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Abstract

This review aimed to summarize the major progress in maternal-fetal medicine achieved by Chinese scientists in recent years.
PubMed was systematically searched from January 2020 to November 2023. Publications that reported the progress in embryo
implantation, placentation, and parturition made by Chinese scientists in the last 3 years were selected. The milestone events
during gestation, embryo implantation, endometrial decidualization, placentation, and parturition are pivotal to a successful preg-
nancy. Embryo implantation requires intricate interactions between implantation-competent blastocysts and receptive endome-
trium. To adapt to pregnancy, endometrial stromal cells transform into specialized decidual cells, which occur spontaneously
under the influence of ovarian hormones in humans but require the presence of embryos in mice. With embryonic development,
the placenta forms to support fetal growth until parturition. The maternal-fetal interface is composed of diverse cell types, including
endometrial decidual cells, placental trophoblast cells, endothelial cells, and various immune cells, a sophisticated interplay among
which contributes to the maintenance of pregnancy. Near term, the uterus transitions from quiescence to contractility, in prepa-
ration for delivery. Disruptions to these events lead to pregnancy-related disorders such as repeated implantation failure, recurrent
pregnancy loss, preeclampsia, fetal growth restriction, preterm birth, and infertility. In recent years, Chinese scientists have made
prominent achievements in basic research on the aforementioned pregnancy events. Chinese scientists have made remarkable
contributions to reproductive biology and maternal-fetal medicine research in recent years, highlighting future research directions
in this field.
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Introduction is regulated by estrogen and progesterone during each men-
strual Cycle In mice, however, the decidual reaction only
occurs in the presence of embryos or artificial stimulus.*
Peri-implantation pregnancy loss is relatively common in
humans. The maximum chance of pregnancy in one men-
strual cycle is limited to about 30%. Despite significant de-
velopments in assisted reproductive technologies, pregnancy
success rates remain low, largely due to implantation failure
and decidualization defects.®

Upon completion of implantation, the outer trophectoderm
of the blastocyst begins to differentiate and eventually forms
the placenta, a transient organ that exchanges gases, nutrients,
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In mammals, reproduction begins with fertilization. The zygote
undergoes divisions and morphogenesis to form the blastocyst,
which has two distinct cell lineages: the inner cell mass (ICM)
and the trophectoderm.! The blastocyst interacts with the
endometrium both physically and physiologically to initiate
the process of embryo implantation. Acquisition of implanta-
tion competence by the blastocyst and establishment of uterine
receptivity are prerequisites for successful implantation.””* To
accommodate embryo implantation, endometrial stromal cells
undergo decidual transformation. In humans, decidualization
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Recent progress in embryo implantation research, in
humans and mice

Embryo implantation requires synchronization between the
acquisition of implantation competency by the blastocyst and
the establishment of a receptive state by the endometrium.
This takes place within a limited time period referred to as the
implantation window. Embryo implantation involves intricate
physical and physiological interactions between the embryo
and maternal endometrium, which consists of three stages: ap-
position, adhesion/attachment, and penetration. Disturbances
during the peri-implantation perlod adversely influence subse-
quent gestation events and, ultimately, pregnancy outcome.>

In humans

Ethical restrictions and the lack of an appropriate in vitro
culture system challenge studies of embryo implantation
in humans, and thus, our current understanding of
peri-implantation embryonic development remains obscure.
In recent years, Chinese scientists have made great contributions
to the development and improvement of three-dimensional
(3D) embryo culture, which mimics in vivo developmental
landmarks and 3D structures, enabling in vitro study of human
embryogenesis.'” An embryo-like assembloid (E-assembloid)
assembling naive embryonic stem cells and extraembryonic
cells, developed by Ai et al.'' offers a useful model for
d1sentangllng cellular behaviors and signaling interactions
in pre- gastrulatlon human embryos. Another study by
Gong et al.'? described an embedded 3D culture system that
allows the extended ex utero culture of cynomolgus monkey
embryos. Ex utero cultured monkey embryos largely recapit-
ulated key events of in vivo development, providing a robust
and reproducible platform for studying primate embryogenesis
ex utero. Meanwhile, with the rapid development of single-
cell RNA sequencing and single-cell multiomics sequencing,
peri-implantation embryos have been systematically analyzed,
providing deeper insight into the complex molecular mecha-
nisms underlying embryo implantation.'

In mice

Endometrial receptivity is under the precise control of ovar-
ian steroid hormones, as well as a variety of transcription
factors, growth factors, cytokines, and lipid signaling medi-
ators. It is widely accepted that estrogen and progesterone
play predominant roles in uterine receptivity. In mice, pre-
ovulatory ovarian estrogen stimulates the proliferation of
uterine epithelial cells on day 1 of pregnancy (the day when
the vaginal plug is seen). From day 3, the rising level of pro-
gesterone from the newly formed corpus luteum initiates
stromal cell proliferation. On the morning of day 4, a small
surge of estrogen, along with progesterone, is crucial for de-
termining uterine receptivity. Meanwhile, uterine epithelial
cells stop proliferation and gradually decrease their polarity.

Embryo 1mplantat10n takes place at the end of day 4 of preg-
nancy in mice.”> The effects of estrogen and progesterone are
mainly mediated by their respective nuclear receptors, estro-
gen receptor (ER) and progesterone receptor (PR). Evidence
from knockout mice has shown the indispensable roles of
ER and PR in embryo implantation and female fertility.!>~'®
Expression levels and transcription activities of ER and PR can
be modulated at multiple levels, including transcriptional, post-
transcriptional, and posttranslational regulation. Recent studies
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have demonstrated the significance of N°-methyladenosine
(m®A) in embryo implantation by affecting progesterone and es-
trogen signaling at the posttranscriptional level. m°A, the most
abundant form of mRNA modification in eukaryotes, controls
gene expression by regulating mRNA splicing, transloca-
tion, stabilization, and translation. m®A modification is cat-
alyzed by a methyltransferase complex consisting of the
methyltransferase like 3 (METTL3) and the methyltransferase
like 4 (METTL4) along with other regulatory subunits.'” The
significance of m A modification in embryo implantation re-
mains unclear. In recent studies, Zheng et al.>° and Wan et al.*!
revealed the m®A-mediated mechanisms for ensuring normal
progesterone and estrogen signaling durmg embryo implanta-
tion. Uterine-specific deletion of the m°A writer METTL3 cul-
minates in implantation failure due to preimplantation embryo
loss and compromised uterine receptivity. Further investigation
showed that METTL3 directly targets the mRNAs of Pgr (the
encoding gene of PR), and that m®A modifications in the 5’
untranslated region of Pgr enhance its translation efficiency.
Thus, METTL3 deficiency leads to decreased PR protem
levels, ultimately interfering with progesterone signaling.?’
Meanwhlle another study revealed that METTL3-dependent
méA also modulates the estrogen pathway to maintain the
balance between progesterone and estrogen signaling. Loss
of m°A modifications causes estr0§en dominance and pro-
gesterone resistance. Specifically, m°A-seq analy31s identified
m®A modifications in the 3’ untranslated region of several
estrogen-responsive genes, mRNAs of wh1ch exhibited in-
creased stability upon METTL3 depletion.”! In addition to
posttranscriptional regulation, steroid nuclear receptor activi-
ties are also regulated by posttranslational modifications, such
as phosphorylation and ubiquitination.?>?* Tang et al.>*
recently reported that uterine deficiency of p38a-impaired
uterine receptivity ascribed to reduced PR protein levels
and reduced progesterone responsiveness in the uterine
stroma. Mechanistically, p38a phosphorylated ubiquitin
protein ligase E3C, a HECT family E3 ubiquitin ligase,
and restrained its polyubiquitination activity toward PR for
proteasome-mediated degradation (Fig. 1). These findings
by Chinese scientists are of high clinical relevance, because
aberrant progesterone and estrogen signaling are often asso-
ciated with uterine pathophysiology.

In addition to ovarian steroid hormones, embryo-derived
signals, including growth factors, cytokines, and hormones,
also facilitate the establishment of uterine receptivity.>>=>’
Recently, Chinese scientists have identified crucial embryo-
derived factors that affect uterine epithelial differentiation
during the window of receptivity (Fig. 1). Combining single-cell
RNA sequencing for pregnant or pseudopregnant uteri and
bulk RNA sequencing for embryos, Wang et al.*® found that
estrogen-responsive uterine luminal epithelial cells functionally
differentiated into adhesive epithelial cells and supporting epi-
thelial cells under the regulation of progesterone; furthermore,
embryonic Pdgfa and Efna3/4 signaling, together with maternal
signals, activated adhesive epithelial cells and supporting epithe-
lial cells, respectively, promoting embryo attachment to the
endometrium. In another study, Wang et al?® delineated the
global gene expression changes in the luminal epithelium of
pregnant mice compared with that in pseudopregnant mice.
Further exploration proved that blastocyst-derived Igf2 in-
duced the activation of epithelial Stat3 and upregulated ex-
pression of lysosomal hydrolases, leading to a significant in-
crease in both the number and acidification of lysosome, which
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Figure 1. Signaling networks governing embryo implantation and decidualization. The dynamic process of embryo implantation and decidualization involves
complex interactions among the embryo, uterine epithelium, and stroma. Critical signals regulating cell-cell interplay are portrayed here. Establishment of uterine
receptivity and progression of decidualization are under the precise control of ER-mediated estrogen signaling and PR-mediated progesterone signaling. The
transcriptional activity of ER and PR are modulated at the posttranslational level. Posttranslational regulation of ER and PR is illustrated here, with contributions by
Chinese scientists highlighted in red. ATF3: activating transcription factor 3; ATP: adenosine triphosphate; C/EBPpR: CCAAT/enhancer-binding protein beta; ER:
estrogen receptor; HB-EGF: heparin binding EGF Like Growth Factor; IGF2: insulin-like growth factor 2; LIF: leukemia inhibitory factor; PDGFA: platelet-derived growth
factor subunit A; PR: progesterone receptor; SOX4: SRY-Box transcription factor 4; ST00A9: S100 calcium-binding protein A9; TNFX: tumour necrosis factor alpha.

mediated the degradation of Cldn1 and Mucl, two well-known
downregulated molecules for successful implantation.

Previous studies have revealed an important role of glucose
metabolism during the peri-implantation period.*® Given that the
precursor of the O-linked 3-D-N-acetylglucosamine (O-GlcNAc)
modification, uridine diphosphate N-acetylglucosamine, con-
nects the metabolic pathways of glucose, fatty acids, nucleic
acids, and nitrogen, O-GlcNAcylation is engaged in diverse
metabolic and physiological processes by rapidly and reversibly
sensing a wide range of signals and affecting protem locali-
zation, interaction, act1v1ty, and degradation.! In their re-
cent study, Zhang et al.> identified an unexpected role of
O-GlcNAcylation in modulating endometrial cell functions
and influencing embryo implantation. O-GlcNAcylation of
Glut1 increased glucose uptake and Warburg-like glycolysis
during the window of implantation, and O-GlcNAcylation
modification of aquaporin 3 mediated the intracellular trans-
port of glycerol to compensate for increased glycolysis. Fur-
thermore, O-GlcNAcylation of the transcription factor SP1
enhanced its stability and promoted transcription of down-
stream aquaporin 3.

Various adhesion molecules, such as integrins, selectins,
and cadherins, are thought to participate in blastocyst ap-
position and attachment during implantation, among which
R3-integrin has been broadly investigated in both humans and
mice. In the human endometrium, a high level of 33-integrin is
observed in luminal and glandular epithelial cells during the
mid-secretory phase, implying its potential role in endometrial
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receptivity. Indeed, aberrant express1on of [p3-integrin is asso-
ciated with RPL and female infertility.>® In mice, interfering
with B3- 1ntegr1n—med1ated trophectoderm—luminal epithelial
crosstalk compromises embryo implantation. 3* Recently, Cai
et al.*% showed that a signal axis of Mst1/Nur77/33-integrin
is potentially involved in embryonic-endometrial interactions.
Specifically, Mst1 enhanced the transcription activity of Nur77
by phosphorylating Nur77 at threonine 366, and thus upregu-
lated the expression of target gene 33-integrin. Reduced levels
of Mst1 have been observed in women with recurrent im-
plantation failure (RIF).

Current studies of uterine receptivity and embryo implan-
tation mainly rely on traditional gene knockout strategies,
such as PR-cre-mediated gene knockout. This method has
limitations, because PR is expressed at early uterine develop-
ment stages; thus, implantation failure might be attributed to
developmental defects. Thus, the inducible knockout strategy
is warranted toward solving this issue. Further development
and improvement of an in vitro implantation model is also
needed to study embryo implantation in humans.

Recent progress in endometrial-decidual
transformation research, in humans and mice

Decidualization refers to the transformation of endometrial
stromal cells into specialized secretory decidual cells in adap-
tation to gestation. Fully developed decidua can provide nu-
trition for the growing fetus, control trophoblast invasion,


http://www.maternal-fetalmedicine.org

Bao and Wang, Maternal-Fetal Medicine (2024) 6:1

and establish immune tolerance, which are essential for suc-
cessful pregnancy.* PR-mediated progesterone signaling is
essential for decidualization in both humans and mice. More-
over, PR chaperons, such as Fkbp52, downstream mediators
of progesterone signaling including C/EBPB, Hoxal0, Bmp2,
and Wnt4, and other transcription factors (eg, Foxo1) and cy-
tokines (eg, 1l111) also serve as important determinants for
decidualization.*

In humans

In humans, decidualization is regulated by estrogen and proges-
terone during the secretory phase of each menstrual cycle, in
preparation for embryo implantation. Stromal-decidual trans-
formation is first initiated around the spiral arteries. Although
the initiation of decidualization in humans is considered inde-
pendent of 1mplantat10n it is prolonged in the presence of
embryos.**® Gu et al.>” showed that blastocyst-derived lactate
induces release of non-lytic ATP, which promotes secretion of
epithelial IL8 to facilitate the decidualization process.

PR and other transcription factors, including C/EBP(,
Hoxa10, and Foxol, are essential for decidualization. Re-
cently, Huang et al.>® reported that SOX4 is a key regulator
of human endometrial stromal decidualization by directly
regulating FOXO1 expression and modulating PR stability, which
it does by repressing E3 ubiquitin ligase HERC4-mediated
degradation and derailed SOX4/HERC4/PR axis poten-
tially, contrlbutmg to decidual defects in patients with RIF
(Fig. 1). Ni et al.> discovered that overexpression of circSTK40,
a circular RNA upregulated in RIF samples, inhibits the
decidualization process in human endometrial stromal cells
(hESCs), in part because of declined FOXO1 level. In an-
other study, these authors revealed that knockdown of
ATEF3, which is significantly downregulated in the endome-
trium of patients with RIF, hampers hESC dec1duahzat10n
via impaired FOXO1 expression.*® Cui et al.*' found that
decreased circadian gene Rev-erba level causes defective
decidualization, which is attributed to reduced expressions
of PR and C/EBPP. Although the coding genes of the HOX
family have been defined as crltlcal regulators in endometrial
decidualization, Zhao et al.** found an unexpected role of
the long noncodmg RNAs in the HOX gene family in
decidualization. In that study, the authors noticed that
HOXAT11-AS was the most reduced IncRNA in the HOX
family during the window of implantation and was elevated
in patients with RIF. Mechanistically, HOXA11-AS nega-
tively regulated decidualization via competitive interaction
with PTBP1, an RNA-binding protein, which limited
PTBP1 availability to regulate PKM1/2 alternative splicing,
and thus attenuated decidualization.

The process of endometrial-decidual transformatlon is ac-
companied by remarkable metabolic reprogramming.** Using
liquid chromatography with mass spectrometry-based metab-
olite profiling, Tang et al.** found that accumulated «-
ketoglutarate derived from activated glutaminolysis contrib-
utes to decidual transformation, whereas hESCs obtained
from patients with recurrent spontaneous miscarriage exhib-
ited glutaminolysis blockade and decidual defects. Further in-
vestigation revealed that enhanced o-ketoglutarate flux de-
creased histone methylation and supported ATP production
during decidualization.

Although the initiation of a decidual reaction is thought
to be an inflammatory response, hyperactivated inflammatory
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responses compromlse decidual functions and pregnancy
outcomes.*® Gaq deficiency leads to an aberrantly activated
inflammatory reaction during decidualization from enhanced
NEF-B signaling, which defers blastocyst hatching and adhe-
sion in vitro. Furthermore, Gaq expressmn in the decidua is
significantly lower in women with RPL.*

In a recent report, aldosterone biosynthesized in endometrial
glands during mid-secretory phase facilitated decidualization.
Expression of the aldosterone receptor, mineralocorticoid
receptor (MR), was elevated in the stroma during the mid-se-
cretory phase. Glandular aldosterone activated stromal MR
to promote decidualization via the MR/LKBl/p -AMPK/
PDK4/p-CREB/FOXO1 signaling pathway.*”

In mice

In mice, the decidual reaction is elicited by embryo implan-
tation or artificial stimulus. In response to embryo attach-
ment, stromal cells surrounding the blastocyst experience
extensive proliferation and differentiation to form the primary
decidual zone (PDZ). Stromal cells adjacent to the PDZ fur-
ther proliferate and differentiate, establishing the secondary
decidual zone and leaving a thin layer of undifferentiated stro-
mal fibroblasts.>> The process of decidualization shows
regional differentiation in mice. However, we incompletely
understand this regional decidualization’ process because
we have lacked high-resolution spatial transcriptomics. Using
scStereo-seq technology, Yang et al.*® for the first time
portrayed the context of functional decidual hubs as distinct
decidual stromal, immune, endothelial, and trophoblast cells
during early pregnancy in mice. Another study revealed the
important role of Men1, a member of the H3K4 methyl-
transferase complex, in mediating decidual regionalization.
Uterine-specific deletion of Men1 reduced Ptx3, which led
to aberrant activation of Erk1/2 in the secondary decidual
zone due to unrestrained Fgf2 signals from the undifferen-
tiated stromal layer, therefore blunting Bmp2 induction
and decidual differentiation.*” That study hlghhghted
for the first time, the epigenetic machinery governing re-
gional decidualization.

Previous studies have demonstrated the importance of
epithelial-stromal crosstalk in the initiation of decidualization.>
However, few embryo-derived factors that influence
decidualization have been identified. Recently, Chinese scien-
tists have characterized several embryonic-derived signals that
contribute to stromal decidualization (Fig. 1). Li et al.*° found
that blastocyst-derived TNFa induces epithelial IHH, which
stimulates expression of SHH in the stroma and thereby aug-
ments decidualization. Chen et al.’! further discovered that
TNFa produced by the embryo promotes release of arachi-
donic acid from the epithelium to ignite fibroblast activation
and decidualization through PGI2 and PPARS. In addition,
lactate from blastocysts stimulates ATP release from epithelial
cells and enhances stromal decidualization via the ATP recep-
tor P2y2.32

Considering that the process of endometrial-decidual trans-
formation is distinct between humans and mice, the use of
nonhuman primate models will allow novel opportunities to
explore and understand human decidualization. Furthermore,
because the endometrium experiences dynamic remodeling,
shedding, and regeneration during the menstrual cycle, the
presence and characteristics of endometrial stem/progenitor
cells merit further investigation.
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Recent progress in trophoblast differentiation and
placentation research, in humans and mice

The placenta, a transient organ formed during pregnancy to
support fetal growth, participates in the exchange of gases,
nutrients, and waste between the mother and fetus.

In humans

In humans, highly proliferative and undifferentiated cyto-
trophoblast (CTB) cells derived from the trophectoderm un-
dergo differentiation through two pathways. In the villous
pathway, mononucleated CTB cells fuse into multinucleated
syncytiotrophoblast (STB) cells, covering the floating villi.
STB is responsible for the production of pregnancy-related
hormones and nutrient and waste exchanges between the
mother and fetus. In the extravillous pathway, CTB cells pro-
liferate to form anchoring villi and differentiate into either in-
terstitial extravillous trophoblast (EVT) cells (which invade
the deep layer of the maternal decidua and even the
myometrium) or endovascular EVT cells (which penetrate
the uterine spiral arteries and replace endothelial cells to re-
model the maternal vasculature).”®3 Jiang et al.’* recently
depicted the transcriptomic atlas of the cynomolgus macaque
placenta at a single-cell resolution. Comparative analyses of
human and macaque placentas have revealed the conserved
features of placentation and the discrepancies of EVTs be-
tween the two species.

Cell-cell fusion, or syncytialization, is a crucial step of
STB formation. The physiological advantages of forming
such an extensive multinucleated cellular structure and the
regulatory mechanisms underlylng this process remaln to
be explored. Zhang et al.’>> demonstrated that Ca** influx
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through the Ca®* permeable transient receptor potential
vanilloid channel TRPV4 is critical for TMEM16F activation
and subsequent trophoblast fusion. Meanwhile, Shao et al.*®
discovered that STB uniquely induces macropinocytosis by
inhibiting mTOR signaling, serving as an adaptation to the
cellular nutrient status, which helps support fetal survival un-
der nutrient deprivation (Fig. 2).

Trophoblast invasion/migration is tightly regulated by a
variety of transcription factors, growth factors, and other
signaling molecules. Insufficient trophoblast invasion gives
rise to RPL, fetal growth restriction, and preeclampsia.
Transcription coactivator NCOAG6 has been reported to be
important for CTB invasion and migration, at least partly
by activating NF-xB-mediated MMP9 transcription.’” In
addition to transcriptional regulation, posttranscriptional
modifications are involved in regulating placentation and
trophoblast invasion. Zheng et al.”® revealed an unexpected
role of N1-methyladenosine, one of the most prevalent post-
transcriptional modifications in RNAs, in trophoblast mi-
gration and invasion. The N1-methyladenosine reader
YTHDF3 promoted degradation of IGFIR mRNAs and
thus inhibited the translation of IGF1R proteins, repressing
the downstream MMP9 signaling, which consequently
compromised the migration and invasion of trophoblast
cells. Emerging evidence has also demonstrated indispens-
able roles of microRNAs, circular RNAs, and long noncod-
ing RNAs in trophoblast invasion. Abnormally elevated
miR21 dampens EVT moblhty via the PP2A BP/Hippo
axis.>® miR-18a inhibits expression of SMAD2(FL), leading
to enhanced trophoblast cell invasion, whereas a lack of
miR-18a contributes to development of preeclampsia.®®
circ_0111277, a circular RNA upregulated in the placenta
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Figure 2. Regulatory mechanisms underlying syncytialization during STB formation. Mononucleated CTB cells fuse into multinucleated STB cells responsible
for exchanging nutrients and waste between the mother and fetus. During syncytialization, TMEM16F activation facilitates cell fusion by translocating PS to the
cell surface. Meanwhile, bivalent ERV-derived enhancer MERS0 profoundly rewires the transcriptional program of syncytialization. STB can efficiently uptake
large molecules by the macropinocytosis machinery, which is enhanced during reduced amino acid supply. CTB: cytotrophoblast; ERV: endogenous

retrovirus; PS: phosphatidylserine; STB: syncytiotrophoblast.
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with preeclampsia, attenuates trophoblast cell migration/invasion
by modulating the miR-494-3p/HTRA1/NOTCH-1 axis.®!
Long noncoding RNAs INHBA-AS1 and SH3PXD2A-AS1 are
considered potential causal factors in preeclampsia, owing to
their ability to prOhlblt trophoblast invasion and migration
during placentation.®* Furthermore, recent studies have re-
vealed the potential roles of aberrant WNT, SHH, BMP2,
and GDF135 signaling in several pregnancy- -related dlseases
including preeclampsia and RPL.°

Posttranslational protein modifications are important to
the differentiation and behaviors of trophoblast cells. Liu
et al.®” established a database of O-GlcNAcylated proteins
in human placental trophoblasts, among which cystathio-
nine y-lyase CSE exhibits the most significant change.
O-GlcNAcylation of CSE enhances its enzymatic activity
to produce H2S, which in turn represses trophoblast differenti-
ation by inhibiting androgen receptor dimerization. Consistent
with this, remarkably elevated CSE O-GlcNAcylation and
H2S production have been observed in the placenta during pre-
eclampsia. Cui et al.?® also showed that serum epiregulin and
protein O-fucosyltransferase 1 (poFUT1), the key enzyme for
the biosynthesis of O-fucosylation of specific glycoproteins, is
higher in pregnant women compared with nonpregnant
women and is significantly decreased in patients with spontane-
ous abortion. Further investigation found that epiregulin upreg-
ulated poFUT1 expression and increased O-fucosylation on
uPA, which further activated the PI3K/Akt pathway, facilitating
EMT behaviors of trophoblast cells.

Endogenous retroviruses (ERVs) have been proposed as a
driving force for the development of the mammalian placenta.®”
However, ERV-derived regulatory elements and transcription
factors that target these elements in human trophoblast stem
cells (hTSCs) remain obscure. Yu et al.”® recently delineated
the dynamic landscape of bivalent ERV-derived enhancers
with dual occupancy of H3K27ac and H3K9me3 in hTSCs,
demonstrating that ERVs profoundly rewire the transcriptional
program of trophoblast syncytialization. In particular, bivalent
enhancers derived from the Simiiformes-specific MERS50
transposons were linked to a cluster of genes important for
STB formation (Fig. 2). Moreover, Du et al.”" confirmed that
transcription factors GATA2/3, MSX2, and related factors ex-
hibit prevalent binding on many ERV "families in hTSCs, im-
plying their broad impacts on ERV-derived enhancers. Nev-
ertheless, aberrant expression of ERVs in trophoblast cells
might result in catastrophic consequences. The deficiency of
Pr-set7, the sole enzyme catalyzing H4K20mel, leads to
ERV derepression, double-stranded RNA stress, overwhelm-
ing viral mimicry responses, and trophoblast necroptosis.””

The placenta serves as an endocrine organ and produces
various hormones, including human chorionic gonadotro-
pin, prolactin, estrogen, and progesterone, to guarantee suc-
cessful pregnancy maintenance.” A recent study showed an
uncharacterized role of RGS2 in the production of estrogen
by the placenta. Specifically, RGS2 promoted protein
degradation of HAND1 and restored transcription of
HAND1-inhibited aromatase, leading to increased estrogen
levels.”? In addition to the abovementloned hormones, Yu
et al.”* identified placensin, a peptide hormone derived
from the placenta, which is capable of stimulating glucose
secretion and trophoblast invasion. Serum placensin level
rises in a stage-dependent manner during pregnancy and is
significantly increased in patients with gestational diabetes
mellitus during the third trimester.
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In mice

In mice, the trophectoderm, at the outermost layer of the blas-
tocyst, differentiates into different trophoblast lineages of the
placenta. Trophectoderm cells covering the ICM proliferate
and form the extraembryonic ectoderm and ectoplacental
cone, whereas trophectoderm cells away from the ICM cease
dividing but continue DNA replication, forming the primary
polyploid trophoblast giant cells (TGCs). With embryonic de-
velopment, the allantois (originating from the extraembryonic
mesoderm) comes into contact with the chorionic epithelium
(derived from the extraembryonic ectoderm), in a process
termed chorioallantoic fusion. The chorionic epithelium starts
to fold, and fetal blood vessels invaginate into these folds.
Trophoblast cells and the connected fetal blood vessels branch
extensively, eventually forming a dense structure known as the
labyrinth, in which the exchange of nutrients and waste be-
tween the mother and fetus occurs. Meanwhile, cells in the
ectoplacental cone develop to form a junctional zone, consisting
of spongiotrophoblast cells, glycogen trophoblast cells, and
TGCs. The outer region of the ectoplacental cone dlfferentlates
to form more TGCs that envelop the whole fetus.”**”® To com-
prehenswely deci ;)her this complex developmental process in
mice, Jiang et al.”” performed single-cell RNA sequencing on
trophoblast cells of extraembryonic tissues on embryonic days
7.5 and 8.5, and placental tissues from embryonic days 9.5 to
14.5. In that study, previously unreported progenitor cells and
intermediate precursor cells were identified, and the lineage
of differentiation trajectory was mapped during placenta-
tion in mice.

Whnt signaling is a critical determinant for the maintenance
and differentiation of stem/progenitor cells, including tropho-
blast stem cells during placental development. Hyperactiva-
tion of Wnt 51gnahn§ is associated with human trophoblast
diseases. Bao et al.”® used mouse models, with either dou-
ble knockout of Sfrp1 and Sfrp5 or expressing an exon 3—
deleted PB-catenin, to reveal that hyperactivation of the ca-
nonical Wnt pathway disturbed trophoblast differentiation
by repressing Ascl2 expression, resulting in an overabun-
dance of TGCs at the expense of spongiotrophoblast cells.

Cell-cell fusion or syncytlahzatlon is a crucial step during
placentation. Recently, Zhang et al.” revealed the essential role
of TMEM16F, a Ca**-activated phospholipid scramblase, in
placental trophoblast fusion by translocating phosphatidylserine
to the cell surface independent of apoptosis. TMEM16F knock-
out mice exhibited defective trophoblast syncytialization, lead-
ing to perinatal lethality.

Under some circumstances, pregnancy-related disorders
are attributed to dysregulated metabolism in trophoblast
cells. With mouse models, Xu ez al.*° discovered that AMPK
activation during placentatlon exacerbated preeclampsia but
alleviated trophoblast cell death. Specifically, AMPK activa-
tion in trophoblasts contributed to GLUT3 translocation
and subsequent glucose metabolism, which were redirected
into gluconeogenesis, resulting in deposition of glycogen and
accumulation of phosphoenolpyruvate; the latter enhanced vi-
ability but compromised trophoblast invasion. These findings
revealed a novel homeostasis between trophoblast invasive-
ness and viability. Another study described the correlation
between reduced succinate levels and recurrent spontaneous
abortion (RSA). Methylation of the succinate dehydrogenase
complex iron sulfur subunit (SDHB) promoter recruited
MBD1 and excluded c-Fos, inactivating SDHB expression
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and causing intracellular succinate accumulation, which
mimicked hypoxia; however, low succinate levels reversed
this effect and increased abortion risk in the mouse model.51

Numbers of pregnancies at advanced maternal age (AMA)
are rapidly increasing and are associated with aberrant tro-
phoblast cell function, poor placentation, and unfavorable
pregnancy outcomes, presumably due to premature placental
senescence.”” However, the underlying causes of glacental se-
nescence remain largely unknown. Xiong et al.®* discovered
that the loss of SIRT1, the only downregulated sirtuin in the
placenta of women with AMA, increased P53 acetylation
and P21 expression and impaired trophoblast invasion/
migration by modulating vimentin acetylation, leading to
AMA-associated placental senescence.

An important endocrine organ during pregnancy, the pla-
centa secretes hormones and other factors into the circulation
to coordinate other maternal organs to maintain pregnancy.
Further investigations are warranted to reveal the functions
of placental-derived hormones and factors, as well as the ad-
aptational changes of target organs.

Recent progress in cell-cell interplay research at the
maternal-fetal interface, in humans and mice

The maternal-fetal interface involves a complex interplay
between multiple cell types, 1nclud1ng decidual cells tropho-
blast cells, endothelial cells, and various immune cells
recent years, Chinese scientists have contributed much to
characterizing cell heterogeneity at the maternal-fetal inter-
face, helping to expand our understanding of this complex
cell-cell crosstalk. Because most of the studies described in
this section are based on findings from both humans and
mice, they are not divided into subsections.

Applying single-cell RNA sequencing and spatial trans-
criptomic analysis, several studies have revealed the spatio-
temporal landscape of the maternal-fetal interface at a
single-cell resolution in both humans and mice. Du et al.3*
illustrated the heterogeneity of the maternal decidua in pa-
tients with RSA, finding that aberrant decidualization obvi-
ously obstructed communication between stromal cells and
other cell types in samples of women with RSA. Guo et al.®®
systematically compared leukocyte subtypes isolated from
patients with RPL and healthy controls, finding markedly
different distributions of immune cell subsets and altered in-
tercellular interactions between leukocytes and other cell
types in the RPL group. In mice, Yang et al.3¢ provided a global
transcriptomic profile of uterine receptivity. These authors
also predicted the signaling crosstalk between the blastocyst
and the receptive uterus. Another study defined different func-
tional hubs in the mouse decidua, discovering a dual-featured
type of immune-featured decidual cells (iDSCs), which enable
immune cell recruitment and suppression, govern vasculariza-
tion, and promote cytolysis. Dysfunctional and spatially disor-
dered iDSCs disrupt decidual hub SPeaﬁcatlon and eventually
lead to pregnancy complications.

The abundant decidual natural killer (ANK) cells that ac-
cumulate at the maternal-fetal interface are believed to play
vital roles in immune modulation. During the first trimester
of pregnancy, dNK cells are the dominant lymphocyte in the
decidua.” The reduction and dysfunction of dNK cells at the
maternal- fetal interface contribute to pregnancy-related diseases.®”
Wang et al.®® recently described a CD49a* PBX1* dNK sub-
set capable of promoting fetal development in both humans
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and mice. They found that PBX1 drove expression of
pleiotrophin and osteoglycin in dNK cells. Decreased PBX1
level or mutations were correlated with fetal growth restriction
and unexplained RSA. Meanwhile, Tao et al.®? identified an-
other immunomodulatory dNK subset, CXCR4* CD36P"8ht
dNK cells, which display a less cytotoxic phenotype but
show enhanced immunomodulatory gotential in both
humans and mice. These CXCR4* CD56"78" dNK cells, re-
cruited and reprogrammed by trophoblasts, could induce Th2
differentiation; a reduction of this dNK subset was observed
in patients with recurrent miscarriage. Tissue-resident natu-
ral killer (trNK) cells are crucial components of local immu-
nity. Han et al.®° recently characterized uterine trNK cells
longitudinally during pregnancy by single-cell RNA sequenc-
ing and found that an IL-21R-STATS3 axis was essential for
initiating the trNK cell differentiation. The fully differenti-
ated trNK cells exhibited enhanced functionality necessary
for remodeling spiral arteries in the decidua. In addition, they
identified an apoptotic program specific to the terminal dif-
ferentiation stage, which might preclude tissue damage by
these highly activated trNK cells. Several other studies have
reported complex crosstalk between dNK cells and other cell
types at the maternal-fetal interface. Extracellular vesicles de-
rived from trophoblasts promote secretion of IFN-y and
VEGFa by dNK cells, which are necessary for angiogenesis,
trophoblast growth, and inhibition of Th17 in patients with
RSA and abortion-prone mouse models.”" Furthermore, ac-
tivated glutaminolysis in dNK cells contributes to tropho-
blast invasion and embryo growth via IGF-1 and GDF-15.
Blocking dNK glutaminolysis leads to early embryo implanta-
tion failure, spontaneous abortion, and/or fetal growth restric-
tion in pregnant mice.””

Macrophages, the second largest leukocyte type at the
maternal-fetal interface, play an important role in the main-
tenance of pregnancy. Following environmental cues, mac-
rophages can be polarized into two subpopulations: proin-
flammatory Ml macrophages and anti-inflammatory M2
macrophages.”> M1 macrophages are elevated in the decidua
of patients with RSA. A recent study revealed that M1 macro-
phages suppressed trophoblast invasion and migration by se-
creting extracellular vesicles, illuminating a novel mechanism
by which M1 macrophage regulates trophoblast invasion in
both humans and mice.” Several investigations have illus-
trated the correlation between macrophage polarization and
RPL from the aspect of metabolic regulation. Usmg samples
of women with RPL and mouse models, Gao et al.”” discov-
ered that lactic acid metabolism could trigger macrophage
polarization via oxidative phosphorylation and glycolysis
regulation, and that this plays a v1ta1 role in decidual
macrophages-mediated RPL. Sheng et al.”® reported positive
feedback from IL-33/ST2-efferocytosis leading to pregnancy
failure through metabolic reprogramming of decidual macro-
phages. The disruption of the IL-33/ST2 axis in patients with
RPL increases cell apoptosis and macrophage efferocytosis.
Decidual macrophages that engulf apoptotic cells secrete more
sST2 and less TGF-B, promoting M1 polarization. Moreover,
elevated sST2 further exacerbates disruption of the IL-33/ST2
pathway. In addition, IL-33 knockout mice demonstrate poor
pregnancy outcomes, and exogenous supplementation with
mouse IL-33 reduced embryo losses.

Liu et al.”” recently showed a correlation between activation
of neutrophils and the development of preeclampsia. They ob-
served significantly increased IL-32f3 levels in the placentas of
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patients with severe preeclampsia. IL-323 activated neutro-
phils, which were better able to adhere to endothelial cells
and enhance the expressions of VCAM-1 and ICAM-1. That
study provided evidence of the involvement of IL-32f3 in the
pathogenesis of preeclampsia.

Regulatory T cells (Tregs) are important for maintaining
systemic immune homeostasis and are required for establish-
ing immune tolerance at the maternal-fetal interface during
pregnancy.”® Using the conditional knockout mouse model,
Zhang et al.”” found that deficiency of H3K36me2 methyl-
transferase Nsd2 leads to a significant decrease in Tregs at the
maternal-fetal interface, disrupting immune tolerance and caus-
ing severe fetal loss. Mechanistically, Nsd2 upregulates CXCR4
expression via H3K36me2 modification to recruit Tregs into
the decidua. Ma et al.'®° uncovered a unique immune-regulatory
characteristic of placental endovascular EVTs to promote naive
CDA4+ T=cell differentiation into immunosuppressive FOXP3+
Tregs by secreting TGF31 in humans. Cao et al.'°! used mouse
models to report that activation of invariant natural killer T cells,
a minor immune cell population at the maternal-fetal inter-
face, predisposes offspring to cardiac injury.

In addition to immune tolerance, uterine spiral artery re-
modeling is another critical event at the maternal-fetal inter-
face that is essential for the maintenance of pregnancy. Atrial
natriuretic peptide and corin have been reported to facilitate
spiral artery remodeling. Deficiency of atrial natriuretic pep-
tide or corin in mice leads to defective decidualization and re-
duced production of TRAIL by decidual cells, which induce
apoptosis in uterine spiral arterial smooth muscle cells. Sub-
sequently, cyclophilin B from apoptotic smooth muscle cells
upregulated endothelial TRAIL receptors, causing apoptosis
in endothelial cells.'*>

A successful pregnancy requires both sophisticated multicel-
lular cooperation at the maternal-fetal interface in the uterus
and adaptational changes of other maternal organs. Among
these, the liver undergoes dramatic enlargement to meet in-
creased metabolic demands during pregnancy. He et al.'% re-
cently used a proliferation recording system, the ProTracer, to
examine the spatial-temporal proliferation of hepatocytes dur-
ing pregnancy, which is under the influence of estrogen.

Considering the complex cell-cell interplay at the maternal-
fetal interface, improvement and application of high-resolution
spatial sequencing (eg, spatial transcriptomics, spatial
ATAC-seq, spatial CUT&Tag) will provide a more compre-
hensive perspective for studying this system.

Recent progress in parturition research, in humans
and mice

Labor onset involves the transition of the myometrium from
a quiescent state to a contractile state under the influences of
corticotrophin-releasing hormone, oxytocin, and prostaglan-
din, and a shift from progesterone to estrogen dominance.'®*
Abnormalities in the initiation of parturition lead to preterm
or postterm delivery. Preterm birth, defined as delivery oc-
curring before 37 weeks' gestation, affects 11.1% of preg-
nancies worldwide and is the leading cause of neonatal mor-
tality and morbidity. It is also associated with elevated blood
pressure and increased risks of cancer, diabetes, and cardio-
metabolic disease later in life.'*®

In humans

Emerging evidence indicates that the maternal decidua plays
a critical role in parturition initiation. Huang et al.'® have

44

Maternal-Fetal Medicine

revealed the transcriptomic profile of the peripartum de-
cidua at the single-cell resolution, providing a new perspec-
tive for the study of parturition.

Parturition involves the infiltration of immune cells and se-
cretions of cytokines. Single-cell RNA sequencing and spatio-
temporal transcriptomic analyses have been performed on
human myometrium at term labor and nonlabor, portraying
a comprehensive landscape of immune cells, including tran-
scriptional characteristics, distributions, functions, and inter-
cellular communications during labor.'®” Inflammation is
currently recognized as a major cause of premature delivery.
Chen et al.'%® discovered that lipopolysaccharide reduces ex-
pression of IL-33, resulting in increased calcium concentra-
tion, endoplasmic reticulum stress, and phosphorylation of
nuclear factor kB and p38 mitogen-activated protein kinase.
These data suggest that IL-33 is involved in the initiation of
labor by leading to endoplasmic reticulum stress via an influx
of calcium ions in human uterine smooth muscle cells.

In mice

Preterm birth is attributed to a dramatic switch from quies-
cence to contractility in the myometrium. Chen et al.' re-
cently found that mice injected intraperitoneally with PTPI-1,
the specific inhibitor of phosphatase SHP-1, manifested pre-
term labor. Furthermore, SHP-1 is significantly decreased in
the human myometrium during labor compared with not in
labor. This study suggests a potential strategy for preventing
preterm birth via modulation of SHP-1.

The cumulative evidence indicates that the maternal decidua
and ePithelium play critical roles in parturition initiation. Zhao
et al.""° provided insights into parturition initiation through
single-cell RNA sequencing. They revealed that stromal cells
prepare for parturition by regulating local retinol acid synthe-
sis. Their study expanded knowledge about parturition that
opened potential avenues for interventions to prevent preterm
birth. Liu et al."'! revealed a critical role of epithelial SHP2 in
parturition initiation via COX1- and COX2-derived PGF2a.
Epithelial-specific Shp2 knockout mice had delayed parturition
initiation, dystocia, and fetal deaths. Thus, their study ex-
plained a previously unknown role of the epithelium in par-
turition preparation (Fig. 3).

Notwithstanding maternal contributions to parturition,
emerging evidence shows that labor initiation also requires
fetal-derived signals. Yu et al.''? recently discovered that
wild-type female mice carrying Src1/2 double-deficient fetuses
exhibit postponed labor and impaired fetal lung development.
Lungs from Src1/2 double-knockout fetuses showed decreased
expression of Argl and increased Argl substrate L-arginine.
Knockdown of Argl in fetal lungs also led to delayed labor
onset. Moreover, L-arginine significantly inhibited spontane-
ous contractions in human myometrial smooth muscle cells.
These authors' work highlighted the role of fetus-derived fac-
tors in the initiation of parturition. In another study, they dem-
onstrated that amnion C/EBPS transcriptionally induced ex-
pression of COX-2 and 113-HSD1, ensuring the production
of prostaglandin E2 and cortisol b;l amnion fibroblasts,
which are essential for labor onset!!” (Fig. 3).

Parturition initiation involves a complex interplay among
myometrial cells, decidual cells, immune cells, and fetal-derived
tissues. Thus, the use of high-resolution spatial transcripto-
mics will facilitate future research. Moreover, nonhuman
primates may serve as appropriate animal models for the
study of parturition in humans.
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Figure 3. Signaling networks regulating parturition. Labor onset relies on signals derived from the maternal decidua, epithelium, and endothelium, and the
fetus. This diagram summarizes the signaling networks goveming parturition, with contributions by Chinese scientists highlighted in red.

Recent research progress in organoids and 3D
embryo culture

In recent years, Chinese scientists have made many signifi-
cant contributions to the development and improvement of
organoid models, facilitating the study of embryo implanta-
tion, placentation, and pregnancy-related diseases.

The endometrium consists of various types of epithelial
and stromal cells. Although models such as gland-like struc-
tures and endometrial assembloids have been successfully
established,!'*!"3 the lack of intact luminal epithelium makes
it difficult to recapltulate endometrial receptivity. Using an im-
proved matrix and air-liquid interface culture method, Tian
et al."'® developed a novel ALI-EnAo model composed ‘of en-
dometrial epithelial cells and stromal cells. ALI-EnAos recapit-
ulated endometrial anatomy, cell composition, gene expres-
sion profiles, and hormone-induced menstrual cycle changes
in vitro. In addition to cell composition and hormone re-
sponsiveness, fundamental physical features like mechanical
properties and microstructures need to be considered when
building in vitro platforms that mimic the uterus for embryo
implantation. Gu et al.''” have constructed a uterus-inspired
niche by grafting collagen gels onto polydimethylsiloxane,
simulating the mechanics and microstructures of the mouse
uterus. This novel system supported embryo invasion and
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development into the early organogenesis stage. Furthermore,
Zhang et al.''® evaluated the feasibility of using endometrial
organoids to treat posttraumatic endometrial regeneration dis-
orders in a mouse model of intrauterine adhesion. They found
that transplanted organoids not only reconstructed the struc-
tural integrity of the endometrial epithelium but achieved its
functional repair.

hTSC-based 3D organoid has been used as a transformative
model for studying placental development 1 Interactions
among trophoblasts, stroma cells, and immune cells at the
maternal-fetal interface are cruc1al for successful pregnancy
outcomes. Thus, Huang et al.'*° developed a robust, reli-
able method for generating placenta villi organoids using
air-liquid surface culture; they used this to accurately recapitu-
late the cellular components and genetic alterations of corre-
sponding source tissue. In addition, placenta villi organoids
derived from patients with preeclampsia exhibited specific
pathological features such as inflammation, antiangiogenic
imbalance, and decreased syncytin expression. Ruptured ec-
topic pregnancy, a pregnancy complication caused by aberrant
implantation, deep invasion, and overgrowth of embryos in
fallopian tubes, accounts for 4% to 10% of pregnancy-related
deaths. The lack of ectopic pregnancy phenotypes in rodents
limits our understandmg of its pathological mechanisms.
Recently, Zhao et al."*! used an organoid co-culture model
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to investigate the intricate communications between tropho-
blasts and endothelial/endothelial progenitor cells in the rup-
tured ectopic pregnancy context.

Conclusion

Over recent years, Chinese scientists have made marked con-
tributions to research progress in maternal-fetal medicine, ad-
dressing problems that range from the molecular regulatory
mechanisms underlying critical pregnancy events to the patho-
genesis of pregnancy-related disorders. Despite the identifica-
tion of various signaling pathways that govern the process of
embryo implantation, endometrial decidualization, placenta-
tion, and parturition, a comprehensive landscape of the molec-
ular network during gestation remains elusive. The ultimate
goal of maternal-fetal medicine research is to improve the diag-
nosis and treatment of infertility and other pregnancy-related
diseases. Thus, it is urgent to identify reliable biomarkers
for the prevention and diagnosis of these diseases and to
seek potential therapeutic targets.

To date, maternal-fetal medicine research has relied primarily
on conditional knockout mouse models and traditional cell
lines, which have certain limitations. Many genes that may par-
ticipate in gestational events cannot be thoroughly investigated
using currently available Cre mouse lines, as their knockout
leads to embryonic lethality or developmental defects. Hence,
inducible Cre systems need to be developed, to enable more pre-
cise assessments at different stages of pregnancy. Moreover, it is
imperative to develop and improve novel in vitro culture
models, such as organoids, to overcome the current limitations,
uncover molecular regulatory mechanisms, and facilitate
exploration of therapeutic targets for diseases.

Collectively, Chinese scientists have achieved remarkable
reproductive biology and maternal-fetal medicine research
in recent years. This work has been strongly supported by the
government. Scientific collaboration within and outside China
will further accelerate future developments in this field.
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