microenvironment.

To assess developmental progression in our 3D co-culture
model, we performed daily bright-field imaging and time-lapse
video microscopy from d.p.f. 5 to 14 and compared the results
with Carnegie stage (CS) human embryos'®?' at equivalent
stages (Figures 1B and S1A; Video S1). Embryos displayed
continued growth and dynamic morphogenesis throughout this
period. Within 12 h of co-culture initiation, TE cells began
migrating toward and establishing connections with the EOs,
initiating stable intercellular connections. By d.p.f. 6, embryos
had attached to the EOs (Video S1). Atd.p.f. 7, the polar trophec-
toderm penetrated the EO and began proliferating actively,
whereas the mural trophectoderm remained as a monolayer of
flattened cells. The epiblast (EPI) exhibited its first proliferative
expansion, displaying histoarchitectural features consistent
with CS5a in vivo. By d.p.f. 9, the trophectoderm had expanded
into a multilayered structure, forming a clearly visible chorionic
cavity (CHC) and establishing a deeply interdigitated interface
with the underlying endometrial tissue. At the same time, the
nascent primary yolk sac (PYS) emerged de novo, recapitulating
key in vivo developmental landmarks. Notably, these features
have not been reported in previous embryo culture systems lack-
ing maternal tissue support®® (Figures 1B and S1A). From d.p.f.
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9 to 14, the EPI continued to proliferate, and the yolk sac (YS)
lumen enlarged, paralleling in vivo developmental progression.
The entire conceptus underwent substantial volumetric expan-
sion and further penetration into the EOs. Time-lapse imaging re-
vealed that this invasive advance proceeded through alternating
cycles of compaction and expansion—rather than continuous
linear growth—suggesting a previously unrecognized mode of
tissue-level remodeling. In accordance with ethical guidelines,
all experiments were terminated at d.p.f. 14.

To assess the impact of endometrial co-culture on embryonic
development, we compared co-cultured embryos with embryo-
only controls using bright-field imaging. From d.p.f. 9to 12, con-
trol embryos displayed reduced translucency under the stereo
microscopy, indicating impaired formation and expansion of em-
bryonic cavities (Figures 1B and S1A; Video S1). Additionally,
surface trophectoderm cells in controls began to loosen and
slough off, suggesting the onset of apoptosis in superficial
TEs. Quantitative analysis revealed a significantly higher survival
rate in co-cultured embryos: 75% (15/20) survived to d.p.f. 14,
compared with 37.5% (6/16) in the control group (Figures S1A
and S1B). Co-cultured embryos were also markedly larger—
averaging 399.7 + 31.6 pm in diameter at d.p.f. 9 versus
332.4 + 71.2 pm in controls, and 695.8 + 64.3 ym at d.p.f. 14
versus 465.4 + 129.5 pm in controls (Figure S1C). These morpho-
metric values more closely align with reference Carnegie collec-
tion embryo measurements.'®?" All co-cultured embryos suc-
cessfully adhered to EOs, with ~81% (13/16) showing polar
attachment (Figures S1D-S1F). Collectively, these findings
demonstrate that human embryos maintained in a 3D embryo-
endometrium co-culture system exhibit substantially enhanced
viability, growth, and developmental progression compared
with those cultured alone.*® The spatiotemporal progression
of key morphogenetic processes—including EPI proliferation,
cavity formation, and TE invasion—faithfully recapitulates in vivo
development, both structurally and quantitatively, according to
Carnegie standards.'®?'

To further characterize developmental progression, we per-
formed transmission electron microscopy (TEM) on a d.p.f. 9
embryo displaying disc-like morphology consistent with CS5.
Toluidine blue-stained 2-um semi-thin sections revealed clear
structural features of post-implantation development, including
the pro-amnion (AME) cavity, YS, extraembryonic mesoderm
(EXM), CHC, and distinct maternal-fetal contact zones between
TEs and the EO (Figure 1C). These findings closely mirror those
observed in Carnegie specimen no. 8171,'®'® underscoring
the physiological fidelity of the co-culture system. We also per-
formed scanning electron microscopy (SEM) on a fractured
d.p.f. 12 embryo to examine surface and internal architecture.
The internal view exposed a well-defined embryonic disc
composed of columnar EPI cells (length: 172.9 pum, width:
68.6 pm), morphologically comparable to Carnegie specimen
no. 7700.2° The external surface exhibited numerous protruding
TE villi, indicating active interactions with the maternal-like envi-
ronment (Figure 1D).

Co-culture enables trilineage specification and timely
EVT emergence

To rigorously assess embryonic development in the co-culture
system, morphologically normal embryos were subjected to
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Figure 1. Human embryos organize with endometrial tissues in the 3D post-implantation co-culture system

(A) Schematic illustration of a 3D in vitro post-implantation co-culture platform for human embryo and endometrium.

(B) Bright-field images of human embryos organized with endometrial tissues at different time points. White arrowheads denote embryo. Yellow arrowheads
denote endometrial organoid (EO). The bottom row, from left to right, corresponds to the developmental stages under a light microscope, with CS images
reproduced from in vivo human embryonic development'®" and schemes of early post-implantation human embryos at CS5a (day 7.5), CS5b (day 9), CS5¢c
(day 12), and CS6a (day 14). EPI, epiblast; PTE, polar trophoblast; MTE, mural trophoblast; EXM, extraembryonic mesoderm; PYS, primary yolk sac; YS, yolk sac;

CHC, chorionic cavity.

(C) Semi-thin sectioning images for TEM Sample Localization with toluidine blue staining of a co-cultured human embryo and EO. Yellow arrowheads denote pro-

amniotic cavity.; EVT, extravillous trophoblast.

(D) SEM images of ad.p.f. 12 embryo. It showed the internal and external structure of the embryo and magnified the morphological structure of the embryonic disc
(the CS5¢ embryonic disc, 0.204 x 0.165 mm on the right)°° and trophectoderm. White arrowheads denote columnar cells in the embryonic disc.
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Figure 2. The post-implantation embryos in the co-culture system undergo lineage morphogenesis and EMT

(A) Representative immunofluorescence (IF) images of embryos at d.p.f. 9 (7 out of 7 embryos) and fixed for whole-mount staining with antibodies for OCT4
(green), HLA-G (red), and GATAG (white). Scale bar, 50 pm. Magnification of inner cell mass (yellow dotted lines). Scale bar, 30 um.

(B) Representative IF images of embryos at d.p.f. 14 (3 out of 3 embryos) and fixed for whole-mount staining with antibodies for OCT4 (green), CK7 (red), and
GATAG (white). Scale bar, 50 pm. Magnification of inner cell mass (yellow dotted lines). Scale bar, 30 pm.

(legend continued on next page)
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whole-mount clearing followed by lineage-specific immuno-
staining. We examined specification across three embryonic
compartments—EPI, hypoblast (HYPO), and TE—using OCT4
(EPI), GATA6 (HYPO), CK7 (TE), and HLA-G (extravillous tropho-
blast [EVT]) markers (Figures 2A and 2B). By d.p.f. 9, OCT4* EPI
cells began organizing around a pro-amniotic cavity, while
GATA6* HYPO and HLA-G* TE cells occupied distinct spatial do-
mains. Notably, co-cultured embryos generated HLA-G* EVT
cells, as confirmed by time-lapse imaging and histology, which
indicated active invasion into the EO (Figure 2A). This milestone
mirrors the timing of EVT emergence in vivo.'® Atd.p.f. 14, OCT4*
EPI cells expanded, GATA6* HYPO cells outlined a defined YS
cavity, and CK7* TE cells encased the outer layer with abundant
cytoplasm. While the morphology and size of the EPI diverged
from those seen in CS6 embryos, the secondary YS (SYS)
formed in a manner largely consistent with natural development,
prompting further investigation of EPI status (Figure 2B). From
d.p.f. 8 to 14, we tracked morphological transitions in OCT4*
and GATAG* cell populations across serial time points. These
analyses revealed the coordinated emergence of both the SYS
and AME, demonstrating that the EO co-culture platform sup-
ports key lineage decisions and spatial organization events
(Figure 2C).

To stage d.p.f. 14 embryos and assess developmental
competence within the co-culture system, we examined the em-
bryonic-disc architecture via immunostaining for ISL1 and SOX2
(Figure 2D). In line with previous findings,'® ISL1 was robustly
expressed in a population of squamous dorsal cells, while SOX2
expression was notably reduced—features indicative of AME
identity (Figure 2D). Three-dimensional reconstruction of the fluo-
rescent signals revealed that the SOX2* EPI-like region formed a
distinct discoidal structure surrounding an enlarged AME-like cav-
ity (Figure S2A). This spatial arrangement closely mirrors the archi-
tecture observed in CS6a embryos from the Carnegie collection.?’

To determine whether primordial germ cell (PGC) specification
occurs in d.p.f. 14 co-cultured embryos, we applied a validated
triple-marker immunostaining panel—OCT4, SOX17, and
BLIMP1—that defines bona fide human PGCs®? (Figure 2E).
This analysis revealed discrete clusters of PGC-like cells located
immediately beneath the EPI, recapitulating the anatomical posi-
tioning and molecular signature of in vivo PGC emergence.
These findings provide evidence that the co-culture system
faithfully recapitulates the temporal and spatial dynamics of early
human germline specification.

To map the developmental trajectory of human embryos within
the co-culture system, we combined SEM morphometry with
whole-mount immunofluorescence analysis of d.p.f. 12 concep-
tuses. This multimodal approach delineated the onset of
amniogenesis and the establishment of embryonic polarity.
Immunofluorescence revealed presumptive EPI cells with dimin-
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ished OCT4 expression—an early hallmark of amniotic lineage
commitment—coinciding with low-level Vimentin immunoreac-
tivity,® indicative of incipient epithelial-to-mesenchymal transi-
tion (EMT) and the initiation of amniogenesis (Figure S2B). Simul-
taneously, spatially distinct immunolocalization patterns of
OTX2/T and CER1/T in d.p.f. 12 embryos demonstrated mutual
exclusion, confirming proper anterior-posterior (A-P) axis speci-
fication (Figures 2F and S2C). By d.p.f. 14, the embryonic-disc
displayed well-polarized primitive streak formation, verified by
the spatially restricted domains of T and OCT4/SOX17 expres-
sion (Figure S2D). EMT-associated morphological changes
aligned closely with those of Carnegie specimen no. 7950,
providing in vivo morphological validation (Figure S2E).
Together, these structural and molecular analyses confirm
that the embryos in co-culture undergo coordinated lineage
specification and morphogenesis with high fidelity to the in vivo
spatiotemporal developmental program.

TE subtypes recapitulate in vivo maturation and function
To validate light and electron microscopy findings indicating TE
differentiation consistent with in vivo development (Figures 1B
and 1C), we performed comprehensive immunofluorescence
profiling at d.p.f. 9 and 14 (Figure 3).

At d.p.f. 9, immunolabeling with DAPI, phalloidin, human
chorionic gonadotropin (HCG)-f, and luteinizing hormone/cho-
riogonadotropin receptor (LHCGR) revealed abundant HCG-f*
syncytiotrophoblasts (STBs) concentrated on the TE surface.
Notably, HCG-#* STBs were also found infiltrating both apical
and basal zones of the EO (Figures 3A and 3B). Lacunae-like
cavities emerged within the proliferating cytotrophoblast (CTB)
core, mirroring features in toluidine blue-stained sections and
highly reminiscent of Carnegie embryo no. 8171."'° This archi-
tectural arrangement confirms the presence of both primitive
invasive STBs,”> which disrupt epithelial junctions to facilitate
endometrial invasion, and post-invasive STBs,?® which remodel
endometrial glands into nutrient-filled lacunae (Figures 3A and
3B). In parallel, HLA-G* spindle-shaped EVTs*®—a hallmark of
deeper invasion—were observed actively penetrating the EO,
mimicking the morphology of EVTs seen in Carnegie embryo
no. 8004 (Figure 3C). These features have not been previously
documented in vitro at such an early developmental stage.

By d.p.f. 14, triple-lineage immunostaining revealed a complete
repertoire of TE identities: GATA3*/TEAD4* CTBs, SDC-1*/HCG-p*
STBs,?” and HLA-G* EVTs (Figures 3D-3F). The toluidine blue
image shows lacunae that appear to lie adjacent to the endome-
trium (Figure 3D). Immunofluorescence staining of stage-matched
embryos reveals that these lacunae remain enclosed by STB.
Importantly, comparable lacunar structures are also observed
within TE populations that are not in direct contact with the endo-
metrium, indicating that their formation is not restricted to regions

(C) Human blastocysts were cultured until d.p.f. 8, 10, 12, and 14 and fixed for whole-mount staining with antibodies for OCT4 (green, EPI marker) and GATA6
(white, HYPO marker). Yellow dotted lines: AC and SYS. Scale bar, 20 pm, 40 pm, 30 pm, and 20 pm.
(D) Human blastocysts were cultured until d.p.f. 14 (3 out of 3 embryos) and fixed for whole-mount staining with antibodies for ISL1 (white, amniotic marker) and

SOX2 (red, EPI marker). Scale bar, 30 um. Yellow dotted lines: AC.

(E) Lightsheet Z-sections of d.p.f. 14 embryos, showing progenitor germ cells (PGCs) with co-expression of BLIMP1 (red), SOX17 (green), and OCT4 (blue). Scale

bar, 20 pm. Yellow arrows denote BLIMP1*, SOX17*, and OCT4" cells.

(F) As shown by the yellow snip, the location of T-expressing EPI was opposite to the anterior visceral endoderm (OTX2) side (2 out of 2 embryos). Scale

bar, 20 pm.
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Figure 3. The post-implantation embryos in the co-culture system differentiate into functional TEs earlier than pure cultured embryos

(A) Human blastocysts were cultured until d.p.f. 9 (3 out of 3 embryos) and fixed for whole-mount staining with antibodies for DAPI and phalloidin (blue), HCG-f
(green, syncytiotrophoblast [STB] marker), and LHCGR (red). Scale bar, 50 um. Yellow arrows: endometrial organoids (EOs); white arrows: embryo (E); yellow
asterisks: lacuna. Right: serial toluidine blue TEM sections of a d.p.f. 9 co-culture embryo. Scale bar, 20 um. Yellow asterisk, lacuna; white arrowheads, STB cells
in direct contact with EO cells. Magnified view of the maternal-embryonic interface in Carnegie embryo no. 8004 '%'°, at the equivalent developmental stage.
White arrowheads, STB at the contact surface; black arrows, uterine luminal epithelial cells; black asterisk, lacuna.

(B) Human blastocysts were cultured until d.p.f. 9 (3 out of 3 embryos) and fixed for whole-mount staining with antibodies for DAPI and phalloidin (red) and HCG-f
(green, STBs marker). Scale bar, 50 pm and 20 um. Yellow dotted lines: STBs. Right: sequential toluidine blue TEM sections of a d.p.f. 9 co-culture embryo (left)
and a magnified view of the implantation site in Carnegie embryo no. 8004'%'? at the equivalent stage (right). White arrowheads indicate STB cells located at the
trophoblast (TE) surface that correspond to IF signals; in both samples these STB cells are situated at the deepest point of embryonic invasion into the uterine
tissue.

(C) Representative IF images of embryos at d.p.f. 9 (3 out of 3 embryos) fixed for whole-mount staining with antibodies for DAPI (blue), GATA6 (white), and HLA-G
(red). Scale bar, 60 pm and 20 pm (magnification). Yellow arrows: EOs; white arrows: embryo (E). Right, magnified view of the maternal-embryo interface in
Carnegie embryo no. 8004 '® equivalent stage. White arrowheads indicate elongated, spindle-shaped HLA-G* extravillous trophoblast (EVT) cells at the contact
surface; black arrows denote uterine luminal epithelial cells.

(D) Lightsheet Z-sections of d.p.f. 14 embryos marked co-immunostaining of the multiple TE marker genes with HCG-p (white), SDC1 (green), and GATAS (red)
(2 out of 2 embryos). Scale bar, 100 pm. Highlighted structures illustrate the formation of lacuna. Right: toluidine blue TEM section of a d.p.f. 14 co-culture
embryo. Scale bar, 50 pm. The yellow dashed line demarcates the mature lacunar structure corresponding to that observed in IF. A white arrowhead: the
endometrial-organoid (EO) domain.

(E) Lightsheet Z-sections of d.p.f. 14 embryos marked co-immunostaining of the multiple TE marker genes with HCG-$ (green) and TEAD4 (red, CTB marker)
(2 out of 2 embryos). Scale bar, 30 pm. EOs, endometrial organoids.

(F) Lightsheet Z-sections of d.p.f. 14 embryos marked co-immunostaining of the multiple TE marker genes with HLA-G (red) (2 out of 2 embryos). Scale bar, 70 pm.
Yellow highlighted structures denote extravillous trophoblasts (EVTs). EOs, endometrial organoids. Right: magnified view of a mature lacunar structure within the
TE of Carnegie embryo no. 7801°" at the corresponding stage. Yellow dashed line outlines the lacuna. The toluidine blue-stained sections shown in (D) were
prepared from different embryos of the same developmental stage and batch as those used for IF staining. These embryos were cultured in vitro under identical
conditions.
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immediately apposed to the maternal tissue. EVTs were enriched
at the embryo-maternal interface and represented a significantly
greater fraction of the TE population than at d.p.f. 9, indicating
continued TE maturation (Figure 3F).

During early pregnancy, the uterine endometrium transforms
into decidua, critical forimplantation and pregnancy maintenance.
Receptive EOs exhibited robust expression of hormone-respon-
sive implantation markers, including ERa, PRA/B, and FOXO1
(Figures S3A-3C; Video S2). EOs contained luminal epithelial cells
(WNT7A), glandular epithelium (FOXAZ2*), immune cells (CD45%),
and stromal fibroblasts (Vimentin*) (Figures S3D-3G; Video S3).
Co-culture with embryos from d.p.f. 11 to 14 induced marked
upregulation of FOXO1,?® HAND2,?° and DKK1°°—key regulators
of decidual markers (Figure S4A). Additionally, we observed
decreased KI67 and increased caspase-3 (CC3) expression, indi-
cating reduced proliferation and increased apoptosis,®' hallmarks
of physiological decidual transformation (Figure S4B). These re-
sults suggest that embryo-derived cues trigger the in situ decidual
program of EOs, further reinforcing the physiological relevance of
the co-culture system.

Single-cell transcriptomics reveals endometrial-
induced EVT acceleration

To dissect embryonic lineage dynamics and maternal influences
at single-cell resolution, we performed single-cell RNA
sequencing (scRNA-seq) on co-cultured embryos at d.p.f. 9
(n =25), 12 (n = 16), and 14 (n = 33) (Figures 4A and 4B; Video
S4). Souporcell®’-based genetic demultiplexing distinguished
maternal from fetal cells using SNP profiles (Figure 4C). Uniform
manifold approximation and projection (UMAP) clustering
resolved major embryonic lineages—EPI, HYPO, and EXM—
alongside diverse maternal EO populations (Figure 4D;
Table S1). The proportion of EXM cells rose to 13.76% of all em-
bryonic cells by d.p.f. 14. Transcriptional identities corre-
sponded to canonical lineage markers (Figure S5A; Table S2). In-
tegrated analysis with reference datasets revealed close
alignment of co-cultured embryos to in vivo CS7%® gastrula-
tion-stage profiles (Figures 4E, 4F, and S5B), and EO transcrip-
tional signatures matched receptive-phase endometrium
(Figures S5C and S5D). Kyoto encyclopedia of genes and ge-
nomes (KEGG) pathway analysis showed EXM cells enriched
for ECM and cytoskeleton-related genes (e.g., COL1AT,
THBS1, and CD44), and EOs enriched for interleukin (IL)-17
signaling, mineral absorption, and placental development path-
ways (Figure S5A; Table S2). These findings confirm that the
co-culture system faithfully models transcriptional features of
post-implantation human development.

Pseudotime trajectory mapping revealed temporally syn-
chronized differentiation of EPI and HYPO, with EXM specifi-
cation peaking by d.p.f. 14 (Figures S5E and S5F). EXM cells
progressively upregulated cytoskeletal and ECM-interaction
genes (COL3A1, COL5A1, and VIM) (Figures S5A and S4F;
Table S2). EOs concurrently activated gene modules asso-
ciated with placental signaling and maternal-fetal commu-
nication (Figure S5A). Focused subclustering of the TE
compartment identified clear CTB, STB, and EVT populations
(Figures 4G, 4H, and S6A), each with distinct stage-specific
expression dynamics. STBs showed enrichment in syncytiali-
zation-related pathways, including ER stress response and
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Golgi transport, suggestive of functional hormone and protein
trafficking roles (Figure S6B). Trajectory analysis revealed a
branching lineage path, with CTBs giving rise to both STBs
and EVTs. This differentiation was accompanied by temporal
activation of transcription factors and effector genes, such as
GATAS3, TFAP2A, CCR7, KRT7, and HCG (Figures 4l, 4J,
S6C, and S6D; Table S3). These data highlight a tightly regu-
lated gene network guiding TE lineage bifurcation, maturation,
and functional specialization.

Accelerated EVT maturation and invasion induced by
endometrial co-culture

To directly assess the influence of the endometrial niche on
TE development—and to independently validate the early appear-
ance of EVTs at d.p.f. 9 (Figures 2A and 3C), a phenomenon not
observed in embryo-only culture systems—we integrated our
scRNA-seq data from co-cultured embryos with published
datasets of embryos cultured without EOs at d.p.f. 10-14
(Figures 5A, 5B, and S7A). Despite globally conserved TE differen-
tiation trajectories and clustering patterns across datasets
(Figures 5A, 5B, and S7B), co-culture significantly altered gene
expression across CTB, EVT, and STB populations (Figure S7C;
Table S4). Notably, co-culture upregulated genes involved in
adherens junction formation and ECM-receptor signaling (e.g.,
CTNNB1, PARDS3, EGFR, ITGA2/6, and LAMA1/C1), while down-
regulating a subset of canonical TE markers (CGA, CGB3, and
HLA-G) and ribosomal genes (Figure S7C). Crucially, these tran-
scriptomic changes corroborated immunofluorescence-based
detection of HLA-G* EVTs at d.p.f. 9 (Figures 2A, 3C, and 5C), indi-
cating that endometrial co-culture not only promoted the early
emergence of EVTs—3 days earlier than in standard culture—
but also induced a ~2-fold increase in EVT abundance by d.p.f.
12-14 (Figure 5C). Pseudotime trajectory analysis confirmed an
accelerated EVT maturation profile in co-cultured embryos
(Figure S7B), and functional enrichment analyses highlighted
activation of key pathways related to extracellular matrix remodel-
ing, estradiol responsiveness, and placental development
(Figure 5D). Transcriptomic consistency was independently vali-
dated using switching mechanism at 5’ end of the RNAtranscript2
(Smart-seq?2) (Figure S7D), and comparative analyses across data-
sets revealed co-culture-specific deviations from both conven-
tional in vitro and in vivo benchmarks (Figures S7E and S7F).
Together, these findings provide robust molecular evidence that
the endometrial environment instructs and accelerates EVT line-
age specification and maturation.

Human EVTs, derived from the blastocyst trophectoderm,
differentiate into two principal subtypes: interstitial (IEVTs) and
endovascular (eEVTs).>* scRNA-seq profiling of co-cultured
and solo-cultured embryos revealed a conserved hierarchy of
EVT differentiation, progressing from proliferative EVT1 precursors
to transitional EVT2 states and ultimately to invasive iEVTs. eEVTs
were not detected in either condition prior to d.p.f. 14 (Figures 5E-
5G and S7H). Notably, endometrial co-culture markedly acceler-
ated this developmental cascade, triggering iEVT emergence as
early as d.p.f. 9—3 days earlier than observed in solo-cultured
embryos—and significantly expanding the EVT1 compartment
(Figures 5F and 5G). Pseudotime analysis confirmed temporal
compression of the EVT1 — EVT2 — iEVT transition within the
d.p.f. 9-14 window (Figure S7J), aligning with key developmental
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Figure 4. Single-cell transcriptomics reveals distinct embryonic and maternal cell populations during co-culture development

(A and B) UMAP analyses revealing seven clusters, identified as the EPI (epiblast), EXM (extraembryonic mesoderm), HYPO (hypoblast), TE (trophoblast), EO_Epi
(unciliated epithelium of organoid), EO_Epi_Ciliated (ciliated epithelium of organoid), and EO_Stromal (stromal cell of organoid) based on classical lineage-
specific marker expression (A) and development time (d.p.f. 9, n = 25; d.p.f. 12, n = 16; and d.p.f. 14, n = 33) (B).

(C) UMAP plot showing the cellular source of early human embryo-maternal development identified by the souporcell package. “0” indicates maternal cells. “1”

indicates embryo cells. “0/1” and “1/0” indicate fused maternal or embryo cells dominant, respectively.
(D) The percentage of each cell type in relation to the total sequenced population for each sample.
(E and F) UMAP analyses revealing the comparison between our co-cultured system (d.p.f. 14) and a CS7 gastrulation-stage embryo, highlighting the cellular

source (F) and cell types (E).

(G and H) UMAP analyses revealing three clusters, identified as the STBs (syncytiotrophoblast), EVTs (extravillous trophoblast), and CTBs (cytotrophoblasts)
based on classical lineage-specific marker expression (G) and development time (d.p.f. 9, 12, and 14) (H).
(I and J) Single-cell pseudotime trajectory indicating the differentiation of CTB, EVT, and STB clusters in our co-cultured embryos.

milestones. Co-cultured iEVTs exhibited transcriptional hallmarks
of functional maturation, including elevated expression of lineage-
defining regulators (PLAC8 and SERPINEZ2) (Figure S7I) and pro-
invasive effectors such as IL6, CXCL1/2, ITGA2, MMP9, and
ITGB6. These cells also showed robust enrichment of IL-17 and
tumor necrosis factor (TNF) signaling pathways implicated in
placental giant cell differentiation and spiral artery remodeling®*
(Figure 5H). Together, these data demonstrate that the endome-
trial microenvironment acts not merely as a permissive scaffold
but as an instructive niche that functionally primes iEVTs for

placental bed invasion through accelerated lineage commitment
and activation of key invasion programs.

Ultrastructural and molecular characterization of the
embryo-endometrial interface

To elucidate the structural basis of early maternal-fetal commu-
nication, we acquired high-resolution confocal images and
generated detailed three-dimensional reconstructions, capturing
key embryonic cavity features and spatial arrangements at
the embryo-endometrial interface (Figure S8A; Video S5).
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Figure 5. Endometrial co-culture accelerates extravillous TE emergence
(A and B) UMAP analysis from TEs of sole embryos and co-cultured embryos, identified as the CTB (cytotrophoblast), EVTs (extravillous trophoblasts), and STB

(syncytiotrophoblast).

(C) The percentage of each cell type in relation to the total sequenced population for each sample.
(D) Network diagram showing the representative GO functions of EVT and the corresponding key genes and pathways.
(E) UMAP pilots illustrating the comparison of iEVT, EVT1, and EVT2 of sole embryos and co-cultured embryos.
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Complementing this, we conducted SEM and TEM to define ultra-
structural signatures of early attachment (Figure 6A). SEM revealed
striking morphological contrasts: the EO surface exhibited irreg-
ular bulging topography, in contrast to the smoother trophectoder-
mal surface, suggesting spatially distinct adhesion domains. TEM
identified lipid- and protein-rich vesicular structures® on trophec-
toderm cells (Figure 6B), which progressively accumulated along
microvillous projections (Figure 6C) and were accompanied by a
loosening of intercellular junctions.®* These vesicles clustered
along nascent villous protrusions® (Figure 6C), consistent with
localized secretion and signaling functions. On the maternal side,
the glandular epithelium displayed prominent pinopodes®® and
dense electron-dense globules (Figure 6D), hallmark features of
a decidualizing endometrium. Together, these ultrastructural find-
ings illuminate the interplay between post-implantation embryonic
TE and endometrial cells, underscoring a dynamic, spatially
resolved vesicle-mediated signaling niche at the embryo-maternal
interface.

To resolve the cellular architecture and molecular mediators
within the implantation niche, we performed immunofluores-
cence staining for lineage-specific markers. Formation of fused,
multinucleated syncytia was evident, with hCG signals promi-
nently outlining enlarged nuclear domains, consistent with active
syncytialization (Figure S8B; Video S6). Co-staining for SOX17 —
a marker of endometrial glandular epithelium—and the TE
marker GATAS3 delineated opposing cellular architectures at
the interface, visualizing juxtaposed maternal and fetal com-
partments (Figure S8C). The transcription receptor NR2F2, ex-
pressed in both TE and endometrial lineages, further highlighted
cell-type-specific morphologies: enlarged, irregular syncytial
nuclei in the TE compartment versus uniform, compact nuclei
in the endometrial epithelium (Figure S8D). Notably, HLA-G*
signals emerged at d.p.f. 9, marking discrete invasion foci and
forming structural projections reminiscent of in vivo maternal-
fetal anchoring bridges (Figure 3C). Together, these results
identify hCG and HLA-G as key molecular effectors of TE syncy-
tialization and embryo-endometrium integration.

To dissect the molecular logic governing intercompartmental
communication during implantation, we integrated spatial prote-
omics (SP) and single-cell ligand-receptor interaction analyses.
SP of the d.p.f. 9 embryo-EO interface revealed localized enrich-
ment of laminin-integrin signaling modules (Figures 6E, S8E, and
S8F), implicating these adhesive and matrix-stabilizing path-
ways as key mediators of embryo-uterine anchorage.*** To
further resolve intercellular communication dynamics, we re-
analyzed our scRNA-seq dataset using CellPhoneDB v.4,*°
quantifying ligand-receptor pairings over time. This analysis re-
vealed progressive amplification of juxtacrine signaling between
TE subtypes (EVTs and STBs) and maternal epithelial and
stromal cells, with a marked increase in interaction complexity
from d.p.f. 9 to 14 (Figures 6F and S8G). Notably, leukemia inhib-
itory factor-leukemia inhibitory factor receptor (LIF-LIFR) and
colony stimulating factor 1-colony stimulating factor 1 receptor
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(CSF1-CSF1R) signaling, initially localized to the EO, became
progressively enriched in the trophectoderm as development
advanced (Figures 6G and S8G). By contrast, TE-derived cues
such as interleukin 6-interleukin 6 receptor (IL-6-IL-6R), cyto-
chrome P450 family 19 subfamily A member 1-estrogen receptor
1 (CYP19A1-ESR1), and leptin-leptin receptor (LEP-LEPR)
shifted toward the EO, establishing reciprocal communication
circuits (Figures 6G and S8G). This reciprocal ligand-receptor
signaling network establishes a dynamic molecular dialogue
that drives coordinated maturation of the trophectoderm-endo-
metrium interface.

Functional validation identifies hCG-LHCGR signaling as
a critical regulator of embryo adhesion

To functionally interrogate a key pathway implicated in em-
bryo-endometrial communication, we disrupted hCG-LHCGR
signaling. Immunofluorescence analysis revealed perinu-
clear localization of LHCGR colocalized with f-hCG in STBs
(Figure 6H), consistent with autocrine/paracrine activation.
Neutralization of hCG using a blocking antibody profoundly
impaired embryo-EO attachment and developmental progres-
sion (Figure 6l). At d.p.f. 6, ~50% of control embryos adhered
to EOs, whereas none of the hCG-blocked embryos exhibited
attachment. By d.p.f. 10, maternal-fetal contact was observed
in 87.5% of controls but only 37.5% of treated embryos, and
no embryos in the hCG-inhibited group progressed beyond
the d.p.f. 9 morphological stage (Figure 6J). These findings
establish embryonic hCG as a master regulator of implanta-
tion competence, essential for both adhesive integration and
post-adhesion development. In addition to reinforcing its sta-
tus as a clinically validated biomarker of pregnancy viability,
our data provide mechanistic insight into how impaired hCG
signaling may underlie early pregnancy failure.

Together, these functional and molecular analyses delineate a
coordinated signaling program wherein endometrial cues direct
initial adhesion via laminin-integrin scaffolding, while reciprocal
embryonic signals—exemplified by hCG—drive the decidual
program and sustain developmental progression.

DISCUSSION

Here, we present a 3D human embryo-endometrial co-culture
system that robustly recapitulates bidirectional maternal-fetal
crosstalk during early post-implantation development. Our
platform uniquely supports extended blastocyst development
through d.p.f. 14 with high molecular and structural fidelity to
invivo CS benchmarks. Critically, it captures emergent hallmarks
of early post-implantation stage development, bridging a long-
standing gap between isolated embryo models and the physio-
logical maternal niche.

The co-culture system markedly outperforms solo-culture
and partial co-culture platforms in both efficiency and complexity.
Embryo survival at d.p.f. 14 reached 75%, doubling the rate of

(F) UMAP plots illustrating the comparison of three types of EVT in sole embryos and co-cultured embryos at d.p.f. 9, 12, and 14 (no EVT in sole embryos

atd.pf. 9).

(G) The percentage of each cell type of EVT in relation to the total sequenced population for each sample.
(H) Heatmap of differentially expressed genes (DEGs) across the sole embryos and co-cultured embryos. The colors from blue to red indicate relative expression
levels from low to high. The colors of the blocks at the bottom and right side of the heatmap represent different groups.
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embryo-only controls (37.5%) and exceeding reported outcomes
in 2D endometrial models (<50%).'® Morphometric analyses
revealed co-cultured embryos reached diameters of 695.8 +
64.3 pm, closely aligning with CS7 (700-800 pm) and significantly
surpassing solo-cultured counterparts (465.4 + 129.5 um). Live
imaging further revealed synchronized dynamic remodeling
between embryo and endometrium—including cyclical contrac-
tion-expansion, polar attachment (81% incidence), and progres-
sive TE invasion—phenomena unobservable in static embryoid
models“® or transwell-based systems.

An important insight is the accelerated emergence of functional
HLA-G* EVTs at d.p.f. 9, 3 days earlier than observed in solo cul-
tures and unreported in embryoids or partial co-cultures.'**” Sin-
gle-cell transcriptomics and immunofluorescence confirmed
these early iEVTs expressed invasive signatures (ITGA2, MMP9,
and /L6) and exhibited enrichment in IL-17/TNF pathways, recapit-
ulating molecular hallmarks of placental bed colonization. While TE
organoids have modeled aspects of EVT specification, they lack
embryonic context. Our data demonstrate that endometrial cues
reprogram TE trajectories, accelerating the EVT1 —» EVI2 —
iEVT transition and providing the first direct functional evidence
that maternal tissue actively instructs EVT maturation. Given that
the HIVC medium sustaining the co-culture of human embryos
and EOs contains human serum—unlike the fetal-bovine serum
used in the embryo-only studies we cite —the enhanced TE matu-
ration observed in our 3D post-implantation system is a combined
outcome of both the human-specific nutritional milieu and the
instructive presence of the endometrial tissue.

Functional interrogation of hCG-LHCGR signaling revealed it
as a keystone of embryo-maternal dialogue. Immunostaining
confirmed perinuclear LHCGR localization in p-hCG* STBs,
consistent with autocrine/paracrine regulation. hCG neutraliza-
tion abolished embryo adhesion at d.p.f. 6 (0% versus 50% in
controls) and arrested development beyond d.p.f. 9, providing
mechanistic support for hCG’s clinical role as a biomarker of
pregnancy viability.48 These findings offer a translational frame-
work for understanding recurrent miscarriage and infertility dis-
orders linked to impaired implantation.

All experiments were conducted in strict accordance with
Chinese national policies and international ethical guidelines,
including the 2003 Human Embryonic Stem Cell Research
Ethics Guidelines and the 2021 International Society for
Stem Cell Research (ISSCR) Guidelines for Stem Cell Research
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and Clinical Translation. Embryo culture was terminated by
<183.5 d.p.f., in compliance with the 14-day rule and without in-
trauterine culture. Research protocols were approved by the
Ethics Committee of the Center for Reproductive Medicine at
Shandong University ([2021] ER #14) and the institutional review
board (IRB) of Qilu Hospital (KYLL-202204-030), following
rigorous scientific and ethical review. Informed consent was ob-
tained from all donors without financial inducement, and all sam-
ple use was transparently disclosed.

In summary, our co-culture system establishes an in vitro
human embryo-maternal unit. By surpassing 2D systems in
developmental fidelity, transcending embryoids in physiological
relevance, and uncovering instructive roles for endometrial cues
and hCG-mediated signaling, this platform offers a transforma-
tive foundation for dissecting early implantation biology. Its
versatility enables mechanistic exploration of implantation fail-
ure, pregnancy loss, and placental dysfunction.

Limitations of the study

Our model, while advancing the field, faces several inherent limita-
tions. First, the physiological simplification of the endometrial
niche imposes key constraints. The absence of vascularization
precludes eEVT differentiation and systemic nutrient-waste ex-
change, while the reversed polarity of EOs (apical-in) prevents
faithful recapitulation of early steps of implantation. Second, tech-
nical hurdles in three-dimensional spatial phenotyping remain.
Whole-mount imaging of large co-cultures (600-800 pm) requires
Matrigel removal and tissue clearing, which risks damaging deli-
cate cavities during permeabilization—representing a trade-off
between molecular resolution and structural integrity. Third, the
intrinsic scarcity of human embryos limits both cohort size and
mechanistic depth. Biological heterogeneity, including divergent
developmental tempo and lineage asynchrony (e.g., delayed EPI
progression’?), is magnified in small cohorts and complicates
generalization. These limitations underscore not only the ethical
imperatives but also the biological complexities of modeling
human embryogenesis. Future integration of vascularized endo-
metrial constructs via 3D bioprinting, microfluidic metabolite
regulation, and stem cell-derived embryo models®° offers a path
to overcome these constraints. This post-implantation survival
platform enables molecular dissection of TE-endometrium cross-
talkinvivo. Itis not a full replica of the uterus. Instead, it provides an
experimentally tractable model for investigating how the human

Figure 6. HCG-LHCGR signaling and vesicle-mediated interactions mediate embryo adhesion

(A-D) Representative scanning electron micrographs of maternal-fetal interface®’ at d.p.f. 12 (scale bar, 100 and 5 pm) (A), showing the microvillus®

31733 (scale bar,

1 and 2 pm) (B), and pinopodes®” (scale bar, 10 and 2 pm) (C), small vesicular structures®® (scale bar, 1 and 5 pm) (D). Yellow arrows indicate the location of the
endometrium and embryo (A), vesicle (B), and pinopodes (D) in the maternal-fetal interface.
(E) Circle plot displaying the receptor-ligand interactions between EO and TE using scRNA-seq data.

(F) The left bubble chart displays the enriched pathways from SP analysis of a d.p.f. 9 co-cultured embryo. The right heatmap shows the gene expression profiles
corresponding to the enriched pathways. The size of the dot represents the gene counts, while the color indicates the p value. The color of the heatmap reflects
the expression levels of the related genes.

(G) Bubble diagram displaying the representative receptor-ligand between EO and TE. The size of the dot represents the p value. The color of the dot indicates the
expression level of receptor-ligand pairs.

(H) Whole-mount IF staining demonstrated the expression of phCG and its receptor LHCGR in the embryo-EO co-culture system at d.p.f. 14. Scale bars (top row),
100 and 50 pm (magnification). Scale bars (bottom row), 70 um and 30 pm (magnification). In the magnified image, the yellow arrow indicates the syncytio-
trophoblast cells of phCG* LHCGR®*.

(I) Bright-field images showing the developmental status from d.p.f. 6 to 9 of human embryos in the hCGp antibody group and the control group. Scale
bar, 100 pm.

(J) Interaction ratio of d.p.f. 9 human embryos in the hCGp antibody group (37.5%, n = 8) and the control group (87.5%, n = 8).s
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embryo survives and develops during the first days after implanta-
tion in vivo and for decoding the embryo-maternal microenviron-
mental signaling that underpins this process.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Han Zhao (hanzh80@sdu.edu.cn).

Materials availability

This study did not generate any unique reagents. All materials generated in
this study can be made available. EOs generated in this study can be made
available on request but will require permission and a completed materials
transfer agreement from Shandong University.

Data and code availability

® Single-cell RNA-seq data have been deposited at the Genome
Sequence Archive (GSA) and are publicly available as of the date of
publication. Accession number is listed in the key resources table
(GSA: HRA006892). Microscopy data reported in this paper will be
shared by the lead contact upon request. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE®" partner repository with the dataset identifier
PRIDE: PXD067943. All data are available as of the date of publication.

® This paper does not report any original code or algorithms.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Antibodies

Mouse anti-Oct3/4(clone C-10) Santa Cruz Cat# SC-5279; RRID: AB_628051
Goat anti-Sox17 R&D Systems Cat# AF1924; RRID: AB_355060
Goat anti-Gata3 R&D Systems Cat# AF2605; RRID: AB_2108571
Rabbit anti-SDC-1 Abcam Cat# ab128936; RRID: AB_11150990
Rabbit anti-Brachyury (D2Z3J) Cell Signaling Cat# 81694; RRID: AB_2799983
Goat anti-Cer1 R&D Systems Cat# AF1075; RRID: AB_2077228
Rabbit anti-Vimentin Cell Signaling Cat# 5741; RRID: AB_10695459
Rabbit anti-hCG beta (5H4-E2) Abcam Cat# ab9582; RRID: AB_296507
Rabbit anti-Islet1(EP4182) Abcam Cat# ab109517; RRID: AB_10866454
Mouse anti-TFAP2a(AP-2a) (3B5) Santa Cruz Cat# SC-12726; RRID: AB_667767
Goat anti-Sox2 R&D Systems Cat# AF2018; RRID: AB_355110
Rabbit anti-Blimp1/PDRI-BF1 (clone C14A4) Cell Signaling Cat# 9115; RRID: AB_2169699
Mouse anti-Cytokeratin 7 Dako Cat# M7018; RRID: AB_2134589
Goat anti-GATA6 R&D Systems Cat# AF1700; RRID: AB_2108901
Mouse anti-Estrogen Receptor alpha Santa Cruz Cat# sc-8002; RRID: AB_627558
Mouse anti-FoxO1(D7C1H) Cell Signaling Cat# 14952; RRID: AB_2722487
Rabbit anti-Progesterone Receptor A/B Cell Signaling Cat# 8757; RRID: AB_2797144
(D8Q2J) XP®

Rabbit anti-Rabbit anti-FOXA2 Abcam Cat# ab108422; RRID: AB_11157157
Mouse anti-WNT7A Santa Cruz Cat# sc-365665; RRID: AB_10846318

CD45 Monoclonal Antibody (30-F11)
Rabbit anti-HAND2[EPR19451]
Rabbit anti-DKK1 (D5V6L)

Mouse anti-Ki-67(8D5)

Rabbit anti-Cleaved Caspase-3 (Asp175)
LHCGR Polyclonal antibody

BHCG

Alexa Fluor™ 488 phalloidin
Phalloidin Labeling Probes
Anti-HLA G

TEAD4

Human Otx2 Antibody

Donkey anti-Mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™
Plus 488
Donkey anti-Mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™
Plus 555
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™
Plus 555
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™
Plus 488

ThermoFisher
Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Proteintech
ThermoFisher
ThermoFisher
ThermoFisher
Abcam

Atlas Antibodies
R&D
ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

Cat# 14-0451-81; RRID: AB_467250
Cat# ab200040; RRID: AB_2923502
Cat# 48367; RRID: AB_2799337

Cat# 9449; RRID: AB_2797703

Cat# 9661; RRID: AB_2341188

Cat# 19968-1-AP; RRID: AB_10697685
Cat# MA1-35020; RRID: AB_1073663
Cat# A12379

Cat# A30104

Cat# AB283260; RRID: AB_2924400
Cat# HPA056896; RRID: AB_2683268
Cat# AF1979; RRID: AB_2157172
Cat# A32766; RRID: AB_2762823

Cat# A32773; RRID: AB_2762848

Cat# A32794; RRID: AB_2762834

Cat# A32790; RRID: AB_2762833
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Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™

Plus 647

Donkey anti-Goat IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody Alexa Fluor™

Plus 647

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 488
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 555
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647
Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 488
Donkey anti-Mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 555
Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647
Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 555

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

Cat# A32795; RRID: AB_2762835

Cat# A32849; RRID: AB_2762840

Cat# A21206; RRID: AB_2535792

Cat# A31572; RRID: AB_162543

Cat# A31573; RRID: AB_162543?

Cat# A21202; RRID: AB_141607

Cat# A31570; RRID: AB_2536180

Cat# A31571; RRID: AB_162542

Cat# A11055; RRID: AB_2534102

Cat# A21432; RRID: AB_253583

Cat# A21447; RRID: AB_2535864

Chemicals, peptides, and recombinant proteins

DMEM/F12

Antibiotic-Antimycotic (100X)

ITS

L-Glutamine

Nicotinamide

B27

N2

Noggin

EGF

FGF2

WNT-3A

R-Spondin-1

A83-01

N-acetyl-L-cysteine

p38 inhibitor SB202190

Estradiol

Medroxyprogesterone Acetate
NB,2’-O-dibutyryladenosine 3',5'-cyclic
monophosphate sodium salt (CAMP)
Human Chorionic Gonadotropin (HCG)
Human Placental Lactogen (HPL)
Prolactin

Advanced DMEM/F12

GlutaMAX

ITS-X

Penicillin-streptomycin

HBS

Gibco
Gibco
Gibco
Gibco
Sigma
Gibco
Gibco
Proteintech
Peprotech
Origene
Proteintech
Peprotech
MCE
Sigma
Sigma
Sigma
Selleck
Sigma

Livzon Pharmaceutical Group Inc
R&D Systems

Peprotech

Gibco

Thermo Fisher Scientific

Thermo Fisher Scientific

Gibco

Sigma-Aldrich
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11039-021
15240062
41400-045
25030-081
N3376
17504-044
17502-048
HZ-1118
AF-100-15
TP750002
HZ-1296
120-38
HY-10432
A7250
SB202190
E2758
S2567
D0627

2000U

5757-PL

100-07
12634-010
35050-038
51500-056
15070063
H3667 or H5667
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sodium lactate Sigma-Aldrich L7900
sodium pyruvate (500 mM stock) Sigma-Aldrich P4562
B-Estradiol (8 pM stock) Sigma-Aldrich E8875-1G
Y27632(10 mM stock) Selleck S1049
Progesterone (2 mg/ml stock) Sigma-Aldrich P8783-1G
NAC (250 mM stock) Sigma-Aldrich A7250
Matrigel Corning 354234
Critical commercial assays

Tissue-Clearing Reagent CUBIC-L tcichemicals T3740
Tissue-Clearing Reagent CUBIC-R+(M) tcichemicals T3741
Experimental models: Cell lines

Endometrial organoid Han Zhao et al.'® N/A

Deposited data

scRNA-seq (GEXSCOPE®&10X) of d.p.f. 9, 12, 14
embryos and EOs

scRNA-seq (Smart-seq?2) of d.p.f. 14 embryos
and Eos

Spatial proteomics of d.p.f. 9 embryos and Eos
scRNA-seq (10x) of d.p.f 8,10,12,14 embryos
scRNA-seq (10x) of d.p.f 9-11 embryos
scRNA-seq (Smart-seq2) of Human gastrulation
Smart-seqg2 of d.p.f. 14 embryos

scRNA-seq (10x) of Endometrial organoids

This study
This study

This study
Ai et al.>?

Mol et al.>®

Tyser et al.**

Xiang et al.*
Zhang et al.’®

GSA: HRA006892

GSA: HRA006892

PXD067943
PRJCAO017779
E-MTAB-8060
PRJEB40781
GEO: GSE136447
GSA: HRA007224

Software and algorithms

Imaris x64 (version 10.0.1)
Scanpy (version1.8.1)
CellPhoneDB(version 4)
Monocle2 (version 2.22.)
Seurat(version 4.1.0)
Harmonypy (version1.0.0)
Prism 9

Souporcell (version 2.4)
UMAP (version 0.5.3)
DoubletDetection (4.2)
ClusterProfiler (version 4.4.4)

ComplexHeatmap (version 3.17)

Cell Ranger pipeline (version 6.1.2)

Oxford Instruments

Python Software Foundation
Qin et al.**

Wolf et al.>*

GraphPad

Heaton et al.*?

Python Software Foundation

10x Genomics

https://imaris.oxinst.com/packages
https://scanpy.readthedocs.io/en/stable/
https://github.com/sgjin/CellChat
https://github.com/cole-trapnell-lab/
https://satijalab.org/seurat/
https://github.com/slowkow/harmonypy
https://www.graphpad.com/
https://github.com/wheaton5/souporcell
https://github.com/Imcinnes/umap
https://pypi.org/project/doubletdetection/
https://bioconductor.org/packages/release/bioc/
html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/
html/ComplexHeatmap.html

N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

Human embryo research was conducted with approval from the Ethics Committee of the Center for Reproductive Medicine at
Shandong University ([2021] ER #14). This research adheres to the “Management of Human Assisted Reproductive Technology
(2001),” “Regulations of Human Assisted Reproductive Technology (2003),” the “Human Biomedical Research Ethics Guidelines”
(issued by the National Health Commission of the People’s Republic of China on December 1, 2016), the “International Ethical Guide-
lines for Biomedical Research on Humans” (CIOMS, 2002), the “Guidelines for Stem Cell Research and Clinical Translation” (issued
by the International Society for Stem Cell Research, ISSCR, 2021), and the “Human Embryonic Stem Cell Research Ethics Guide-
lines” (2003) jointly issued by the Ministry of Science and Technology and the Ministry of Health of the People’s Republic of China,
along with the Helsinki Declaration and other relevant regulations. The Institutional Review Board at the Center for Reproductive
Medicine thoroughly assessed both the scientific merit and ethical justification of this study, reviewing the donations and utilization
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of samples. All donors provided informed consent for the voluntary donation of surplus embryos, fully understanding that their em-
bryos would be used to investigate post-implantation development in vitro. No financial incentives were offered for these donations.
The culture of all embryos was terminated either on day 14 post-fertilization or upon the formation of the primitive streak.

Research involving human endometrial organoids was approved by the Institutional Review Board of Qilu Hospital of Shandong
University (KYLL-202204-030). All manipulations of human endometrial tissue adhered to the Human Biomedical Research Ethics
Guidelines (set by the National Health Commission of the People’s Republic of China on December 1, 2016), the International Ethical
Guidelines for Biomedical Research on Humans (CIOMS, 2002), the Guidelines for Stem Cell Research and Clinical Translation
(ISSCR, 2021), the Helsinki Declaration, and other laws and regulations. The Institutional Review Board comprises 13 members,
including lawyers, scientists, and clinicians with relevant expertise. The Committee evaluated the scientific merit and ethical
justification of this study and conducted a comprehensive review of the donations and use of these samples. Human endometrium
was obtained from women without infertility who underwent hysterectomy due to benign diseases at Qilu Hospital. All donors
provided informed consent for the voluntary donation of endometrial tissue, being informed that their samples would be used to
explore embryo development processes following the implantation of IVF patients’ embryos in vitro. No financial inducements
were offered for these donations.

Human samples

Human blastocysts were obtained from IVF patients (ages 26-40) without genetic diseases at the Center for Reproductive Med-
icine, Shandong University, exceeding the clinical needs of the couples. According to the Gardner scoring system, thawed blas-
tocysts were assigned scores from 1 to 6 based on their degree of expansion and hatching status. Only blastocysts with an
expansion and hatching score above three and a visible inner cell mass graded higher than B were included in the study. Normal
embryos were required to meet two morphological criteria: they needed to exhibit clear expansion during culture and show no
evident signs of cell death or fragmentation throughout development. Any embryos not meeting these criteria were excluded
from the study.”

Human endometrial samples were obtained from nine patients of childbearing age with normal BMI, regular menstrual cycles, and
no history of infertility, systemic conditions, or hormonal treatments, who underwent hysterectomy due to benign diseases at
Qilu Hospital (Table S5). Endometrial tissue from the entire uterine cavity was collected to establish endometrial organoids. Only
proliferative endometrial tissue, confirmed by pathological diagnosis, was included in this study.

METHOD DETAILS

Human embryo thawing

Human blastocysts cryopreserved at day 5 post-fertilization(d.p.f. 5) were thawed using vitrification kits, following the manufac-
turer’s instructions (VT602, KITAZATO BioPharma). Blastocysts were handled using a micropipetter and flexible tips. Open-pulled
straws containing vitrified blastocysts were transferred directly from liquid nitrogen into 1 mL of pre-warmed thawing solution (TS).
After 2 minutes in TS, blastocysts were released from the straw and transferred to the following solutions at room temperature:
Dilution Solution (DS, 3 minutes for Kitazato), Washing Step 1 Solution (WS1, 5 minutes for Kitazato). After these steps, the em-
bryos were placed in a droplet of embryo culture medium. The zona pellucida was mechanically dissected using a glass needle.
The embryos were cultured in G-2 PLUS medium (10132, Vitrolife), covered with oil (10029, Vitrolife), and incubated at 37 °C with
5% Oz and 6% CO: for at least 2 hours (ideally 5 hours) to embryo recovery.

Establishment of endometrial organoids

Endometrial tissue was collected using aseptic procedures and temporarily stored at 4 °C in pre-cooled collection medium (DMEM/
F12 (Gibco, 11039021), 10% FBS (Sigma, F0926), and 1% antibiotics-antimycotics (Anti-Anti, Gibco, 15240-062)). The endometrium
was washed with pre-chilled DPBS (Gibco, 14190136), blood clots were removed, and the tissue was minced in 1.5 mL EP tubes
before adding digestion medium (0.4 mg/mL collagenase V (Sigma, C-9263), 1.25 U/mL dispase Il (Sigma, D4693), and 10 pg/mL
DNase | (Worthington, LS002139)). After digestion at 37 °C for 20 minutes, an equal volume of DMEM/F12 (with 10% FBS and
1% Anti-Anti) was added to neutralize the reaction. The suspension was left for 1 minute, then filtered through a 40 pm cell strainer
(Corning, 352340). For cell collection, the strainer was inverted onto a culture dish and rinsed with DPBS. The resulting cell suspen-
sion was collected and centrifuged at 400 x g for 5 minutes. Cell pellets were washed twice with DMEM/F12 medium as described.
An appropriate volume of DMEM/F12 was combined with the cell pellet, followed by the addition of Matrigel (Corning, 536231) using a
pre-cooled pipette tip in a 1:3 ratio. The Matrigel-cell suspension was slowly seeded onto a preheated 24-well plate (Corning 3524)
(40 pL/drop/well, 1 to 5 x 10* cells/drop) and incubated in a cell incubator at 37 °C for 30 minutes. Endometrial organoid growth
medium (ExM) was then added to each well and changed every two days (Table S6).

Hormone treatment of endometrial organoids

Endometrial organoids were induced into the implantation window using ovarian steroid hormones, including estradiol (Sigma
E2758), medroxyprogesterone acetate (MPA) (Selleck S2567), and N6, 2’-O-dibutyryladenosine 3’, 5’-cyclic monophosphate sodium
salt (CAMP) (Sigma D0627), as well as pregnancy-related hormones such as human chorionic gonadotropin (HCG) (Livzon Pharma-
ceutical Group Inc.), human placental lactogen (HPL) (R&D Systems 5757-PL), and prolactin (Peprotech 100-07). The specific
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treatment protocol involved administering estradiol for two days, followed by a combination of estradiol, MPA, cAMP, HCG, HPL, and
prolactin for a subsequent six-day period (Table S6).

Embryo-endometrium co-culture

Organoid droplets were carefully transferred intact into 4-well dishes (Corning, 354234) using a sterile pipette at room temperature.
Each organoid droplet was fixed to the bottom of the dish with 5-10 pL of Matrigel (Corning, 354234), forming an organoid unit. The
organoid unit was then placed in an incubator and allowed to incubate at 37 °C with 6% CO: and saturated humidity for 5 minutes,
until the unit stabilized and ceased to shake. Following this, 500 pL of pre-balanced medium (HIVC1) (Table S7) was added to each
well, and the dishes were returned to the incubator for one hour to facilitate implantation.

To accommodate a re-expanded d.p.f. 5 human blastocysts, the organoid droplet was lightly punctured with a needle to create a
small pocket. Embryos were transferred into the organoid units using a sterile 150 pm glass pipette on a warm glass plate maintained
at 37 °C, carefully adjusting the angle to ensure that the polar trophoblast rested against the side of the organoid. Embryos lacking a
zona pellucida were cultured in 4-well dishes, with each well containing one embryo, one organoid unit, and 500 pL of pre-balanced
medium (HIVC1). The co-culture units were incubated at 37 °C with 6% CO: and saturated humidity.

Embryos were cultured in a peri-implantation culture medium (Table S7). From d.p.f. 5.5 to 7, the culture medium used was HIVC1.
Atd.p.f. 8,50% of the HIVC1 medium was replaced with HIVC2 medium. At d.p.f. 9, embryos were transferred to new wells contain-
ing HIVC2. Subsequently, 50% of the culture medium was replaced daily with fresh HIVC2 containing 10% Matrigel. HIVC1 and
HIVC2 were pre-equilibrated in the incubator for a minimum of 6 hours prior to use.

Survival rate is defined as the percentage of embryos that meet both of the following conditions: (a) continued expansion in
diameter from d.p.f. 5 to 14, and (b) no visible signs of apoptosis (such as cytoplasmic blebbing or membrane fragmentation), as
observed through daily light microscopy.

Toluidine Staining

The samples were rinsed quickly with PBS buffer, and immediately fixed in 3% glutaraldehyde solution (pH 7.4). Following postfix-
ation with 1% osmium tetroxide, dehydration and embedding with Epon812, the samples were sectioned for 1~2 pm ultrathin
sections using an ultramicrotome (LKB-V, LKB Company, Sweden). Sections were stained with toluene blue solution for 5 minutes,
gently shaking to ensure uniform staining. Rinse the section gently with deionized water to remove excess dye, and observe the
staining effect under a microscope.

Sample clearing, immunostaining and image analysis

The samples were washed in PBS and fixed in 4% paraformaldehyde (1710, Electron Microscopy Sciences) for 20 minutes at room
temperature. After washing 3 times with PBS containing 0.1% (vol/vol) Tween-20 (PBST), the samples were incubated for 30 minutes
with 0.3% (vol/vol) Triton X-100 (T8787 Sigma Aldrich) +0.1mM glycine (BP381-1, Thermo Fisher Scientific). Blocking buffer was used
(PBST with 5% (w/vol) BSA, Sigma A9418), followed by overnight incubation at 4 °C with primary antibodies. The samples were then
washed three times in PBST, incubated for two hours at room temperature with AlexaFluor secondary antibodies (1:500, Thermo
Fisher Scientific) and DAPI (D3571, Thermo Fisher Scientific, 1 g/ml) diluted in blocking buffer.

To perform tissue clearing,® CUBIC-L, a reagent that degreases and decolorizes tissues, was used to clear the tissue. The fixed
samples were then washed 3 times with PBS at room temperature. Samples were then soaked in pre-delipidation solution (a 1:1
mixture of ddH20 and CUBIC-L) and placed on a rotator at 37°C overnight. Afterward, the samples were washed three times in
PBS at room temperature. They were then soaked overnight in ddH20/CUBIC-L solution and placed on rotators at 37 °C.
Following that, samples were placed in a 100% CUBIC-L solution on a rotator at 37 °C for 3-5 days. CUBIC-L was changed every
day. The samples were then washed with PBS three times before immunostaining. The images were captured by the light-sheet
microscope (Lightsheet7, Zeiss; LUXENDO, MuVi SPIM) and digital 3D reconstruction were performed via Imaris x64 10.0.1. The
manual surface-rendering module was used for endometrium and embryo segmentation. The spots module was used for analysis
of the nuclear localization signals.

Transmission electron microscopy (TEM) and Scanning electronic microscopy (SEM)

For transmission electron microscopy (TEM), the samples were rinsed quickly with PBS buffer, and immediately fixed in 3%
glutaraldehyde solution (pH 7.4). Weiya Electron Microscopy Laboratory (Jinan, Shandong, China) performed the following
experiments. Rinse sequentially according to standard TEM sample preparation procedures. Following postfixation with 1%
osmium tetroxide, dehydration and embedding with Epon812, the samples were sectioned for 70~100nm ultrathin sections us-
ing an ultramicrotome (LKB-V, LKB Company, Sweden). Sections were stained with lead citrate and uranyl acetate and
observed under an electron microscope (JEM-1200EX; JEOL Ltd., Tokyo, Japan). Images were captured using a CCD camera
(MORADA-G2, Olympus Corporation, Japan).

For scanning electron microscopy (SEM), cutted the tissue with a sharp blade, 1-3mm?, identified and protected the obser-
vation surface, and fixed with 2.5% glutaraldehyde fixing solution for > 4 hours. The samples were soaked with 0.1ml phosphate
buffer and fixed with 1% osmium tetroxide for 2 to 4 hours. The samples were soaked with double steaming water, dehydrated
by ethanol gradient, vacuum dried by tert-butanol, and observed by Sigma300 thermal field emission scanning electron micro-
scopy of ZESS.
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Single-cell library preparation and sequencing

For smartseq2 sequencing,”® the embryos were washed three times in PBS and twice in 0.25% trypsin (T4799, Sigma-Aldrich)
before incubating with 0.25% trypsin for 15 minutes at 37°C and being terminated with FBS. By repeating pipetting, embryos
were dissociated into individual cells and dispersed in 1% DFBS in PBS. One cell was manually selected and pipetted into a PCR
tube. All operations were performed on a Nikon SMZ645 microscope.

For scRNA-seq, the embryos and organoids were washed three times in DPBS and were digested with GEXSCOPE@ Tissue
Dissociation Solution(Singleron) at 37 °C for 15 minutes with sustained agitation. The cell suspension was centrifuged at 350 x g
for 5 min, the supernatant was discarded, and the cell precipitate was resuspended with 1mL of PBS (Basal Media), and washed
again by adding PBS to fix the volume, and then centrifuged at 300 x g for 5 min, the supernatant was discarded, and the cell pre-
cipitate was resuspended with an appropriate amount of PBS. The sample was stained with trypan blue (Sigma, Shanghai, China)
and microscopically evaluated for cell viability. Single-cell suspensions with 1x10° cells/ml in PBS (HyClone, Shanghai, China)
were prepared and loaded onto microfluidic devices. Then scRNA-seq libraries were constructed according to Singleron
GEXSCOPE® protocol by GEXSCOPE® Single-Cell RNA Library Kit (Singleron Biotechnologies) and Singleron Matrix® Automated
single-cell processing system (Singleron Biotechnologies). Individual libraries were diluted to 4ng/uL and pooled for sequencing.
Pools were sequenced on lllumina novaseg6000 with 150 bp paired end reads.

Quality control, dimension-reduction and clustering

Scanpy v1.8.1%%was used for quality control, dimensionality reduction and clustering under Python 3.7. For each sample dataset, we
filtered expression matrix by the following criteria: 1) cells with gene count less than 200 or with top 2% gene count were excluded; 2)
cells with top 2% UMI count were excluded; 3) cells with mitochondrial content>20% were excluded; 4) genes expressed in less than
5 cells were excluded. After filtering, E-EO cells were retained for the downstream analyses. The raw count matrix was normalized by
total counts per cell and logarithmically transformed into normalized data matrix. Top 2000 variable genes were selected by setting
flavor = ‘seurat’. Principle Component Analysis (PCA) was performed on the scaled variable gene matrix, and top 20 principle com-
ponents were used for clustering and dimensional reduction. Cells were separated into different clusters by using Louvain algorithm
and setting resolution parameter. Cell clusters were visualized by using Uniform Manifold Approximation and Projection (UMAP).

Differentially expressed genes (DEGs) analysis

To identify differentially expressed genes (DEGs), we used the scanpy.tl.rank_genes_groups function based on Wilcoxon rank-sum
test with default parameters, and selected the genes expressed in more than 10% of the cells in either of the compared groups of
cells and with an average log(Fold Change) value greater than 0.25 as DEGs. Adjusted p value was calculated by Benjamini-
Hochberg correction and the value 0.05 was used as the criterion to evaluate the statistical significance.

Cell-cell communication analysis

To compare the changes of the cell-cell interactions among TE, and EO between the co-culture and separate culture conditions,
we performed cell-cell communication analysis using the Cellphone DB v4 package.*® Permutation number for calculating the null
distribution of average ligand-receptor pair expression in randomized cell identities was set to 1000. Individual ligand or receptor
expression was thresholded by a cutoff based on the average log gene expression distribution for all genes across each cell
type. Predicted interaction pairs with p value <0.05 and of average log expression > 0.1 were considered as significant and visualized
by heatmap_plot and dot_plot in CellphoneDB.

Pseudotime construction

Monocle2 Cell differentiation trajectory was reconstructed with the Monocle2 (v 2.22.).°” For constructing the trajectory, top
2000 highly variable genes were selected by Seurat®® (v4.1.0), FindVairableFeatures, and dimension-reduction was performed
by DDRTree. The trajectory was visualized by plot_cell_trajectory function in Monocle2. For the EVTs subpopulation, pseudo-
time trajectory analysis was performed using the Diffusion Pseudotime (DPT)*° algorithm implemented in Scanpy (v1.9.1).
Specifically, the scanpy.tl.dpt function was used to infer pseudotime along a diffusion map-based manifold. A putative EVT1
cell was designated as the root cell to initialize the trajectory, as specified by adata.uns[“iroot”]. The resulting pseudotime
values were visualized using UMAP embedding via the scanpy.pl.umap function, with cells colored according to their progres-
sion along the inferred trajectory.

Comparison analysis with published available datasets

The expression matrices of published datasets and our dataset were combined (10x single-cell data of d.p.f 8-10-12-14 embryos,>?
10x scRNA-seq data from d.p.f 9-11 embryos,® smartseq2 data from d.p.f 14 embryos.” Cells and genes were filtered with the
same standards as described in the PHATE embedding section. The median-normalized matrix was natural-log-transformed with
the addition of a pseudocount of 1. The resulting matrix was zero-centred and scaled per gene (standard deviation is 1) before PCA.

Batch correction
The Harmony algorithm was used to integrate human post-implantation embryo datasets with our datasets, using default parameters
(Python implementation v.1.0.0; https:/github.com/slowkow/harmonypy). Sample information was used for correction. The CellHint®°
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algorithm was used to integrate human trophoblast datasets with our datasets, using default parameters (Python implementation v.1.0.0;
https://github.com/Teichlab/cellhint). Integration was performed using the ’gname’ annotation as batch information and ’cluster’ as
biological reference, with the number of meta-neighbors set to 1 (n_meta_neighbors=1). Batch processing is not only in the integration
of public data and free data, but also in the integration of free data. After parameter viewing, the batch processing here is a batch
processing based on the sample information. Following integration, dimensionality reduction was performed using UMAP (Scanpy
v.1.10.1), computed on the corrected neighborhood graph with default parameters.

Spatial proteomics

Sample was obtained from a d.p.f. 9 co-cultured embryo and then washed with PBS. After excess PBS on the WE sample, the
sample was soaked in liquid nitrogen pre-cooled isopentane for 1 min and then was transferred in O.C.T. Compound (Solarbio,
China) and snap frozen. The O.C.T.-embedded tissue was sectioned at 10 pm on a CM1950 cryostat (Leica) and mounted onto
PEN membrane-coated glass slides. The tissue sections were stained with hematoxylin and eosin (H&E). Laser-capture micro-
dissection procedure was completed on Laser-Capture Microdissection System PALM (Zeiss). The regions of interest (ROI)
containing a specific cell type in the section was marked with LCM marker pen and microdissected using above mentioned
settings and collected with microtubes (Zeiss, 415190-9201-000). The three ROI selected for analysis in this study include
the solo embryo part, the endometrium organoid part, and the maternal-fetal contact part. The microdissected samples
were digested for proteomic. Consequently, the samples were processed for microproteomics and analyzed using mass
spectrometry according to the service provider’s guidelines (PTM Biolabs ins). The resulting MS/MS data were processed using
MaxQuant search engine (v.1.6.15.0). Tandem mass spectra were searched against the human SwissProt database (20422
entries) concatenated with reverse decoy database. FDR was adjusted to < 1%. We used the functions enrichKEGG and en-
richGO in clusterProfiler R package®' to perform KEGG pathways and Gene Ontology (GO) biological processes enrichment
analysis. A pathway or process with a p value < 0.05 was considered to be significantly enriched. The enriched pathways
and processes were visualized with the “ggplot” function in the ggplot2 package in R. All differentially expressed protein data-
base accession or sequence were searched against the STRING database version 11.5 for protein-protein interactions. Only
interactions between the proteins belonging to the searched data set were selected, thereby excluding external candidates.
STRING defines a metric called “confidence score” to define interaction confidence; we fetched all interactions that had a
confidence score > 0.7 (high confidence).
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