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Dysregulated landscape of RNA-
binding proteins in unexplained
recurrent spontaneous abortion
revealed by bulk and single-cell
transcriptome
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In recurrent spontaneous abortion (RSA), impaired decidualization due to decidual stromal cell

(DS) apoptosis or pyroptosis disrupts pregnancy maintenance. RNA-binding proteins (RBPs) are
crucial regulators of gene expression in reproductive disorders. However, the comprehensive profile
and dynamic role of RBPs in DS cells during RSA are not fully understood. In this study, single-

cell transcriptome sequencing (scRNA-seq) data originated from six decidua tissues of RSA group
and five health controls were downloaded and analyzed by differentially expressed genes (DEGs)
analysis, pseudotime analysis, functional enrichment analysis, RBPs regulatory program analysis,
transcription factor regulatory network analysis, correlation analysis and etc. We employed bulk
RNA-seq data (including three RSA decidua tissues and three decidua in normal early pregnancy) to
confirm the results from scRNA-seq data. DS cells were the most abundant population in decidua and
the primary dysregulated type in RSA, showing a reduced proportion. DS harbored the most DEGs,
enriched in post-transcriptional regulation. RBPs served as effective markers for cell annotation and
reflected pathological states. Decorin (DCN) and lectin galactoside-binding soluble 3 (LGALS3) were
upregulated, while ribosomal protein S17 (RPS17) was downregulated across various cells. The DS
subclusters RBP-DS_0, 2, and 4 were diminished in RSA, with RBP-DS_2 nearly absent. Pseudotime
analysis revealed an aberrant DS differentiation trajectory from Statel (pseudotime starting point)
to State2 linked to abnormal progression in RSA. The expression of DCN, LGALS3, and solute carrier
family 3 member 2 (SLC3A2) in DS subpopulations was significantly elevated in RSA and peaked in
State2 along the pseudotime. This study explores RBPs for cell annotation and clustering in decidual
tissue. Our findings implicated the regulatory role of RBPs in RSA pathogenesis and highlighted three
key RBPs (DCN, LGALS3, and SLC3A2) whose upregulation in DS subclusters during the progression
of RSA may be associated with aberrant differentiation, suggesting their potential as biomarkers and
therapeutic targets.

Keywords Recurrent spontaneous abortion, Decidual stromal cells, Single-cell RNA sequencing analysis,
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Recurrent spontaneous abortion (RSA), also termed recurrent pregnancy loss (RPL) or recurrent miscarriage!,
constitutes a highly heterogeneous disorder clinically defined as two or more recognized pregnancy failures,
affecting approximately 2.5% of women attempting conception. While miscarriage diagnosis is relatively
straightforward, advancements in predicting and preventing RSA are constrained by the absence of standardized
definitions, uncertainties in pathogenesis and substantial variability in clinical manifestations®. During human
placentation, the uterus undergoes a series of transformations. Initially, the endometrial stromal compartment
differentiates into decidua. Subsequently, fetal-derived placental villous trophoblasts (PVTs) traverse the uterine
epithelium and invade both the decidua and the inner third of the myometrium. Finally, trophoblast differentiates,
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which is characterized by the invasion of extravillous trophoblasts (EVTs) into the uterine spiral arteries and the
extensive remodeling of these vessels®. The etiology of RSA is complex and multifactorial, potentially involving
genetic predisposition, anatomical abnormalities, endocrine disorders, and immunological factors. However,
approximately 50% of clinical RSA cases remain idiopathic, classified as “unexplained recurrent pregnancy loss”,
highlighting the current limitations in our understanding of its pathogenesis*. Therefore, in-depth research into
the pathological mechanisms of RSA is particularly crucial for its effective treatment and management.

The differentiation of hESCs plays a pivotal role in sustaining pregnancy. During the establishment and
maintenance of gestation, hESCs undergo dynamic transformation which involves a precisely regulated balance
among cellular proliferation, differentiation, and apoptosis. However, in patients with recurrent pregnancy loss,
DS exhibit excessive apoptosis or over pyroptosis, resulting in decidualization defects that impair pregnancy
maintenance>®. The maternal immune cells are recruited via chemokine gradients produced by DS and
trophoblast’. The maintenance of immune homeostasis at the maternal-fetal interface is particularly critical
for successful pregnancy establishment and sustenance. Pathological alterations in the endometrial immune
microenvironment are associated with severe reproductive disorders, including recurrent implantation failure
(RIF) and unexplained RSA®.

RNA-binding proteins (RBPs) serve as pivotal effectors of gene expression’, and their abnormal expression
is the basis of many diseases'®!!. RBPs play an important role in female reproductive pathologies, particularly
in inflammatory processes and immune dysregulation-mediated pathological mechanisms'>!>. It has been
demonstrated that the abnormal elevation of IGF2BP3 in the pregnant endometrium leads to the impairment of
decidualization and abnormal trophoblast invasion, thereby predisposing individuals to RSA!*. However, there
are few studies on the expression profiles of RBPs in different cells types (including both immune and non-
immune cells) and the abnormal regulation related to RSA.

In this study, we performed a comprehensive identification and annotation of cell populations for RSA tissues
through scRNA-seq analysis. We analyzed differentially expressed RBPs (DE-RBPs) in different cell types and
compared the relative proportion changes of RBP-defined clusters. Our analysis placed particular emphasis on
DS cells and determined their RBP-based clustering. Pseudotime analysis was employed to identify key DS
subpopulations and delineate the differentiation trajectory associated with the progression of RSA. By integrating
bulk RNA-seq data from decidual tissues and performing overlap analysis, we revealed the core RBPs (DCN,
LGALS3 and SLC3A2) related to RSA pathogenesis. Our study suggested the distinctive characteristics and
aberrant expression patterns of RBPs in different cell types, especially in DS from RSA. These findings advance
our understanding of their potential regulatory roles in RSA progression, as well as proposed novel targets for
RSA diagnostic biomarkers and therapeutic intervention.

Materials and methods

Retrieval and process of public data

To explore the potential functions and the expression pattern across various cellular types of RBPs, we analyzed
the scRNA-seq dataset from 5 healthy controls and 6 RSA decidual tissues (PRJNA672658, Supplemental
Table S1) with unexplained reason!®, and integrated the bulk RNA-seq from 3 RSA and 3 healthy controls
(PRJNA819201)!. Samples of the RSA group were collected from women with RSA after the diagnosis of missed
abortion. Decidua was identified and washed in phosphate-buffered saline and used for the single cell isolation
and following experiments. Fastq.gz files of scRNA-seq data of RSA and Health samples were downloaded
from PRJNA672658 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA672658). The CellRanger (version
7.0.0) pipeline (https://www.10xgenomics.com/support/software/cell-ranger/latest) was utilized to generate a
digital gene expression matrix. The UMI count matrix was converted into a Seurat object by the R package
Seurat!’(version 4.3.0). Cells with UMI numbers <1000 or detected genes<500 or over 15% mitochondrial-
derived UMI counts were considered low-quality cells and were removed, ultimately retaining 73,628 cells.
Genes detected in less than 5 cells were removed for the downstream analyses.

Fastq.gz files of bulk RNA-seq data of unexplained recurrent spontaneous abortion (URSA) samples and
normally early pregnancy (NEP) control were downloaded from PRJNA819201 (https://www.ncbi.nlm.nih.go
v/bioproject/PRJNA819201). Raw reads were aligned to the GRCh38 genome by HISAT2!8. Uniquely mapped
reads were used for gene reads number counting and FPKM calculation (fragments per kilobase of transcript
per million fragments mapped)*°.

ScRNA-seq data preprocessing

After quality control, matrixes from different samples were merged by Seurat for cross-sample comparison in the
following analysis. Particularly, the merged count matrixes were log-normalized by ‘Normalize Data’ function
and scaled by ‘Scale Data’ function. Then, the 2000 most variable genes were identified by ‘Find Variable Features’
function and principal components (PCs) were calculated by ‘Run PCA’ function. Then we conducted data
integration through the harmony algorithm?. Nearest neighbors were computed based on the top 30 PCs, and
then clusters were identified by ‘Find Clusters’ function (resolution=0.4). And then they were visualized with
tSNE or UMAP plots. To identify the cell type for each cluster, we detected gene markers for each cell clusters
using the ‘Wilcoxauc® function in Presto (version 1.0.0) package, then we annotated cell types using ScType
tools?!.

DEGs analysis

ScRNA-seq: DEGs were determined with the “Wilcoxauc’ function from the Presto package. For computing
DEGs, all genes were probed that the expression difference on a natural log scale was at least 0.5 and the difference
of percent of detected cells was at least 0.2 and adjusted p-value was less than 0.05.
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Bulk RNA-seq: The R Bioconductor package DESeq2 (v.1.18.3)*2 was adopted to screen out the DEGs. The
qvalue <0.05 and fold change > 2 were set as the cut-off criteria for identifying DEGs.

Pseudotime analysis

Monocle 2 was used for pseudotime analysis, trajectory construction and calculation of pseudotime-dependent
gene expression (Monocle 2%, version 2.26.0). DDRTree (version 0.1.5) method is used for dimension reduction.
Cell trajectory was visualized according to cell subtypes and cell states. The Basic Differential Analysis algorithm
is used to identify DEGs according to pseudotime function. BEAM (Branched Expression Analysis Modeling)
was used to identify genes that are regulated in a branching-dependent manner.

Functional enrichment analysis

To sort out functional categories of genes, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were identified using KOBAS 2.0%%. Hypergeometric test and Benjamini-Hochberg
FDR controlling procedure were applied to define the enrichment of each pathway.

RBPs regulatory program analysis
The UMI count matrix of 2,141 RBPs?® were extracted as input for Seurat of cell cluster. Differentially activated
RBPs were selected using ‘Wilcoxauc® function from the Presto package.

Correlation analysis

After we have set up our Seurat object, the first step is to construct metacells from the single-cell dataset'*. Briefly,
metacells are aggregates of small groups composed of similar cells derived from the same biological sample of
origin. The k-Nearest Neighbors (KNN) algorithm was used to identify groups of similar cells to aggregate.
Then the average or summed expression of these cells was computed, thus yielding a metacell gene expression
matrix. The sparsity of the metacell expression matrix was considerably reduced when compared to the original
expression matrix. Therefore, it is preferable to use. We calculated the Pearson’s correlation coefficient between
genes used the corr.test function that comes with the R package, and filter |correlation| = 0.9, p-value <0.01.

Transcription factor regulatory network analysis

The modules of TFs were identified by the SCENIC?® python workflow (version 0.11.2) using default parameters
(http://scenic.aertslab.org). A human TF gene list was used from the resources of pySCENIC (https://github.com
/aertslab/pySCENIC/tree/master/resources). Activated TFs were identified in the AUC matrix and differentially
activated TFs were selected using R package limma?’. To identify cluster-specific regulons (especially for analyses
with many cell types, where some regulons are common to multiple of them) we used the Regulon Specificity
Score (RSS)?8. Networks of the modules with TFs and their target genes were visualized by Cytoscape (v.3.9.1)
(https://cytoscape.org/).

Other statistical analysis
The stat_compare_means in ggpubr R package (https://rpkgs.datanovia.com/ggpubr/) was used for comparisons
between two groups (Student’s ¢-test).

Results

ScRNA-seq analysis of the RSA-deregulated functions in different cell types of decidua

The etiology of RSA is complex and multifactorial, potentially involving genetic predisposition, anatomical
abnormalities, endocrine disorders, and immunological factor. The proliferation and invasion of EVTs, DS
proliferation with subsequent decidualization, and immunological homeostasis are particularly critical for
establishing as well as maintaining pregnancy. To elucidate the key regulatory factors influencing RSA progression,
we used both scRNA-seq and bulk RNA-seq datasets and integrated the analysis results to identify the regulatory
RBPs that potentially affect RSA pathogenesis or progression (Fig. 1A). For scRNA-seq, we identified 11 major
cell populations (Fig. 1B), including Dendritic cells (DC), DS, fibroblasts (FB), NK, macrophages (Macro), T
cells, plasma cells (Plasma), perivascular cells (PV), endothelial cells (Endo), EVT, and epithelial cells (Epi),
with DS representing the predominant cell type. Each cellular subset exhibited distinct high expression patterns
of representative genes and RBPs (Fig. 1C-D). Each cell cluster also represented a signature expression pattern
based on its marker genes (Supplementary Fig. 1A). Analysis of cellular proportions in different tissue samples
from the RSA and Health groups revealed that the predominant cell populations consisted of DS, Macro
cells, and NK cells. A notable finding was that the proportion of DS was reduced in the RSA group, while an
increase in FB cell population was observed (Fig. 1E). GO enrichment analysis of the differentially expressed
genes (DEGs) revealed that upregulated genes in the RSA group were significantly enriched in pathways such as
mitogen activated protein kinase (MAPK) signaling, insulin-like growth factor (IGF) signaling, Wnt signaling,
innate immune response, and hormonal stimulus response. Conversely, downregulated genes primarily
demonstrated enrichment in hypoxia response and cellular respiration pathways (Fig. 1F). Transcriptomic
analysis of DEGs between the RSA and healthy groups demonstrated that DS exhibited the highest number
of DEGs, followed by FB cells (Fig. 1G). Subsequently, GO pathway enrichment analyses were performed on
DEGs in multiple cell types. In DS, upregulated DEGs exhibited significant enrichment in pathways which are
associated with post-transcriptional regulation, including IGF signaling, Wnt signaling, cell adhesion, antigen
presentation, positive regulation of T cell-mediated cytotoxicity, cytoplasmic translation and transcriptional
regulation by RNA polymerase II (Fig. 1H). Conversely, downregulated DEGs were predominantly enriched in
pathways associated with hypoxia response, mitochondrial electron transport and transport-related processes,
cellular translation and ribosomal subunit assembly (Fig. 1I). Enrichment analysis of DEGs in DS within post-
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transcriptional regulatory pathways suggests the potential involvement of RBP-mediated dysregulation of target
genes during the pathological progression of RSA. Therefore, RBPs show cell-type specificity comparable to
that of established marker genes. These RBPs molecular signatures could not only serve as useful identifiers for
cellular classification but also are implicated in maintaining cell-specific functions within defined physiological
contexts. The heatmaps of gene enrichment analysis illustrated the enrichment patterns of different cell types
in various biological processes (GO) and signaling pathways (KEGG). Specifically, Supplementary Fig. 1B and
C showed the combined marker enrichment across cell types in GO and KEGG pathways respectively, while
Supplementary Fig. 1D and E focused on the enrichment of up-regulated and down-regulated markers in KEGG

pathways for each cell type.
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«Fig. 1. ScCRNA-seq analysis of the RSA-deregulated functions in different cell types of decidua. (A) Working
flow of this study showing the salient features of this study. (B) UMAP plot of single-cell transcriptomic
profiles from RSA and Health samples based on highly variable genes. Colors indicate cell annotations. (C) Dot
plot shows expression of representative genes in each cell type. (D) Heatmap shows the average expression of
top3 RBP genes in each cell type. (E) Stacked bar chart comparing the proportions of cell populations of each
cell type within each sample group. (F) Bar plot Bubble Chart shows top10 GO biological process enrichment
pathways obtained by up-regulated genes or down-regulated genes between RSA group compared to the Heath
group in all cell type. (G) Dot plot shows the statistical results of the number of DEGs in each cell type. (H)
The heatmap shows top3 GO biological process enrichment pathways obtained by up-regulated genes between
RSA group compared to the Heath group in each cell type. (I) The heatmap shows top3 GO biological process
enrichment pathways obtained by down-regulated genes between RSA group compared to the Heath group in
each cell type.

ScRNA-seq analysis of RBP expression identifies cell type-specific RBP clusters in RSA and
healthy decidua

To investigate whether the expression of RBPs exhibits distinctive features that can be used for cell annotation,
we performed unsupervised clustering by Seurat based on the expression levels of 2,141 previously reported
RBPs genes®>?’. This analysis yielded 15 RBP-clusters (R0-R14), which exhibited cell clustering patterns largely
consistent with those identified by marker genes. These clusters were subsequently annotated into 11 cell types
(Fig. 2A, B). RBP-clusters also displayed high expression of specific characteristic RBPs (Fig. 2C), which were
potentially involved in cell identification and contributed to cellular functions in specific environments. By
analyzing the composition structure of RBP-clusters in different cell types, we found that for most cell types,
the expression pattern of RBPs has strong cell-type specificity (with 1-2 dominant RBP-clusters characterizing
each population), For instance, DS are predominantly composed of the RO-cluster, Endo cells primarily consist
of R7 and R11-cluster, and FB cells are mainly characterized by the R4-cluster (Fig. 2D). A reduction in the
proportion of RO-cluster in DS alongside an increased representation of FB-like R4-cluster was observed in RSA
patients relative to healthy controls. Subsequently, we analyzed the expression changes of selected characteristic
RBPs between the Health and RSA groups. DCN exhibited the most pronounced upregulation in RO and R8-
clusters of DS-like cells. CUGBP Elav-like family member 2 (CELF2) demonstrated high expression levels in
the R1, R2, R5, and R10 clusters. However, when comparing the Health and RSA groups overall, its expression
showed only minimal alterations. Significant increases in CELF2 expression were specifically observed in the
RO and R8 clusters. These findings suggested that DCN and CELF2 may regulate target gene expression in DS
cells, possibly influencing the progression of RSA. RNA binding motif protein 47 (RBM47) and Quaking (QKI)
primarily exhibited an increase within the R5-cluster (Fig. 2E). They may modulate immune responses through
the regulation of antigen presentation in DC cells, indicating their possible involvement in the pathogenesis of
RSA. Our single-cell analysis of RSA revealed no statistically significant differences in insulin-like growth factor
2 mRNA binding protein 3 (IGF2BP3) and zinc finger protein 36 (ZFP36) expression among various cell types
(Supplementary Fig. 2A). Finally, we conducted GO/KEGG pathway enrichment analyses on the top RBP genes
within RBP-clusters (Fig. 2F), illustrating the functional roles of RBPs in post-transcriptional regulation on gene
expression. In summary, RBPs not only serve as reliable markers for cellular annotation but also demonstrated a
correlation with the state of pathological alterations.

ScRNA-seq analysis of RSA-deregulated RBPs in various cell types of decidua

To explore the regulatory role of RBPs in cellular processes, we categorized cell types into immune cells
(including DC, NK, T, Plasma and Macro cells) and non-immune cells (comprising FB, PV, EVT, DS, Epi, and
Endo cells). The RBPs were further classified into upregulated and downregulated groups. Subsequently, we
performed overlap analysis of RBPs that exhibited concurrent upregulation or downregulation in both immune
and non-immune cell populations (Fig. 3A). In immune cells, DCN presents upregulated expression across
four immune cell types, while LGALS3, major histocompatibility complex, class I, A (HLA-A), and heat shock
protein family A member 1 A (HSPA1A) show elevated expression in three immune cell subsets. Conversely,
RPS17 demonstrates downregulated expression in four immune cell types, as well as ribosomal protein L31
(RPL31) is suppressed in three immune cell populations. Among non-immune cells, LGALS3 and DCN display
upregulated expression in six cell types, whereas vimentin (VIM), ribosomal protein L18 (RPL18), jun proto-
oncogene (JUN), and ribosomal protein L13 (RPL13) exhibit increased expression in five cell types. Poly(A)
binding protein cytoplasmic 4 (PABPC4), RPS17 and ribosomal protein L17 (RPL17) exhibited downregulated
expression in four cell types. The consistent upregulation of DCN and LGALS3 across multiple immune and
non-immune cell lineages, coupled with the widespread downregulation of RPS17 in diverse cell populations,
implies their potential functional significance in RSA. We conducted GO/KEGG functional enrichment analysis
on upregulated and downregulated RBP genes across different cell types. The results revealed that RBPs were
enriched not only in post-transcriptional regulatory pathways but also in other functional pathways. For instance,
EVT-upregulated RBPs showed enrichment in the PI3K/Akt positive regulation pathway, Epi-upregulated RBPs
were enriched in the apoptotic positive regulation pathway, DS-upregulated RBPs exhibited enrichment in the
peptide antigen assembly pathway of MHC class I protein complexes, and Endo-upregulated RBPs were enriched
in innate immune responses. Conversely, Endo-upregulated RBPs were enriched in transforming growth factor-
B (TGF-P) and Hippo signaling pathways, while FB-downregulated RBPs were enriched in ECM-receptor
interaction and PPAR signaling pathways (Fig. 3B-C). Functional enrichment analysis of GO/KEGG pathways
for both upregulated and downregulated RBP genes in RBP-clusters exhibited characteristics consistent with
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Fig. 2. ScRNA-seq analysis of RBP expression identifies cell type-specific RBP clusters in RSA and healthy
decidua. (A) UMAP plot of single-cell transcriptomic profiles from RSA and Health samples based on RBP
genes. Colors indicate RBP clusters. (B) UMAP plot of RSA and Health groups single-cell transcriptomic
profiles based on RBP genes. Colors indicate RBP clusters. (C) The dot plot shows expression of top3 RBP
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Fig. 3. ScRNA-seq analysis of RSA-deregulated RBPs in various cell types of decidua. (A) Upset diagram
shows the number of overlapped DE-RBPs in different cell types. Top: Upregulated and downregulated RBPs
among immune cell types; Bottom: Upregulated and downregulated RBPs across non-immune cell types.
Genes marked in red represent upregulation, while those in blue indicate downregulation. (B) The heatmap
shows top3 GO biological process enrichment pathways obtained by up-regulated (left) and down-regulated
(right) RBP genes in different cell types. (C) The heatmap shows top3 KEGG pathways obtained by up-
regulated (left) and down-regulated (right) RBP genes in different cell types. (D) The violin plot displays the
expression of the selected up-regulated RBP genes in different cell types.

Scientific Reports|  (2026) 16:15287 | https://doi.org/10.1038/s41598-026-45052-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

those observed in individual cell types (Supplementary Fig. 3A, B). Our analysis of differentially expressed RBPs
in multiple cell types presented in Fig. 3A revealed distinct expression patterns. As demonstrated in Fig. 3D,
the RSA group exhibited significant upregulation of DCN and LGALS3 expression in DS, Endo, Epi, EVT,
FB, Macro, Plasma, NK, PV and T cells compared to the healthy control. Conversely, RPS17 showed marked
downregulation in DS, Endo, Epi, FB, Macro and PV cells. Several additional RBPs, such as HLA-A, HSPAI1A,
VIM, RPL18, JUN, and RPL13, displayed distinct expression patterns marked by selective up-regulation in
diverse immune and non-immune cell populations (Fig. 3D), while RPL31, RPS17, PABPC4 and PRL17 were
selectively down-regulated (Supplementary Fig. 3C). These findings point to that RSA is not an isolated issue
of individual cells, but rather involves systemic alterations of the holistic microenvironment involving multiple
cell types. The coordinated upregulation and downregulation of RBPs could establish a molecular state that is
incompatible with normal pregnancy.

ScRNA-seq analysis of RSA-deregulated RBPs in different cell subtypes of DS cells

Given that DS constitute the most abundant cell population in decidual tissues and serve as a key component
during the decidualization process, we conducted independent clustering analyses and found that DS can be
categorized into six distinct subpopulations (DS_0-5) (Fig. 4A, B). Moreover, each DS cluster exhibited distinct
overexpression patterns of characteristic marker genes and RBPs (Fig. 4C-D), suggesting that RBPs possess
cell-type specificity similar to that of marker genes within DS. The result of cellular subpopulation distribution
among different sample groups indicated that DS were predominantly composed of DS_0 and DS_1 subtypes.
Analysis of the RSA group showed increased proportions of DS_0 and DS_2, while a decreased proportion was
observed for DS_1 (Fig. 4E). Our analysis revealed that the RBP-annotated DS clusters (designated as RBP-DS-
clusters) exhibited distinct cell-type specificity, enabling the classification of DS into five distinct subpopulations
(RBP-DS_0-4) (Fig. 4F-G). We further depicted the proportion of different subtype of DS cell RBP cluster in
different subtype of DS cells and the percentage of different subtype of DS in different subtype of DS cell RBP
cluster (Supplementary Fig. 4A). Distribution analysis showed that the primary clusters for RBP-DS_0 to RBP-
DS_4 were as follows: DS_0 and DS_1 for RBP-DS_0, DS_3 for RBP-DS_1, DS_0 for RBP-DS_2, DS_2 and DS_5
for RBP-DS_3, and DS_4 for RBP-DS_4. Each RBP-DS-cluster demonstrated unique expression profiles of RBP
genes (Fig. 4H). We further analyzed the cellular proportions of RBP-DS-clusters in different samples, revealing
that RBP-DS_0, 1, and 2 constituted the predominant cellular populations. Compared with the Health group, the
RSA group exhibited significant increase in RBP-DS_1 and 3, accompanied by a reduction in RBP-DS_0, 2 and
4. Notably, RBP-DS_2 was nearly eliminated in the RSA group (Fig. 41). The diminished cellular subpopulations
may represent aberrant subsets associated with RSA pathogenesis. Differential expression analysis was performed
on the genes from these increased and decreased RBP-DS-clusters, followed by GO/KEGG enrichment analyses
(Supplementary Fig. 4B, C). For RBP-DS_0, the upregulated genes were mainly enriched in angiogenesis, ATP
production, oxidative phosphorylation, cellular protein synthesis, and protein folding, while the downregulated
genes were significantly enriched in negative regulation of cell growth, TGF-P signaling, ECM-receptor
interaction, Rapl signaling, and Hippo signaling. In RBP-DS_2, the upregulated genes were largely involved in
angiogenesis, extracellular matrix buildup and mitochondrial respiratory function, whereas the downregulated
genes were enriched in pathways related to cellular response to hypoxia, integrated stress response and apoptosis
that are tightly associated with the pathogenesis of RSA3%3!. These findings identified new cell subpopulations
within DS and observed their proportional changes in RSA. These subpopulations may be participated in
maintaining normal pregnancy and are related to the development of RSA.

Single cell pseudotime analysis revealed differentiation dynamics and key RBPs in DS cells
with RSA

To delineate the differentiation trajectory of DS, we performed pseudotime analysis on representative DS
and determined three well-defined cell states (State 1-3). State 1 mainly localized at the pseudotemporal
origin (Fig. 5A). DS_1 subpopulation primarily distributed in State 1, DS_0 in State 2, and DS_2 in State 3.
Subsequent analysis of RBP-DS-clusters in relation to pseudotime revealed that State 1 and State 2 branches were
predominantly composed of RBP-DS_0, while State 3 largely comprised RBP-DS_1. RSA group exhibited an
increase in cell clusters in State 2 and a reduction in the proportion of cells in State 3 (Fig. 5B and Supplementary
Fig. 5A). The co-localization of DS_0 and RBP-DS_0 in State2 indicated their similarity and relevance to RSA
progression. The temporal dynamics of cellular density for each State changing with pseudotime were illustrated
in Fig. 5C. Statel represents the early pseudotime phase, corresponding to the normal pre-differentiation
cellular state. State2 and State3 reside in the late pseudotime phase, suggestive of the differentiated cellular state
associated with RSA progression. Notably, when DS cells differentiate to the branch point 1, their developmental
trajectories begin to diverge, bifurcating into two different differentiation states.

To investigate the pseudotime-differential RBPs conceivably responsible for trajectory anomalies, we applied
BEAM analysis at branch point 1, revealing two distinct cell fates. Fate 1 maps to the direction of State 2 and
fate 2 aligns with State 3. These differential expression of RBPs could be clustered into three functional modules
(cluster 1-3) over pseudotime. The RBPs in module 1 primarily are linked to fate 2, while module 3 mostly
are implicated in fate 1 determination. The RBPs in module 2 are positioned at the anterior branch of cell fate
determination and may function during the transitional phase (Fig. 5D). We then compared the proportions of
cell populations of each state within each sample group (Fig. 5E) and each sample (Supplementary Fig. 5B). The
result indicated a significant increase in the proportion of cells in State 2 and a concomitant decrease in State 1
cell populations in the RSA group relative to the health control. The differentiation trajectory of State 2 may be
associated with aberrant progression in gestational decidualization in RSA. We further focused on the specific
RBPs that are involved in cell fate over pseudotime (Fig. 5F). Muscleblind-like protein 1 (MNBLI1) in module 1
is associated with fate 2, exhibiting an overall upregulation trend along the pseudotime. However, its expression
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Fig. 4. ScRNA-seq analysis of RSA-deregulated RBPs in different subclusters of DS cells. (A) UMAP plot of
single-cell transcriptomic profiles from DS based on highly variable genes. Colors indicate subtype of DS cell
clusters. (B) UMAP plot of RSA and Health groups single-cell transcriptomic profiles based on highly variable
genes. Colors indicate DS cell clusters. (C) Dot plot shows expression of top3 marker genes in each subtype

of DS cell type. (D) Heatmap shows the average expression of top3 RBP genes in each subtype of DS cell type.
(E) Bar plot comparing the proportions of cell populations of each subtype of DS cell type within each sample
group. (F) UMAP plot of single-cell transcriptomic profiles from DS based on RBP genes. Colors indicate
subtype of DS cell RBP clusters. (G) UMAP plot of RSA and Health groups single-cell transcriptomic profiles
based on RBP genes. Colors indicate DS cell RBP clusters. (H) The dot plot shows expression of top3 RBP
genes in each subtype of DS cell RBP cluster. (I) Bar plot comparing the proportions of cell populations of each
DS cell RBP cluster within each sample group.
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Fig. 5. Single cell pseudotime analysis revealed differentiation dynamics and key RBPs in DS cells with RSA.
(A) UMAP plots of pseudotime analysis for DS subpopulations. DS are colored by state, cluster and their
progression through pseudotime. (B) DS are colored by subtype of DS cell rbp cluster and groups through
pseudotime. (C) Density plot of each state changing with pseudotime. (D) The beam_heatmap using BEAM
analysis showing the changes in two lineages at the time point 1, the columns of the heatmap are the points
in the pseudotime and the rows are the genes. (E) Bar plot comparing the proportions of cell populations of
each state within each sample group. (F) The graph showing the expression of genes in different state and the

expression trend of genes over time in each group.
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level in the health group is higher than that in the RSA group, reaching the peak in state 3. ZFP36 in module 2
is linked to the anterior branch of cell fate determination, showing a gradual downregulation over pseudotime,
with the highest expression observed in state 1 and decreased levels in States 2 and 3. DCN, LGALS3, and
SLC3A2 within module 3 exhibit an upward expression pattern correlating with fate 1 over pseudotime and
reach the peak expression levels in State 2.

Through the cell annotation and proportion analysis of RBPs, it was observed that the proportions of RBP-
DS_0, 2 and 4 were reduced in RSA (Fig. 41). The observed reduction in the proportion of DS is mainly due to a
decrease in these specific subpopulations. This reduction may represent a contributing factor in the pathological
progression of RSA. By overlapping differentially expressed RBPs (DE-RBPs) from RBP-DS_0, 2 and 4 with
the top 100 RBPs, we obtained the overlapping DE-RBPs (olpDE-RBPs) associated with RSA progression
(Supplementary Fig. 5C). DCN and SLC3A2 were upregulated in RBP-DS_0, while LGALS3 was upregulated
in both RBP-DS_0 and RBP-DS_2. Conversely, DCN expression was decreased in RBP-DS_2. These results
highlight the key DS subpopulations involved in RSA pathology and identify the core RBPs (DCN, LGALS3 and
SLC3A2) linked to RSA that are related to cell fate decisions.

Bulk RNA-seq data confirmed the key RSA-deregulated RBPs uncovered by scRNA-seq

To corroborate the discovery of RBPs in scRNA-seq data, we collected bulk-RNA seq data from decidual
tissues of three RSA patients and three normal pregnant women. We performed an overlap analysis between
differentially upregulated and downregulated RBPs identified in bulk RNA-seq and DE-RBPs obtained from
scRNA-seq, yielding 14 co-upregulated differentially expressed RBPs (coDE-RBPs) with no co-downregulated
counterparts (Fig. 6A). We then focused on DCN, LGALS3, SLC3A2 and ZFP36 (Fig. 6B). DCN, LGALS3, and
SLC3A2 exhibited upregulated expression in both bulk RNA-seq and the RBP-DS_0 subpopulation, whereas
DCN showed downregulation in the RBP-DS_2 subpopulation. This implies that DCN may exerts different
functions within distinct DS subpopulations. ZFP36 demonstrated downregulation in RBP-DS 0 but was
upregulated in both RBP-DS_2 and bulk RNA-seq. IGF2BP3 displayed no significant differential expression
in DS subpopulations but was markedly downregulated in bulk RNA-seq. Fig. 6C demonstrated that DCN,
LGALS3, SLC3A2 and ZFP36 were significantly up-regulated in URSA group compared to the Control. In
summary, our analysis of the bulk RNA-seq data corroborated a set of recurrently dysregulated RBPs (including
DCN, LGALS3, and SLC3A2) connected to the pathological progression of RSA.

Discussion

According to guidelines developed by the European Society of Human Reproduction and Embryology (ESHRE)
and the American Society for Reproductive Medicine (ASRM), RPL is defined as the failure of two or more
pregnancies that are clinically recognized®>*. A number of risk factors have been linked to recurrent pregnancy
loss, such as structural uterine abnormalities and autoimmune disorders?. Data derived from preclinical animal
models have indicated that an impaired decidual response result in pregnancy loss®>>*3>. It has been hypothesized
that the evolution of spontaneous decidualization in humans gives rise to human-specific disorders of pregnancy,
including miscarriage and RPL?. In this study, scRNA-seq dataset was used to uncover RBP-defined decidual
stromal cell subpopulation imbalance in RSA, with abnormal differentiation trajectory. Core RBP genes (DCN,
LGALS3, SLC3A2) were identified to be upregulated in RSA, which serve as potential diagnostic biomarkers and
therapeutic targets for RSA (Fig. 7).

We employed RBPs to annotate and cluster cells in decidual tissue for the first time. Each cell subpopulation
distinctly exhibits high expression of specific marker genes and RBPs. This indicates that RBPs exhibit cell
specificity analogous to that of characteristic marker genes, suggesting their potential utility for the identification
of cell identity and the maintenance of cell function under specific environmental conditions. We confirmed
that DS represent the most abundant cell type within the decidua tissues, which is consistent with previous
report!®. We also discovered that DS cells exhibited the highest number of DEGs, implying that dysregulation
of decidualization related gene expression plays an important role in RSA pathogenesis. Analysis showed that
DEGs in DS cells were mainly involved in post-transcriptional regulatory pathways, supporting the possibility
that DS cells may harbor extensive dysregulation of RBPs in mediating target gene expressions during the
pathogenesis of RSA. Patients diagnosed with RSA exhibited marked abnormalities in decidualization and
significant disruptions in intercellular communication between stromal cells and other cell types'. Current
literature primarily employs conventional gene markers for the annotation and typing of DS cells*’, whereas
the utilization of RBPs for DS cells annotation has not been extensively explored. In our study, we identified
heterogeneous DS cells annotated by RBPs in human decidua, with each stromal subset displaying its own
unique features. The proportions of DS cells, along with their subpopulations, including DS_1 and RBP-DS_0,
2 and 4 were significantly lower in the RSA group. In patients with RSA, apoptosis or excessive pyroptosis of DS
cells leads to impaired decidualization, which affects pregnancy maintenance. This decreased cell subpopulation
could be a major contributing factor to the apoptosis of DS cells. This finding signifies that stromal cells may
be unable to furnish sufficient support for fetal development and is closely linked to the development of RSA.
During the onset of RSA, it is plausible that stromal cells exhibit defective decidualization, which further leads
to alterations to the cellular composition within the decidual microenvironment. Pseudotime analysis revealed
that DS predominantly differentiate towards the State2 in the context of RSA. DS_0 and RBP-DS_0 are mainly
distributed in State2, indicating both subpopulations share cellular similarities and are associated with RSA
progression.

RBPs interact with RNA to form ribonucleoprotein (RNP) complexes that regulate the maturation and fate
of target RNA substrates and regulate many aspects of gene expression'®?>. Previous studies have highlighted
the importance of RBPs and their contributions to reproductive pathologies, noting their significant role in
female reproductive disorders, particularly in pathological processes mediated by inflammatory and immune
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Fig. 6. Bulk RNA-seq data confirmed the key RSA-deregulated RBPs uncovered by scRNA-seq. (A) Venn
diagram shows the number of overlapped up-regulated (left) or down-regulated (right) genes between the
overlapped RBP genes from Supplementary Fig. 5C and DEGs from bulk RNA-seq. (B)The violin plot displays
the expression of the selected genes in different DS cell RBP cluster. (C) The Bar plot displays the expression of
selected genes in bulk RNA-seq.

dysregulation'?3®, The present study characterizes the RBPs genes related to RSA and profile the unique RBPs
expression signatures as well as regulatory patterns in different cell types, especially in DS cells at the single-cell
level within RSA patients and healthy individuals. Aberrations in DCN levels are correlated with various adverse
pregnancy outcomes, encompassing preeclampsia, fetal growth restriction, and preterm premature rupture
of membranes**%’. DCN promotes decidual M1-like macrophage polarization via mitochondrial dysfunction
resulting in RSA%. In this study, we found that high levels of DS-derived DCN were detected in the decidua
of women in RSA group, consistent with conclusions reported in the existing literature'®. Galectin-3 (Gal-3),
the protein product of the LGALS3 gene, possesses anti-apoptotic activity!! and displays different functions
contingent on its intracellular and extracellular localization*2. Both LGALS3 and Gal-3 have been consistently
identified as participants in the pathogenesis of various diseases, such as prostate cancer, cardiovascular
disease, acute and chronic kidney injury, multiple solid tumors, organ fibrosis, and autoimmune inflammatory
diseases*>*. Gal-3 is a galactose-binding protein; furthermore, it acts as a contributing factor in a broad
spectrum of pregnancy related pathologies. Specifically, it is reported that Gal-3 is associated with gestational
diabetes mellitus, trophoblast cell function/placentation, pre-eclampsia, intrauterine growth restriction and
missed abortions*®. Gal-3 is markedly decreased in serum, decidua and the villi in the group of women with
missed abortions*!. However, the expression level and potential role of LGALS3 in RSA have not been well
investigated. Our findings indicate that LGALS3 gene exhibits distinctly upregulated expression in the RSA
group. This phenomenon could potentially be explained if highly expressed LGALS3 activates macrophages
and stimulates their secretion of proinflammatory/profibrotic factors, inducing chronic decidual inflammation
and basement membrane thickening, which consequently could restrict embryonic implantation and placental
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Fig. 7. The summary figure showing the essential results and discoveries of this study.

development. SLC3A2 is a type of transmembrane glycoprotein®®, which usually acts as a chaperone, functions
in the cell membrane?’. A study revealed that TNF superfamily member 14-positive (TNFSF14+) decidual NK
cells modulate the senescence homeostasis of DS cells through the TNFRSF14-SLC3A2/leucine regulatory axis,
thus facilitating the establishment and maintenance of normal pregnancy. Dysregulation of this axis may induce
excessive senescence of DS cells, consequently increasing the risk of spontaneous abortion*®. Our analysis
also indicated higher SLC3A2 expression in DS cells from patients with RSA compared to those from normal
pregnancy. DCN and SLC3A2 have been consistently reported as upregulated genes and linked to RSA+,
Nevertheless, their expression profiles across different cell types based on marker gene, as well as RBP annotations
within decidual tissues remain insufficiently characterized. This study focuses on RBP clusters within DS cells
in order to address this gap.

We found that DCN, LGALS3, and SLC3A2 exhibited upregulated expression in both bulk RNA-seq and the
RBP-DS_0 subpopulation, whereas DCN showed downregulation in the RBP-DS_2 subpopulation, suggesting
its potential divergent roles among distinct DS subpopulations. ZFP36 and IGF2BP3, as two previously studied
RBPs, have been reported to exhibit downregulated expression in murine RSA models**°. However, our
single-cell analysis of RSA revealed no statistically significant differences in their expression among various
cell types. ZFP36 demonstrated downregulation in RBP-DS_0 but upregulation in both RBP-DS_2 and bulk
RNA-seq, a finding inconsistent with its downregulated expression in RSA mouse models, which highlights
the value of investigating the pathological impact of RBPs at the human level in RSA*®. IGF2BP3 expression is
downregulated in villous tissues of both RSA patients and murine RSA models. This downregulation contributes
to RSA pathogenesis by promoting glutathione peroxidase 4 (GPX4)-mediated ferroptosis while inhibiting
trophoblast invasion and migration®. We observed that IGF2BP3 exhibits no statistically significant differential
expression in the DS subpopulations, yet demonstrates marked downregulation in bulk RNA-seq analysis. This
observation aligns with prior research in RSA murine models®', suggesting that it may not play a major role in
modulating RSA progression within DS cells.

The findings of this study need to be viewed in light of some limitations. First, although we applied rigorous
batch correction, technical confounders from integrating public datasets might still influence the clustering
and differential expression results. Second, the definition of cell clusters and their annotations, while based on
established markers, remains interpretative and would benefit from validation through spatial transcriptomics
or proteomic approaches. Most importantly, as a purely bioinformatic investigation, our findings are associative
and hypothesis-generating. A key limitation is the absence of experimental validation for our central findings,
including how these identified RBPs are regulated in decidual cells. While our scRNA-seq outcomes are
complemented by supportive evidence from bulk RNA-seq data, this does not constitute functional proof.
Consequently, future work must prioritize experimental validation on cell or animal models of these candidate
RBPs to definitively elucidate their roles in the signaling mechanisms underlying RSA. This work thus provides a
foundational bedrock, defining a clear set of targets and a roadmap for future experimental studies to move from
correlation to causation in understanding RSA.

Conclusion

In conclusion, our findings demonstrated the utility of RBPs for annotating and clustering distinct cell subsets.
We characterized the distinct features and dysregulated expression of RBPs in different decidual cell types, with
a particular focus on DS cells in RSA. Building on this, we then inferred the regulatory functions and potential
signaling pathways governed by RBPs during RSA progression. Notably, we identified the key RBPs (DCN,
LGALS3 and SLC3A2) in DS subpopulation that are associated with the aberrant decidualization process of
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RSA. Integrated analysis of scRNA-seq and bulk RNA-seq data provides insights into the complex regulatory
networks controlled by RBPs in the pathological development of RSA. Our findings offer novel perspectives on
the factors mediating RSA progression, as well as may inform future strategies for the diagnosis and advanced
intervention of RSA.

Data availability
The data that support the findings of this study are available in the supplementary file of this article. Further
inquiries can be directed to the corresponding author.
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