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Background: Recurrent miscarriage (RM) remains a significant clinical challenge
due to its elusive pathogenesis. This study aimed to investigate the role of
chemokine ligand 12 (CXCL12) at the maternal-fetal interface and its specific
mechanism in RM, to provide an experimental basis for potential diagnostic and
therapeutic strategies.

Methods: We utilized single-cell RNA-sequencing (scRNA-seq) to distinct
single-cell atlas at the maternal fetal interface in normal and RM
samples. And we comparably analyzed the expression of CXCL12 of
Syncytiotrophoblast/Extravillous Trophoblast (SCT/EVET) in normal and
unexplained RM pregnancies at the early stage of gestation. A CXCL12 silencing
and overexpression system was established in the HTR-8/SVneo cell line. Cell
viability was determined by MTT assay. The horizontal migration ability of HTR-8
cells was determined by cell scratch assay, while the invasion ability was tested
by transwell matrix gel invasion assay. Recombinant human CXCL12 was used to
stimulate endometrial stromal cells to explore the role of CXCL12 in the process
of endometrial decidualization.

Results: Single-cell atlas at the maternal fetal interface in normal
and RM samples showed 11 cell types, including DSCs and SCT/EVT
cells. In SCT/EVT cells, CXCL12 was remarkably decreased in RM
cases. CXCL12 overexpression significantly promoted the proliferation,
migration, and invasion ability of HTR-8 cells, while silencing CXCL12
significantly inhibited the proliferation, migration, and invasion ability of
HTR-8 cells. Recombinant human CXCL12 significantly promoted the
decidualization process of endometrial stromal cells, while decidualization
was inhibited by CXCR4-neutralizing antibodies to a certain extent
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Conclusion: CXCL12 promotes the proliferation, migration, and invasion ability
of trophoblast cells in vitro and promotes the decidualization of endometrial
stromal cells. The downregulation of the CXCL12/CXCR4 axis may be involved in
the occurrence and development of RM. Thus, this study provides experimental
clues for exploring potential therapeutic approaches related to CXCL12.
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Introduction

Successful pregnancy requires cooperation between fetal-
derived trophoblast cells and differentiated maternal cells. The
complex development process also involves interactions between
various factors including chemokines, cytokines, and growth factors,
which collectively contribute to the maintenance of maternal
immune tolerance until delivery. Among these factors, the unique
chemokine network during pregnancy has received considerable
attention in the last decade as a feature of a successful pregnancy
(Caba et al, 2002). When the expression levels of chemokines
and their receptors are abnormal, immune tolerance at the
maternal-fetal interface may be disrupted, leading to failed embryo
implantation or impaired placenta formation and thus pregnancy
failure (Salamonsen et al., 2007; Hannan and Salamonsen, 2007).

Recurrent miscarriage (RM) occurs for many reasons. In
addition to imposing an economic burden on women and their
families, RM can seriously affect the physical and mental health
of women. In recent years, studies have revealed a regulatory
network of chemokines and their receptors among trophoblast
cells, decidual stromal cells (DSCs), and decidual immune cells.
This network plays a crucial role in regulating trophoblast cell
proliferation and invasion, promoting neovascularization, and
facilitating the recruitment, migration, and homing of decidual
immune cells (Hanna et al., 2003; Schanz et al., 2011; Piao et al., 2012;
Ren et al, 2012; Zheng et al., 2018; Red-Horse et al., 2005;
Wuetal., 2005; Koopman etal., 2003). Both CXCL12 and its receptor
CXCR4 are expressed in early pregnancy trophoblast cells, and
the corresponding CXCL12/CXCR4 axis regulates the proliferative
effects of trophoblast cells (Wu et al., 2004). CXCL12 can induce
the chemotaxis of CD56"CD16~ natural killer (NK) cells from
peripheral blood to decidual tissue (Wu et al, 2005), thereby
maintaining immune tolerance at the maternal-fetal interface and
allowing the pregnancy to proceed. Thus, CXCL12 plays a crucial
role in early pregnancy.

In modern society, the increase in infertility each year has
caused serious social and health problems, with one of the
main causes being early pregnancy disorder (Tamrakar and
Bastakoti, 2019). The establishment of early pregnancy involves
uterine receptivity, embryonic implantation, and decidualization
of the endometrium. These processes, if problematic, can have
adverse chain effects throughout the pregnancy, leading to adverse
pregnancy outcomes such as infertility, miscarriage, preterm birth,
and preeclampsia (Hendriks et al,, 2019; Hanson et al., 2017).
Endometrial decidualization includes morphogenic, biochemical,
and vascular changes driven by both oestrogen and progesterone
receptors. The decidua has

multiple functions, including
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providing sources of growth factors and cytokines that support
embryonic development, exerting immunomodulatory roles during
pregnancy, and regulating trophoblast invasion. The status of
endometrial receptivity and embryo implantation are closely
related to the decidualization process of endometrial epithelial
cells and stromal cells, including the remodeling of epithelial
cells and the proliferation and differentiation of stromal cells
(Bhurke et al, 2016; ZhangS. et al, 2013). The hallmark of
early endometrial remodeling in humans is decidualization-
after differentiation, decidual cells acquire unique biochemical
and cellular properties that enable them to support embryo
implantation. Thus, the decidualization of the human endometrium
is essential for a successful pregnancy.

However, the specific mechanisms regulating the
decidualization process remain largely unknown. No studies
have described the and their
receptors during the decidualization of endometrial stromal cells
(ESCs).

In a previous study (Sun et al, 2022), we confirmed that

regulation of chemokines

the CXCL12 expression level in peripheral serum was low for
non-pregnancies and miscarriages but increased significantly
after pregnancy. In addition, the low level of CXCL12 in
peripheral blood and low expression of CXCR4 protein in
the decidua were correlated with the occurrence of early
spontaneous abortion, suggesting that CXCL12 is involved in the
maintenance of normal pregnancy. This study further explored
the specific mechanism of CXCL12 in the regulation of the
maternal-fetal interface and its role in the occurrence and
development of RM.

Materials and methods
Data collection

In this paper, a single cell dataset GSE214607 containing
decidual and villi samples from five women who underwent
elective termination of normal pregnancies without a history of
miscarriages and three women with recurrent miscarriage (RM)
were obtained by Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/). RM inclusion criteria were as
follows: fetal cardiac activity assessed by Doppler ultrasound showed
no pulsation or cardiac arrest at 7-9 weeks of pregnancy, and a
history of two or more unexplained abortions (Wei et al., 2022).
This study utilized single-cell data from this dataset. As the datasets
were obtained from public databases, no ethical approval was
required.
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Analytical process for scRNA-seq data

The scRNA-seq data of GSE214607 were processed using
the Seurat package to create a Seurat object. Cells were filtered
based on the following criteria: genes detected <250 or >5000,
and mitochondrial contamination >25%. The merged object
was normalized, and the top 3,000 highly variable genes were
identified. Principal component analysis (PCA) was performed
using these genes to extract principal components (PCs).
We performed dimensionality reduction through Uniform
Manifold Approximation and Projection (UMAP), generating
We used the
“Single R” R package for automated annotation of cell types

two-dimensional visualizations of cell clusters.

to annotate the cell subgroups. Decidual stromal cells (DSCs)
(SCT/EVT)
were defined by literature (Wei et al, 2022). Then, we used
CXCL12-related genes in SCT/EVT cell using the Seurat
package to get the expression of CXCL12 in SCT/EVT cell
and divided it into high-CXCL12 and low-CXCLI12 groups
based on the median level. Differentially expressed genes
(DEGs) between high-CXCL12 and low-CXCL12 expression
were screened out according to |log2 fold change (FC)| >1

and Syncytiotrophoblast/Extravillous Trophoblast

and p-value <0.05. Volcano map was used to visualize DEGs.
These genes were imported into the David 6.8 database for Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
Enrichment (KEGG) enrichment analyses. According to the P
value <0.05, the significantly enriched gong energy or pathway
was visualized.

Bacterial culture and plasmid extraction

Plasmid extraction was performed using an endotoxin-free
plasmid extraction kit (Mei5bio, Beijing, China). The concentration
and purity of the extracted plasmids were measured by ultraviolet
spectrophotometry (Thermo Fisher Scientific, Waltham, MA, USA).
Plasmids with a sufficiently high concentration and purity were
selected for subsequent transfection operation.

Cell cultures of HTR-8/SVneo cells and
ESCs

The human chorionic trophoblast cell line HTR-8/SVneo
(Zhonggqiao Xinzhou Biotechnology, Shanghai, China) and ESCs
(Procell, Wuhan, China) were planted in T25 culture bottles at 37 °C
and 5% CO, in an incubator. The cell status was observed regularly,
and the culture medium was changed once each 1-2 days. The cells
were sub-cultured after reaching 70%-80% confluence.

Cell transfection

HTR-8/SVneo cells were digested using 0.25% trypsin cell
digestion solution to obtain a suspension of single cells. The
cells were plated in 6-, 24-, or 96-well plates at 37°C and
5% CO,. Transfection operations began when the cells grew to
50%-60% confluence. Lipofectamine 3,000 (Invitrogen, Carlsbad,
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CA, USA) was transfected with the CXCL12 plasmid, siRNA, and
the corresponding empty plasmid and empty siRNA.

Cell viability assay

HTR-8/SVneo cells were seeded in 96-well plates and grown
in an incubator for 48 h after transfection with plasmids and
siRNA. Cell viability was determined by MTT assay (Sangon
Biotech, Shanghai, China). The absorbance value of each well was
detected using a microplate reader (Thermo Fisher Scientific) at a
wavelength of 490 nm.

Cell scratch assay

HTR-8/SVneo cells were seeded in 6-well plates and incubated
with plasmid and siRNA until the cells reached 100% confluence. A
scratch was made in the middle of each well with a 200 uL pipette
tip perpendicular to the plate. Cells that fell from the scratch were
removed with precooled PBS buffer. Medium was then added to each
well for continued growth in a constant-temperature incubator. At
24 h after the scratch, the migration rate of the cells in each group
was calculated.

Transwell assay

HTR-8/SVneo cells were seeded in 6-well plates and grown in
an incubator for 24 h after transfection with the plasmid and siRNA.
The upper Transwell chamber was coated using 200 ug/mL Matrigel
matrix (BD Biosciences, NJ, USA). After the matrix gel solidified,
the cell suspension was added to the upper Transwell chamber so
that the number of cells in the upper chamber was 5 x 10*. RPMI
complete medium containing 10% FBS was added to the 24-well
plate under the Transwell chamber. Finally, the cells were incubated
in a at 37°C and 5% CO, for 24 h. After incubation, the cells
were washed, fixed, and stained with hematoxylin for 30 min. The
number of cells in the Transwell chamber was counted under a light
microscope and recorded. The invasion rate was calculated for each
group and statistically analyzed.

Decidualization of ESCs

Endometrial stromal cells were seeded in 6-well plates to which
complete medium had been added. The experimental groups were
as follows. The negative control group received no additional
stimuli. The positive control group received 8-bromo-cAMP (Sigma,
St Louis, MO, USA) to a final concentration of 0.05mM and
medroxyprogesterone (MPA, Sigma) to a final concentration of
1 uM. The CXCL12 group was treated with recombinant human
CXCL12 with a final concentration of 20 ng/mL. The CXCL12+Anti-
CXCR4 group received recombinant human CXCL12 to a final
concentration of 20 ng/mL and CXCR4-neutralizing antibody with
afinal concentration of 10 uM. The cells were cultured in a incubator,
and the cell morphology was observed under microscope on the
fourth day. Subsequently, total proteins were extracted from all
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groups. To verify the degree of decidualization in each group, the
protein expression levels of IGFBP-1, a marker of DSCs, were
measured by immunoblotting and normalized by B-actin as the
housekeeping gene.

Western blot

Rinse cells twice with pre-cooled phosphate buffer solution
(PBS, pH7.4). Tissue lysis using precooled high-strength RIPA
(Yeason, Shanghai, China) containing 1% protease inhibitor
(Yeason, Shanghai, China) and phosphatase inhibitor (Yeason,
Shanghai, China). The lysis products were centrifuged at 2500 g at
4 °C for 20 min. Collected supernatant and added on loading buffer,
water boil for 10 min. Determination of protein concentration
in supernatant using BCA kit (Yeason, Shanghai, China). Equal
amounts of proteins were separated by gel electrophoresis on
a 12.5%SDS-PAGE and transferred onto a PVDF membrane
(Merck Millipore, Germany). Membranes were blocked in
5% (wt/vol) instant skim milk for 1h at room temperature.
Membranes were incubated at 4°C overnight with primary
antibodies (SDF1 Antibody (Monmouth Junction, NJ, USA;
1:1000), IGFBP1 Antibody (Monmouth Junction, NJ, USA;
1:1000), Beta Actin Antibody (Monmouth Junction, NJ, USA;
1:10,000). Following incubation with the primary antibody,
membranes were then washed and incubated with secondary
antibodies (HRP-labeled Goat Anti-Mouse/rabbit IgG (H + L)
1:10,000). Protein-antibody complexes were detected using the ECL
hypersensitive luminescence kit (Yeason, Shanghai, China), and
relative quantification of the protein bands was performed using
Image] software.

Data analysis

Statistical analysis and mapping were completed using
GraphPad Prism 9. The results of all statistical analysis are reported
as mean * standard error of the mean. Differences between two
groups were analyzed by Student’s t-test. For comparisons among
multiple groups, one-way ANOVA was applied after confirming
normal distribution and homogeneity of variances, followed by
Tukey’s honest significant difference (HSD) post hoc test for pairwise
comparisons. Differences were considered statistically significant
as p < 0.05. All basic experiments were performed more than
three times.

Results

Single-cell atlas at the maternal fetal
interface in normal and RM samples

We obtained 16 human first-trimester decidual and villi samples
from five normal patients and 3 RM patients using 10x Genomics,
with decidual and villi samples collected from the same patient.
Following computational quality control and graph-based clustering
using the Seurat package, 112,528 high-quality cells were subjected
to further analysis. These cells consisted of 36,219 cells from normal
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decidua and 25,582 cells from RM decidua, 25,303 cells from normal
villi and 25,424 cells from RM villi. We performed cell cycle effect
removal, normalization, dimensionality reduction, and clustering
on the scRNA-seq data (Figure 1A). The bubble plots showed the
expression levels of marker genes in each cluster (Figure 1B). After
unsupervised graph-based analysis using Single R software, we
automatically annotated the cell clusters and identified 11 cell types
assigned on the basis of known marker genes and literature evidence,
including DSCs and SCT/EVT cells (Figure 1C). Further analysis
of the SCT/EVT cells subtype subset through PCA revealed 16
distinct subtypes (Figure 1D).

Identification and functional enrichment
analysis of DEGs related to CXCL12

Based on the key role of CXCLI12 in early pregnancy, we further
analyzed the expression of CXCL12 in SCT/EVT cells in normal
and RM cases. The results showed that CXCL12 in SCT/EVT
cells was remarkably decreased in RM cases (Figures 2A,B). Next,
based on the CXCL12 gene expression, subtypes were classified
into high and low CXCL12 groups, depending on whether
their average expression values were above or below the mean,
respectively (Figure 2C). Then, the differential expression analysis
of genes between high-CXCL12 and low-CXCLI12 groups was
carried out, and 7532 DEGs related to CXCL12 were obtained
by setting p < 0.05 (Figure 2D). GO enrichment analysis of these
CXCLI12-related DEGs showed that they were enriched in sister
chromatid segregation, cadherin binding, ubiquitin protein ligase
binding (Figure 2E). KEGG enrichment analysis of these DEGs
related to CXCLI2 revealed that the main signaling pathways
involved cell cycle, protein processing in endoplasmic reticulum
and Nucleocytoplasmic transport (Figure 2F). These pathways
or processes are associated with cell proliferation, migration
or invasion.

Overexpression of CXCL12 promotes cell
growth

To explore the role of CXCL12 in miscarriage, we transfected
HTR-8 cells using a plasmid carrying CXCL12 cDNA. Western
blotting confirmed that HTR-8 cells effectively overexpressed
CXCLI12 after being transfected with CXCL12 ¢cDNA (Figure 3A).
Statistical analysis was performed after repeated experiments,
demonstrating that CXCL12 was significantly overexpressed in
HTR-8 cells after CXCL12 cDNA transfection (Figure 3B; p <
0.05). The growth and proliferation of CXCLI12-overexpressing
HTR-8 cells were evaluated using MTT assay. The overexpression
of CXCL12 significantly promoted the growth of HTR-8 cells
compared with the pcDNA-NC (Figure 3C, p < 0.001).

Overexpression of CXCL12 promotes cell
migration and invasion
Next, we investigated whether CXCLI12 regulates the

migratory or invasive capacity of HTR-8 cells. Changes
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FIGURE 1

SCT/EVT cells clusters.

Single-cell atlas at the maternal fetal interface in normal and recurrent miscarriage (RM) samples. (A) All cells are grouped into 38 clusters. (B) The
bubble plots showed the expression levels of marker genes in each cluster. (C) Cell annotations for these clusters. (D) UMAP representation
distinguishing 16 SCT/EVT cells subsets post-clustering: (Left) Cell annotations for SCT/EVT cells clusters; (Right) The UMAP showed the distribution of

in the horizontal migration ability of HTR-8 cells after
CXCL12 overexpression were determined by cell scratch
assay. The overexpression of CXCL12 promoted the horizontal

migration of HTR-8 cells, and the cell migration rate
increased  significantly in the CXCLI2 overexpression
group at 24h after cell scratching (Figures4AB, p <

0.05). The invasive capacity of HTR-8 cells after CXCL12

overexpression were evaluated by invasion assay. The

overexpression of CXCL12 significantly promoted HTR-8
cell invasion (Figure4C), and the aggressiveness of HTR-
8 cells overexpressing CXCLI2 was significantly higher
compared with the empty control group (Figure4D, p <
0.01). These indicate that the overexpression of
CXCL12 promotes the migration and invasive ability of HTR-8
cells.

results

Silencing of CXCL12 inhibits cell growth

HTR-8 cells were transfected with siRNA targeting the
CXCL12 gene sequence, and Western blot analysis confirmed
that CXCL12 expression was significantly silenced (Figure 5A).
Statistical analysis after repeated experiments showed that
CXCL12 was significantly under-expressed in HTR-8 cells
after transfection with CXCL12 siRNA (Figure 5B, p <
0.001). The growth and proliferation of CXCLI2-silenced
HTR-8 cells were evaluated by MTT assay. The silencing of
CXCLI12 significantly inhibited the growth capacity of HTR-
8 cells compared with the no-load control (Figure5C, p <
0.001).
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Silencing CXCL12 suppresses the migratory
and invasive capacity of cells

The changes in horizontal migration ability of HTR-8 cells
after CXCL12 silencing were determined using cell scratch assay.
The de-expression of CXCL12 inhibited the horizontal migration
ability of HTR-8 cells (Figure 6A), and the cell mobility in the
CXCL12-silenced group was significantly decreased at 24 h after
cell scratching (Figure 6B, p < 0.05). Based on transwell assay, the
silencing of CXCL12 significantly inhibited the invasion of HTR-8
cells (Figure 6C), and the aggressiveness of CXCL12-silenced HTR-
8 cells decreased compared with the no-load control (Figure 6D, p <
0.001). These results demonstrate that silencing CXCL12 inhibits the
migratory and invasive ability of HTR-8 cells.

CXCL12 promotes the decidualization of
the endometrium

To test the role of CXCLI2 in the endometrial decidualization
process, we used recombinant human CXCL12 to stimulate ESCs
and observed their decidualization process (Figure 7A). On day 4
after stimulation, the ESCs were transformed from fibroblasts to
oval-shaped or even round DSCs. The marker of decidualization,
IGFBP-1, was detected by Western blotting (Figure 7B). The
expression level of IGFBP-1 was significantly higher in the CXCL12
stimulation group than in the negative control group (Figure 7C). To
further verify the role of CXCL12, we added CXCR4-neutralizing
antibody to the CXCL12-stimulated cells, which significantly
decreased the degree of decidualization (Figure 7A). Western blot
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Identification and functional enrichment analysis of DEGs related to CXCL12. (A) UMAP visualization of the log-transformed, normalized CXCL12
expression in SCT/EVT cells subset in NC (left) and RM (right) patients. High expression is shown in purple, and low expression in gray. (B) Violin plots
showing the differential expression of CXCL12 in NC and RM patients. (C) According to the CXCL12-related genes, the cells were divided into
high-CXCL12 group and low-CXCL12 group, and the DEGs between the two groups were obtained. (D) Volcano plot showing the DEGs between
high-CXCL12 group and low-CXCL12 group. (E) GO analysis of DEGs related to CXCL12. (F) KEGG analysis of DEGs related to CXCL12. ****p < 0.0001.
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analysis confirmed that the expression level of IGFBP-1 in the
CXCL12+Anti-CXCR4 group was significantly lower than that
in the CXCL12 stimulation, although it was still higher than
the expression in the negative control group (Figure 7C). These
findings demonstrate that CXCLI2 significantly promotes the
decidualization process of the endometrium, and this effect can be
partly reversed by CXCR4-neutralizing antibodies.

Discussion

In mammals, embryo implantation into the uterus predicts the
onset of pregnancy and initiates a complex series of conversations
between the mother and fetus. These intimate interactions involve
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the specialized trophoblast cells of the embryo and the maternal
permissive uterus. Steroid hormones including estrogen and
progesterone play a key role in guiding uterine changes in early
pregnancy. The successful implantation, growth, and survival of
partially allogenic transplanted embryos in the maternal uterus
depend on the integrity of the maternal-fetal interface established
by fetal trophoblast cells and the maternal decidua. The main source
of CXCL12 in early pregnancy is trophoblast cells. In the finely
regulated chemokine network, the high expression of CXCL12 is
conducive to the maintenance of pregnancy, and CXCL12 plays
a positive role in both trophoblast and decidual cells. Abnormal
interactions at the maternal-fetal interface will disrupt the biological
function of multiple cells at the maternal-fetal interface; these
disruptions are correlated with problems such as failed embryo
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FIGURE 3

Overexpression of CXCL12 promotes cell growth. (A) Western blot analysis of CXCL12 expression in HTR-8 cells transfected with CXCL12 cDNA. (B)
Statistical analysis was performed after repeating the experiment, and the CXCL12 protein expression of pcDNA-CXCL12 was significantly higher than
that of pcDNA-NC. (C) The growth and proliferation of HTR-8 cells after CXCL12 cDNA transfection were compared with pcDNA-NC by MTT
colorimetric assay. Ns, no significance; ***p < 0.001. Blank: blank control group; pcDNA-NC: empty control group; pcDNA-CXCL12: CXCL12

overexpression group.

implantation, abortion, premature birth, preeclampsia, and fetal
functional growth restriction (Cecati et al, 2011). However,
due to the complexity of the maternal-fetal interface and the
limitations of current experimental methods, much remains
unknown about the specialized mechanisms concerning the
dialogue between the decidua and the embryo during normal
pregnancy. In particular, the specific regulatory mechanism
between trophoblast cell proliferation, migration, and invasion
and endometrial decidualization in the maintenance of normal
pregnancy remains unclear. Few studies have been conducted on
CXCLI12-related pathways; thus, we carried out related research.
Based on the GEO database and utilizing bioinformatics analysis
methods, we identified single-cell atlas at the maternal fetal interface
in normal and RM samples. Subsequently, we comparably analyzed
the expression of CXCL12 of SCT/EVT in normal and unexplained
RM pregnancies at the early stage of gestation. CXCL12 in SCT/EVT
cells was remarkably decreased in RM cases. To explore the potential
functional consequences of this downregulation, we performed
functional enrichment analysis on differentially expressed genes.
The analysis revealed broad involvement in RNA processing and
metabolism, key pathways directly pertinent to the observed
cellular phenotypes were significantly enriched. Specifically, genes
downregulated in RM were notably enriched in the Cell cycle
and sister chromatid segregation, providing a transcriptional clue
that CXCL12 deficiency might hamper trophoblast proliferation.
Furthermore, enrichment in the cadherin binding suggested a
potential impact on cell-cell adhesion and motility, processes
fundamental to migration and invasion (Wong et al., 2018).
Building on these bioinformatic insights, we constructed models
of CXCLI12 overexpression and silencing in trophoblast cells and
examined the influence of CXCL12 on the biological characteristics
of trophoblast cells. We found that CXCL12 significantly promoted
the proliferation, migration, and invasion of trophoblast cells,
supporting that CXCL12 plays a positive role in the course of
pregnancy. It is widely accepted that the maternal-fetal interface
is characterized by a complex cytokine network; the specific
biological functions of the chemokines and their receptors in this
network have received considerable attention. CXCL12 and CXCR4
are a specialized chemokine/chemokine receptor pair that plays

Frontiers in Molecular Biosciences

07

important roles during pregnancy. The CXCL12/CXCR4 axis is
involved in important biological processes such as the recruitment
of uterine NK cells, placenta formation, embryo implantation,
and embryogenesis (Santoni et al., 2008). The CXCL12/CXCR4
axis not only affects the activation, migration, and recruitment of
immune cells, it also participates in processes such as angiogenesis,
hematopoiesis, embryonic development, and tumor invasion and
metastasis (Hunger et al, 2012; Sanchez-Martin et al, 2013;
Tripathi et al., 2014). Trophoblast apoptosis is known to occur in the
placenta during pregnancy and plays an important regulatory role in
the migration of trophoblast cells and during placenta implantation
(Liu et al., 2015). Although the exact mechanism of apoptosis in
human trophoblast cells remains unclear, many different models
for the induction and prevention of apoptosis have been proposed
(Bolnick et al., 2011). Ren (Ren et al.,, 2012) confirmed that the
membranes of human early pregnancy DSCs express CXCR4, and
that trophoblast-derived CXCL12 can promote CXCR4 expression
and the invasive ability of DSCs by linking to CXCR4. These findings
highlight the synergistic role of the CXCL12/CXCR4 axis in both
trophoblast cells and DSCs. Zhou (Zhou et al., 2008) demonstrated
that trophoblast cells regulate their own function through an
autocrine signaling mechanism by co-expressing CXCL12 and
CXCR4. Meanwhile, trophoblast cells communicate with DSCs
expressing CXCR4 through CXCL12-mediated paracrine signaling,
which promotes matrix metalloproteinase activity, extracellular
matrix degradation, and trophoblast invasion. Consistent with
these findings, our experiments confirmed that CXCL12 promotes
the proliferation, migration and invasion of trophoblast cells.
Correspondingly, silencing CXCLI12 limited these processes.
Additionally, the observed low CXCL12 expression in villous tissue
weakens its interaction with CXCR4 in decidual tissue. Beyond
its direct effects on trophoblast and decidual cells, this CXCL12
deficiency may critically impair the establishment of a balanced
immune microenvironment at the maternal-fetal interface. The
CXCL12/CXCR4 axis is a well-established chemotactic signal for
various immune cells. Specifically, it is pivotal for the recruitment
and positioning of uterine natural killer (uNK) cells, particularly
the CD56" bright subset, and decidual macrophages (dM®) to
the decidua, as demonstrated in both human and murine studies
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FIGURE 4

Overexpression of CXCL12 promotes cell migration and invasion. (A) The migration of HTR-8 cells after CXCL12 overexpression was detected by cell
scratch assay (100x). (B) Cell mobility after 24 h was significantly upregulated in the CXCL12 overexpression group compared with the pcDNA-NC
group. (C) Transwell invasion experiment detected the invasion of HTR-8 cells after CXCL12 overexpression (100x). (D) 24 h of cell mobility,
significantly upregulated compared with the pcDNA-NC group. Ns, no significance; *p < 0.05; **p < 0.01. Blank: blank control group; pcDNA-NC:
empty control group; pcDNA-CXCL12: CXCL12 overexpression group.
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FIGURE 5

Silencing of CXCL12 inhibits cell growth. (A) Western blot analysis of CXCL12 expression in HTR-8 cells transfected with CXCL12 siRNA. (B) Statistical
analysis performed after repeated experiments showed that the CXCL12 protein expression level of siRNA-CXCL12 was significantly lower than that of
siRNA-NC. (C) The growth and proliferation of HTR-8 cells transfected by CXCL12 siRNA were significantly lower compared with siRNA-NC. Ns, no
significance; ***p < 0.001. Blank: blank control group; siRNA-NC: empty control group; siRNA-CXCL12: CXCL12 silencing group.

(Lu et al, 2020; Fang et al, 2022). uNK cells are essential for
spiral artery remodeling and immune tolerance, while dM® play
key roles in tissue remodeling and the clearance of apoptotic
cells (Fang et al., 2022). Therefore, insufficient CXCL12 signaling
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may lead to inadequate or altered recruitment of these immune
cells, potentially resulting in impaired vascular remodeling,
dysregulated inflammatory responses, and a breakdown in fetal-
maternal tolerance (Ao et al, 2020). This potential imbalance
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decreased significantly after CXCL12 silencing compared with siRNA-NC2 (p < 0.05). (C) Invasion of HTR-8 cells invasion after CXCL12 silencing based
on transwell assay (100x). (D) The 24-h cell mobility decreased significantly after CXCL12 silencing compared with siRNA-NC. Ns, no significance; *p <
0.05; ***p < 0.001. Blank: blank control group; siRNA-NC: empty control group; siRNA-CXCL12: CXCL12-silencing group.
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in the immune milieu, coupled with the direct impairment of
trophoblast invasion and decidualization, could synergistically
contribute to the pathogenesis of pregnancy loss. Of course,
this also requires us to do in-depth verification in subsequent
research.

Next, we investigated the effect of CXCLI12 on the
decidualization of ESCs in vitro. We found that CXCL12 significantly
promoted the decidualization of ESCs, while this effect was
partially reversed by the addition of CXCR4-neutralizing antibodies.
Infertility due to impaired uterine function is a serious health
problem among women and needs to be further explored.
The action of estrogen and progesterone through their cognate
receptors is essential for the accurate and timely regulation of
the endometrial time required for pregnancy. The embryonic
attachment, decidualization, and ultimate vascularization of
the endometrium require the combined action of estrogen and
progesterone along with the precise regulation of a range of signaling
molecules. Increasing evidence suggests that both biochemical
and metabolic factors play important roles in decidual formation.
Lipid mediators such as lysophosphatidic acid are produced
by the uterine epithelium (Aikawa et al, 2017) and regulate
heparin-binding epidermal growth factor (Chobotova et al., 2005),
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epidermal growth factor receptor signaling, and cyclooxygenase-
2 (Lim et al, 1997). This regulation leads to the production
of prostaglandin E2 (Milne et al, 2001), which, together with
interferon-y (Christian et al., 2001), controls the decidualization
of ESCs. Decidualization is regulated by various molecular
mechanisms in addition to maternal hormones, biochemical factors,
and metabolic signals. During decidualization, differentiated ESCs
carry the molecular signature of the mesenchymal-epithelial
transition; the ESCs are reconstituted into DSCs and undergo
extensive changes in gene expression, including the induction of
HOXA10, HOXA1l, FOXO 1, WNT 4, IGFBPI, and prolactin
(Zhang XH. et al., 2013; Owusu-Akyaw et al, 2019; Liu and
Wang, 2015; Popovici et al, 2006). Many of these factors are
upstream regulators of genes known to be critical for implantation
and embryonic development (Harris et al., 2019). The decidualized
cells, which have unique biosynthetic and secretory properties
and exhibit substantial changes in the extracellular matrix, are
a prerequisite for successful implantation. The decidua supports
the formation of maternal blood vessels, which irrigate and
nourish the developing embryo. Many complications observed
in early pregnancy originate from abnormalities in implantation
and placental development (Brosens et al., 2019). Although the
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CXCL12 promotes the decidualization of the endometrium. (A) Recombinant human CXCL12 was used to stimulate ESCs, and the decidualization
process was observed. (B) Expression levels of IGFBP-1 relative to p-actin in the four experimental groups (200x). (C) Endometrial stromal cells were
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CXCL12+Anti-CXCR4, CXCL12 stimulation + CXCR4 neutralization group, recombinant human CXCL12 and CXCR4 neutralization antibody were added.
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functional importance of decidualization in human pregnancy
is not fully understood, it appears to promote active embryonic
implantation (Gellersen et al, 2010), negative selection of
nonviable embryos (Teklenburg et al., 2010), determination of
the optimal implant time window (Cha et al., 2012), and uterine
hemostasis (Schatz et al., 2016). Recurrent spontaneous abortion
has been associated with the dysregulation of decidualization
markers, including prolactin, proagonin, and the DIO two and
SCARAS genes (Lucas et al., 2020), thereby impairing maternal
periodic decidualization. Despite exhaustive studies on the
molecular and cellular mechanisms of embryo implantation and
placentation, interventions to prevent these complications have
been mostly unsuccessful. In this study, we found that using
recombinant CXCL12 to stimulate ESC significantly promoted
the decidualization of ESCs, and this effect was blocked by
CXCR4-neutralizing antibodies. Our results indicate a functional
role for CXCL12 and CXCR4 in ESC decidualization under our
experimental conditions. CXCL12 has also been shown to promote
CXCR4 expression in DSCs (Mao et al., 2017). CXCL12 secreted
by trophoblasts promotes the migration and invasion of DSCs
(Mao et al, 2017; Benedicto et al,, 2018). Our study also found
that the process of decidualization was partially inhibited after
the addition of neutralizing antibodies of CXCR4, suggesting that
CXCL12 may also contribute to decidualization progression of ESC
through other mechanisms. This is consistent with the findings of
our previous study: the transcript level of CXCR4 was not different
in the decidual tissues of women with miscarriages and normal
pregnancies, although miscarriage was associated with decreased
protein expression level (Sun et al., 2022). This suggests a possibility
that the low expression of CXCR4 in decidual tissue is caused
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by the inability of trophoblast cells to secrete sufficient CXCL12,
which could further affecting the migration and invasion of DSCs
and potentially the process of endometrial decidualization, thereby
constituting a potential risk factor for abortion.

However, our research has many limitations. (1) The sample size
of scRNA-seq analysis is small and the population source is single. In
the future, it is necessary to verify based on larger prospective clinical
samples and multi-center data to further enhance the extrapolation
of research conclusions in a wider population. (2) However,
due to the lack of detailed and standardized clinical metadata
in the currently available scRNA-seq data set, the association
between CXCL12 expression levels and key clinical parameters
(such as gestational age, number of previous abortions, serum
hormone status, and pregnancy outcome) was not further explored.
Such clinical correlation analysis is of great clinical significance
because they may help to determine whether CXCL12 can not
only be used as a mechanism molecule, but also as a potential
biomarker for abortion risk stratification, early diagnosis and
prognosis evaluation. In the future, it is necessary to systematically
study the threshold, sensitivity and specificity of CXCL12 at
the transcriptional and protein levels based on large-scale, well-
annotated clinical cohorts and prospective data collection, and to
clarify its potential application value in clinical decision-making.
(3) This study is mainly based on in vitro models and cannot
fully reproduce the complexity of microenvironment and systemic
regulation in RM. Therefore, the precise causal relationship and
clinical transformation potential of CXCL12 need to be verified in
future in vivo and clinical cohort studies. (4) Although our data
show that CXCLI2 can enhance the decidualization of endometrial
stromal cells, and CXCR4 neutralizing antibody can attenuate
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this effect, its exact signal transduction mechanism remains to
be fully elucidated. In addition to acting through the classic
CXCR4 receptor, CXCL12 may also act through other potential
mediators, such as alternative receptor CXCR7 (ACKR3), or
activation of downstream signaling cascades, such as PI3K/AKT and
MAPK/ERK, which are usually associated with cell differentiation
and survival, and may also be involved. Future studies should use
receptor-specific knockdown (such as CXCR4 or CXCR7) combined
with phosphorylated protein analysis of these key signaling
pathways to dissect the exact contribution of each component
to CXCL12-mediated decidualization. In conclusion, our findings
demonstrate that CXCL12 promotes the proliferation, migration,
and invasion of trophoblast cells as well as the decidualization of
ESCs. The downregulation of CXCL12 observed in RM samples,
coupled with these functional effects, suggests that impaired
CXCLI12 signaling may be associated with pregnancy loss. Therefore,
CXCLI12 represents a potential target for further investigation into
the mechanisms underlying threatened abortion. This provides
direction for subsequent research.
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