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Abstract

Recurrent spontaneous abortion (RSA) has various causes, including chromosomal abnormalities, prethrombotic state, and abnormal uterine
anatomical factors. However, the pathogenesis of RSA is still unclear. Surprisingly, non-coding RNA can stably express at the maternal-fetal
interface and regulate immune cells’ proliferation, apoptosis, invasion, metastasis, and angiogenesis. Accumulating evidence suggests that the
competing endogenous RNA (ceRNA) regulatory network between non-coding RNAs complicates RSA’s pathological process and maybe a
new starting point for exploring RSA. In this review, we mainly discuss the regulatory network and potential significance of non-coding RNA
in the immune microenvironment of RSA patients. In addition, the cellular interactions of non-coding RNA transported through vesicles were
introduced from aspects of trophoblast function and immune regulation. Finally, we analyze previous studies and further discuss that the stable

expression of non-coding RNA may be used as a biomarker of some disease states and a prediction target of RSA.
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Introduction

RSA is defined as two or more consecutive spontaneous
abortions before 20 weeks of pregnancy, which is a com-
mon clinical pregnancy complication [1]. The incidence rate
among women of childbearing age has reached 5%, which
has seriously affected the quality of life of families. As a semi-
allogeneic graft, half of the MHC molecules are of maternal,
and the other half are of paternal origin. Hence, the fetus
acts as a paternal antigen protected from rejection in the
maternal immune system, which presents an immune response
[2]. Disruption of the immune tolerance microenvironment of
pregnancy can lead to complications such as recurrent miscar-
riage (RM), recurrent pregnancy loss [3], and preeclampsia
[4]. In recent years, advances in the field of immunology
and insights into RSA have revealed that macrophages, NK
cells, trophoblast cells, Th17 cells, Treg cells, and cytokines
are essential for normal pregnancy, providing new insights
into the possible causes of the disease [5]. Teng et al. [6]
reported that overexpression of IncRNA NEAT1 inhibited
proliferation, migration, and invasion of trophoblast cells and
promoted its apoptosis. Furthermore, Tang et al. [7] also
found that miR-125b regulates the invasion and migration of
extravillous trophoblast cells. Therefore, revealing the mech-
anism that the immune cells regulated by non-coding RNAs
in RSA will provide potential targets for RSA therapy.

In recent years, the expression profile of ncRNAs can be
stably expressed at the maternal-fetal interface and show
differential expression in RSA and average pregnant women.

Therefore, non-coding RNAs are a potential marker for the
prediction, clinical diagnosis, and prognosis of disease. Non-
coding RNA (ncRNA) is a type of RNA that does not code for
proteins, and they can be classified according to their length,
including microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), and circular RNAs (circRNAs). MiRNAs have
about 19-25 nucleotides. However, IncRNAs are composed
of at least 200 nucleotides in length and circular endogenous
non-coding RNA molecules (circRNAs) formed by reverse
splicing. While the pathogenesis of RSA is still unclear, non-
coding RNA may be one of the mechanisms that explain the
pathogenesis of RSA, as it is an essential regulator of tran-
scription and protein expression [8]. For example, although
ncRNA does not encode proteins, it participates in many
physiological activities, such as chromosome remodeling,
cell localization of proteins, gene transcription, and post-
translational modification [9]. Not all RNA has functions,
but a large number of functional ncRNAs are important for
cells to maintain normal biological functions and participate
in the occurrence and development of pathological processes.
In recent years, our research on non-coding RNA has mainly
focused on miRNA, IncRNA, and CircRNA. Therefore, our
review focuses on the mechanism of these three RNAs in the
immune microenvironment. Since the competitive endogenous
RNA (ceRNA) network hypothesis was put forward in 2011
[10], ncRNA has ushered in further discussion. This article
demonstrates, at the laboratory level, that endogenous RNAs
regulate each other’s expression by binding to competing

Received: September 6, 2023. Revised: November 1,2023. Accepted: November 9, 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please

e-mail: journals.permissions@oup.com

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/lice
nses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For

commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

 -723 15881 a -723 15881
a
 
mailto:hwq2017@126.com
mailto:hwq2017@126.com
mailto:hwq2017@126.com
mailto:hwq2017@126.com

C. Tang and W. Hu, 2024, Vol. 110, No. 2

miRNAs. For example, circRNAs contain multiple miRNA
binding sites that enable them to act as miRNA molecular
sponges as competing endogenous RNA (ceRNA) that
improve miRNA-induced inhibition of downstream target
genes, thereby increasing their expression levels [11]. Several
articles [12, 13] have confirmed the universality of ceRNA
regulation. Researchers are increasingly aware of the potential
significance of ceRNA network regulation in predicting and
diagnosing some diseases.

It is generally believed that trophoblast dysfunction medi-
ates pregnancy failure. Previous studies have shown that
ncRNA is closely related to the proliferation, invasion, and
angiogenesis of trophoblast cells [14]. In addition, many liter-
atures [15, 16] reported that maternal-fetal immune tolerance
and immune rejection may participate in the pathogenesis of
RSA. Therefore, the abnormal expression of some ncRNA
may provide new insights into the potential mechanism of
RSA. In this review, we mainly focus on the role of ncRNA
in the immune microenvironment of RSA patients and the
potential application of the ceRNA network.

Pathogenesis of RSA

Current research on RSA has found that there are genetic
factors [17], immune factors [18], environmental factors [19],
and psychosocial factors [20] that affect its pathogenesis.
Genetic factors are considered to be the leading cause of its
onset, with fetal chromosomal abnormalities accounting for
50-60% [21]. During the early stages of pregnancy, the inva-
sion of the placental trophoblast and normal physiological
functions directly affect the embryo’s survival. After implanta-
tion of the placenta into the endometrium, the cytotrophoblast
(CTB) differentiates into syncytiotrophoblast cells (STB) and
extravillous trophoblastic tissue (EVT) [22]. Subsequently,
EVT cells play a crucial role in placental anchoring, maternal
spiral artery modeling, angiogenesis, cytokine secretion, and
interactions with maternal immune cells [23]. The dysfunction
of trophoblast cells may lead to the occurrence of RSA.
Previous studies have also shown that non-coding RNA can
lead to RSA by influencing multiple phenotypes such as
invasion, proliferation, apoptosis, migration, and angiogenesis
of trophoblast cells [24]. Therefore, the related mechanisms
of trophoblast cell dysfunction may contribute to a deeper
understanding of the pathogenesis of RSA. Moreover, IL-17
secreted by Th17 cells may promote appropriate responses
during early pregnancy to protect mothers from extracellular
pathogens. More importantly, IL-17 produced by helper T
cells contributes to pregnancy by promoting the proliferation
and invasion of trophoblast cells and inhibiting trophoblast
cell apoptosis. This physiological function of Th17 cells sug-
gests that it can generate an appropriate immune tolerance
microenvironment during normal early pregnancy to pre-
vent the mother from developing an excessive inflammatory
response and reduce the incidence of RSA. Abnormal acti-
vation of uterine natural killer cells, macrophages [25], and
unbalanced differentiation of helper T cell subsets can disrupt
maternal-fetal immune tolerance. For example, researchers
have found that in many pregnancy complications, miRNA
can affect the balance of TH17/Treg cells [26], suggesting
that miRNA is involved in establishing immune tolerance
during pregnancy (Figure 1). The miRNA spectrum related to
immune cells can be used as biomarkers and provide potential
targets for the clinical treatment of RSA patients.
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In recent years, with the increasing research on non-coding
RNA in RSA, researchers have gained a further understanding
of the mechanism of ncRNA regulating RSA. In fact, most
studies on the pathogenesis of RSA focus on miRNA, IncRNA,
and circRNA. However, the specific mechanism of how non-
coding RNA participates in regulating RSA is unclear, leading
to significant limitations in the clinical diagnosis and applica-
tion of non-coding RNA. Next, our review will also analyze
the regulatory relationship between non-coding RNA and
RSA around these three molecules.

miRNA and RSA
Overview of miRNA

miRNAs are single-stranded RNA fragments with uniform
length and generally contain 21-25 nucleotide sequences.
Meanwhile, miRNAs are highly evolutionarily conserved,
and more than 50% exist in clusters. The miRNA originally
transcribed has hundreds or even thousands of bases long,
called primary miRNA (pri-miRNA). Pri-miRNA is processed
by the endonuclease Drosha to produce about 70-90 base
miRNA precursors (pre-miRNA) (Figure 2). Subsequently,
pre-miRNA is digested by Dicer to produce mature miRNA
during its transport to the cytoplasm [27]. Next, miRNA
molecules can downregulate gene expression by binding with
3-UTR of the target gene [28], which depends on the role
of RNA-induced silencing complex (RISC). Lin-4, the first
miRNA identified in Caenorbabditis elegans [29], negatively
regulates the expression of Lin-14 mRNA and proteins by
binding to the 3’'UTR of Lin-14 mRNA, leading to impaired
worm development. Since then, research on miRNAs has
continued to deepen, and more than 1000 miRNAs are
involved in regulating complex processes in the body, such as
immune research, tissue remodeling, epigenetic modification,
and cell development [30]. Interestingly, one miRNA can
regulate the expression of multiple mRNA, and multiple
miRNAs can also regulate one mRNA simultaneously that
a small amount of miRNA in the body can regulate numerous
physiological functions. For example, miR185 and miR133b
are usually highly expressed in colorectal cancer patients, and
the level of these two miRNAs can be used as prognostic
markers of colorectal cancer. In addition, miRNAs have a
more comprehensive application: a. for early screening of
diseases, such as preeclampsia, b. for molecular typing of
diseases, c. as potential drug targets. Therefore, some stable
miRNAs (e.g. miR-146a-5p, miR-146b-5p [44], and miR-103
[31], etc.) in the maternal circulatory system can be used as
biomarkers to monitor the normal pregnancy process and
RSA patients, providing potential therapeutic targets.

miRNA and RSA

Wang et al. [32] determined the miRNA expression profile in
decidua or villi through high-throughput sequencing analysis,
suggesting that the pathogenic process of RSA may be related
to changes in miRNA expression profiles in decidua and
villi. Studies have further confirmed that miRNA expression
can affect physiological processes such as proliferation,
apoptosis, invasion, metastasis, epithelial to mesenchyme
transition (EMT), and angiogenesis of placental trophoblasts,
thereby affecting the pathogenesis of RSA. Research on
miRNAs in trophoblast cells found that they mainly come
from the two most significant clusters (C14MC and C19MC)
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Figure 1. The role of non-coding RNA in the immune microenvironment of the maternal-fetal interface. Normal pregnancy is influenced by
sociopsychological, genetic, and immune memory environmental factors. Non-coding RNA can act on trophoblast cells and regulate their phenotypes
such as proliferation, apoptosis, EMT, autophagy, and angiogenesis. While, M1-type macrophages can transport miRNA to trophoblastic cells through
vesicular transport to play a role. Non-coding RNA can also act on macrophages, NK cells, and CD4 T cells to perform physiological functions. When the

immune cells of the body lose their correct executive power, RSA can occur.

on chromosomes 14 and 19 [33]. The miRNA from C19MC
primarily exists in embryonic stem cells and plays a role
in cell proliferation, invasion, metastasis, and differentia-
tion. Specifically, placental-derived miR519¢ (derived from
C19MC) is produced by trophoblast cells and can be released
or packaged as free miRNA into extracellular vesicles (EVs). It
has been proven to inhibit TNF-agene expression in placental
transplant models, which involves the expression of endotoxin
tolerance models [34]. In recent years, the significance and
possible regulatory role of miRNA in normal pregnancy
and adverse pregnancy outcomes (such as miscarriage) have
been partially revealed. For example, downregulation of the
expression of USP25 [35] in placental villus tissue of patients
with RM inhibits the invasion and metastasis of trophoblast
cells. At the same time, mimetics of miR27a-3p can upregulate
the expression of USP2S5 to inhibit the occurrence of RM. In
addition, miR146a-5p [36] directly regulates the expression of
downstream Wnt2, affecting HTR-8/SVneo cell proliferation
and EMT. As an upstream regulator of PLGF, miR-124-3p
[37] directly acts on the downstream PLGF-ROS pathway
to reduce the migration and invasion of trophoblast cells
and promote the occurrence of apoptosis. Another study has
shown that miR520 [38] promotes DNA damage-induced
trophoblast apoptosis through targeting poly (ADP-ribose)
polymerase 1 (PARP1), thereby enabling the occurrence and
development of RSA. These data suggest that the expression
of miRNAs is strictly spatiotemporal and tissue-specific.
Moreover, vascular endothelial growth factor (VEGF) plays
a crucial role in regulating the invasion and proliferation of

trophoblast cells, and miR-16 [39] can inhibit the expression
of VEGF and participate in the pathogenesis of RSA. In
many pregnancy complications, miRNA may also serve as
a biomarker by influencing the expression of Th17/Treg.
Through a large number of high-throughput sequencing
technologies and the mining of bioinformatics tools, we
have conducted an in-depth understanding of miRNA [40].
For example, high expressions of miR-4497, miR135a-5p,
miR93, and miR19b were found in the blood or villi tissues
of RSA patients, while low expressions of miR16, miR494,
miR219a, and miR155-5p were found. Based on the testing
of clinical samples from RSA patients, the upregulation
or downregulation of these differential genes facilitates us
to select the differential genes with the highest specificity,
which guides us to further excavate through which regulatory
pathway of the differential genes leads to the occurrence of
RSA, and provides a theoretical basis for the study of the
detailed mechanism of RSA.

In summary, the potential mechanism of miRNAs regulat-
ing RSA may involve different target genes and binding sites
(Table 1). However, in recent years, some researchers have
found that the circulation contains many non-coding RNA,
which is passively released as acellular circulating RNA or
through tissue cell damage [41]. However, the non-coding
RNA in these cycles is unstable and often encapsulated in cell
vesicles (especially miRNA). The vast majority of miRNAs are
directed for transcription by RNA pol II, and a small number
of miRNAs (containing Alu sequences) are transcribed by
RNA pol III. Therefore, when extracellular vesicles regulate
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Figure 2. The formation of miRNA and IncRNA and the effects of ceRNA regulatory networks. (A) The synthesis process of miRNA. The miRNA gene
first synthesized pri-miRNA, followed by pre-miRNA synthesis under the action of Drosha. Pre-miRNA forms mature miRNA under the action of Dicer
enzyme after enucleation. Mature miRNAs rely on RISC to perform transcriptional inhibition or degradation functions. (B) Gene structure of IncRNA. (C)
The ceRNA regulatory network. LncRNA, CircRNA, and mRNA can compete with each other. Both INcRNA and CircRNA compete with mRNA for the
opportunity to bind to miRNA to regulate downstream mRNA gene expression.

two intercellular mechanisms of action by transporting miR-
NAs, inhibiting the expression of RNA pol II of miRNAs
in the recipient cells and observing the expression of miR-
NAs can help us to further explore whether extracellular
vesicles are involved in the study of the mechanism of non-
coding RNA regulation of recurrent spontaneous abortion.
This non-coding RNA molecule has been a hot topic in
recent years to generate cell interaction through vesicular
transport, indicating that the mechanism of ncRNA acting on
RSA is very extensive and needs to be discovered. EVs are
membrane-bound vesicles communicating between cells and
participating in many biological processes. More and more
evidence shows [42] that EVs are related to normal pregnancy
or pregnancy complications. It can transfer proteins, various
nucleic acids, lipids, and bioactive enzymes, to receptor cells to
regulate their physiological behavior. Importantly, EVs are an
integral part of fetal-maternal communication during implan-
tation and placental processes, regulating maternal immune
responses, maintaining normal physiological functions of tro-
phoblast cells, and promoting fetal angiogenesis [43]. For
example, TRAF6 can promote EMT, migration, and inva-
sion of trophoblast cells. As upstream regulators of TRAF6,
miR-146a-5p and miR-146b-5p downregulate its expression
and promote the occurrence of RSA. M1-type macrophages
function by transporting miR-146a-5p and miR-146b-5p to
trophoblast cells through EVs [44]. Vilella et al. [45] found

that when miR-30d of EVs in mouse endometrial fluid was
transferred to mouse embryos, cell adhesion molecules such
as Itgb3, Itga7, and CdhS were upregulated. In addition,
the migration and invasion of vascular smooth muscle cells
(VSMCs) play a crucial role in the reconstruction of placental
spiral arteries, which has been proven to be promoted by the
release of EVs from EVTs through the EVI-VSMC exosome
pathway [46]. Moreover, various exosome miRNAs, including
miR486-1-5p, miR150, and miR486-2-5p, are involved in
trophoblast cell migration, placental development, and angio-
genesis. These results suggest that EVs play an important role
in embryo attachment. MiRNA is often unstable in plasma,
and the “packaging” of vesicles will improve its stability and
further play a role between cells. However, the research on this
vesicular transport (microbubbles, exosomes, and apoptotic
bodies) in RSA is incomplete. Studying the mechanisms of
cellular interactions may be an important way for us to
reconceptualize RSA.

IncRNA and RSA

Overview of IncRNA

LncRNAs are characterized by three features: (a) They are
more than 200 nucleotides in length, (b) They do not encode
proteins [47], (c) They are low in abundance, and they
are also spatiotemporally specific. In terms of structure,
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Table 1. MiRNA related to the pathogenesis of RSA

ncRNA Expression in RSA Tissue Function Reference

miR27a-3p Upregulation Trophoblast Promotes EMT, migration, and invasion of trophoblast [20]
cells

miR146a-5p Upregulation M1 macrophages Inhibits EMT and maintains cellular interaction [21]

miR-124-3p Upregulation Trophoblast Inhibits invasion and metastasis, promotes apoptosis [23]

miR520 Upregulation Trophoblast Promotes DNA damage-induced apoptosis [24]

miR-16 Upregulation Placenta Regulates angiogenesis and development [58]

miR-494 Downregulation Placental villi Regulates abnormal cellular invasion and apoptosis [59]

miR-219a Downregulation Trophoblast Inhibits regulation of cellular proliferation and invasion [60]

miR-4497 Upregulation Trophoblast Downregulates SP1 mRNA and induces trophoblast cell [61]
apoptosis

miR-135a-5p Upregulation Trophoblast Targets PTPN1 and inhibits proliferation, invasion, and [62]
migration of trophoblast cells

miR-365 Upregulation Decidua Targets SGK1 and regulates cellular apoptosis [63]

IncRNA has 5 “cap structure and 3” PolyA tail structure
and has a complex secondary or tertiary structure without
high sequence conservation [47]. Interestingly, IncRNAs can
be widespread in organisms and regulate many biological
behaviors [47], such as handling the role of transcription
factors and other transcriptional regulatory proteins, epige-
netic modification, regulating cell signal transduction, initial
chromatin remodeling, epigenetic silencing of gene clusters,
oligomerization of activated proteins, and regulating gene
expression. They are classified into five types according to
their location in the genome: intergenic IncRNA, intronic
IncRNA, sense IncRNA, antisense IncRNA, and bidirectional
IncRNA [48]. LncRNAs also form four mechanistic patterns
based on their molecular characteristics [49]: (a) Signal,
IncRNA when after being transcribed, can directly combine
with DNA at adjacent positions in chromosomes, regulate
gene expression, and have the function of signal transduction,
itself as a biological event marker. Examples include allele
specificity, induction of DNA damage with synergistic
activity (represented by enhancer RNAs (eRNAs)), and cold
induction, which is mainly present in plants, (b) decoy,
IncRNA can combine with downstream transcription factors
or RNA to form a competitive binding mode. For example,
in the ceRNA regulatory network (described in detail
below), p21-associated non-coding RNA (PANDA) directly
binds to NF-YA to inhibit apoptotic gene expression, and
glucocorticoid receptor IncRNA Gas5 functions to induce
cellular glucocorticoid resistance, among others, (c) Guide is a
regulation model with positive and negative orienting effects.
IncRNAs recruit chromatin modifiers through cis-acting and
site-specific recruitment, e.g. RepA RNA recruits the PRC2
complex, or Air ncRNA interacts with Slc22a3 promoter
chromatin and H3K9 histone methyltransferase G9a in
the placenta. Conversely, IncRNA HOTAIR can also exert
transcriptional regulation to affect tumor metastasis, among
other things. (d) Scaffold refers to the fact that IncRNA acts
as the backbone of a protein complex, connecting multiple
proteins and related transcription factors. For example,
HOX motif transcriptional antisense RNA (HOTAIR)
plays a splicing and bridging role between PRC2 and the
LSD1/CoREST/REST complex. In recent years, the field
of RNA research is undergoing rapid development. As a
regulatory molecule, IncRNA, which accounts for most non-
coding RNA, has great potential for exploration. For example,
researchers have identified 1449 differentially expressed
IncRNA in the chorionic villi of patients with recurrent

abortion (RM) [50], which provides a pathway for IncRNA
to participate in the pathogenesis of human abortion.

IncRNA and RSA

Like miRNA, IncRNA can also directly act on target gene
mRNA to regulate cell proliferation, invasion, migration, and
apoptosis. Alternatively, gene expression can be regulated
through sponge miRNA using a ceRNA regulatory network
[51]. The first IncRNA discovered by humans was H19,
which promoted the rapid development of the history of
IncRNA research. In recent years, researchers have identified
several types of IncRNA, which are differentially expressed in
the placenta of patients with abortion compared to healthy
patients (Table 2). For example, IncRNA H19, SNHG7-1,
and MEGS. Through sequencing technology, it was found
that the expression of IncRNA SNHG7-1 was reduced in
the villi of RSA abortion patients. It directly affected the
downstream miR-34a to inhibit the proliferation and invasion
of trophoblast cells. The WNT/B-Catenin signaling pathway
regulates the cell cycle and proliferation and invasion ability
of trophoblast cells, and miR-34a inhibits the expression of
WNT1 by binding to 3’-UTR. Based on the above research,
this SNHG7-1-miR-34a-Wnt/B-Catenin has provided poten-
tial therapeutic targets in the development of RSA [52]. Some
transcription factors can act as upstream factors of IncRNA,
guiding the binding of IncRNA to downstream target genes,
and influencing the occurrence of RSA. YY1 is a transcription
factor that alters the function of trophoblast cells by regulat-
ing the expression of cytoskeleton-related proteins. Compared
with healthy patients, the level of YY1 mRNA in trophoblasts
in RSA patients was significantly lower. In addition, YY1 can
directly bind to the PVT1 promoter, affecting the invasion
and adhesion of trophoblasts through the downstream mTOR
pathway [53]. Similarly, HOX transcriptional antisense RNA
HOTAIR is also a downstream target gene of YY1. Promote
the expression of HOTAIR, thereby causing the production
of matrix metalloproteinase 2 (MMP2), and enhancing the
invasion of trophoblast cells [54]. The expression changes of
related IncRNA are shown in Table 2.

Moreover, RSA is also affected by imprinted IncRNA. Xiang
et al. [52] used microarrays to analyze the differential expres-
sion of IncRNA during placental development and found
that imprinted IncRNA Rian may play an important role in
placental development. Its homologous sequence, IncRNA-
MEGS8 (RIAN), is highly expressed in human spontaneous
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Table 2. LncRNA and CircRNA related to the pathogenesis of RSA
ncRNA Expression in RSA Tissue Function Reference
IncRNA H19 Downregulation Placental villi Inhibits let-7and upregulates ITGB3 expression, and [64]
regulation of invasion and adhesion
IncRNA Downregulation Trophoblast Regulates the proliferation and invasion of trophoblast [36]
SNHG7-1 cells by targeting miR-34a
IncRNA MEGS Upregulation Trophoblast Inhibits cell proliferation and invasion [39]
IncRNA PVT1 Downregulation Trophoblast Regulation of invasion and adhesion [37]
IncRNA Downregulation Trophoblast Metalloproteinase 2 and enhances cell invasion [38]
HOTAIR
Circ-ZUFSP Upregulation Trophoblast Regulates migration and invasion of trophoblast cells [48]
via the CIRC-ZUFSP/miR203/STOX1 pathway
CircPUM1 Downregulation Placenta Promotes trophoblast cell processes and [49]
anti-inflammatory effects via the miR-30a-5p/JunB axis
CircFOXP1 Downregulation Trophoblast Regulates the function of trophoblast cells via the [49]

miR-143-3p/S100A11 pathway

abortion villi, inhibiting trophoblast proliferation and inva-
sion. These results indicate that imprinted IncRNA exhibits
dynamic spatiotemporal expression during placental devel-
opment. In addition, DNA methylation and some enhancers
can regulate gene expression. For example, DNA methylation
monitoring in the villi of patients with miscarriage revealed
an increase in methylation in the MEG8 promoter region. In
addition, Lnc-SLC4A1-1 [55] is transcribed from H3K27ac
and H3K4mel labeled active enhancers. It induces TNF-
aand IL-1 B elevated by activating CXCLS8-«, leading to
trophoblastic inflammation. In summary, IncRNA can partic-
ipate in the pathological process of RSA, and understanding
the regulatory mechanism of IncRNA can provide potential
targets for our clinical treatment of RSA.

CircRNA and RSA
Overview of CircRNA

CircRNA is an endogenous RNA produced by special variable
splicing, mainly in the cytoplasm [56]. Moreover, CircRNA
has no 5 “cap and 3” PolyA tail structure and presents a
closed circular structure [57], which is not easily degraded by
exonuclease and is more stable than linear RNA. In general,
the expression levels of circRNAs are relatively low. Still,
the products of certain circRNAs are expressed at higher
levels than homologous linearly transcribed RNAs, and their
expression is not directly correlated with that of the cor-
responding linearly transcribed RNAs. CircRNA was first
discovered in 1979 [58], but it was not until 2012 that it
was discovered in large quantities through high-throughput
sequencing, and it quickly became a hot spot in the following
years. Studies have found that circRNA expression levels are
higher than regular linear RNA regarding tissue, species, time
specificity, and sequence conservation. Meanwhile, circRNAs
are expressed in diverse forms, with expression specificity
in different mammalian cells and tissues as well as in some
biological processes. The expression of the same circRNA in
different species is also heterogeneous; for example, only 10—
20% of the circRNAs in humans are expressed in parallel
tissues in mice. Currently, circRNA has been found to be
an important participant in normal cell function and the
occurrence and development of diseases, for example, as an
miRNA sponge to regulate the operation of miRNA [59], as
a transcription regulator or protein translation vector [60],
interacting with proteins to regulate gene expression [61].

In many cases, circRNA has a homologous expression gene,
which forms a circular RNA due to its particular splicing
form, but its expression is usually not related to the expression
of this homologous gene. This indicates that circRNA is not
only a byproduct of mRNA splicing, but also a specially
regulated molecular type. In addition, promoting the produc-
tion and cyclization of circular RNA mainly involves several
ways: (a) By utilizing complementary base pairing (such as
enrichment of sites formed by Alu repeat sequences [62] in
human exon circular RNA), reverse splicing is promoted due
to reduced space at splicing sites, (b) The RBP binds [63] to
the flanking introns and undergoes cyclization, shearing and
bridging them. For example, the placenta can be described as
a “controllable cancer” with some similar characteristics to
the occurrence of cancer. Epithelial mesenchymal transition
is a common process in placental development and many
cancers. Interestingly, highly expressed RBP Quaking (QKI)
can be found in the placenta to be involved in the occurrence
of EMT-related circular RNAs. (c) Lariat introns that escape
debranching. (d) The lariat-driven model of circularization.
The role of circRNA in the study of pregnancy complications
is crucial, and it may also provide new insights into cancer
progression. Therefore, conducting in-depth research on the
structure and function of circRNA is necessary. With the in-
depth study of circRNA, it has a broader range of physiologi-
cal and pathological processes. For example, many circRNAs
are upregulated in neurogenesis and synaptogenesis, while
Cdr1as knockout mice exhibit excitatory synaptic dysfunction
and neuropsychiatric disorders. Furthermore, some circRNAs
are derived from genome-specific loci with specific functions;
for example, circRNAs derived from the ANRIL locus are
positively associated with atherosclerosis risk. However, in
patients with recurrent spontaneous abortion, circRNAs are
associated with immune response and trophoblast function,
e.g. CircPUMI1 targets miRNA expression and thus regulates
trophoblast function. Therefore, understanding the molecular
functions of circRNAs and their regulatory mechanisms in
vivo provides us with new perspectives to further explore the
pathogenesis of RSA.

CircRNA and RSA

Studies have shown that CircRNA plays a key role in
tumor regulation [64]. Although the physiological processes
of embryo implantation and tumor are similar, there are
relatively few studies on the role of circRNA in abortion.
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Qian et al. [65] found that RSA women have nearly
600 differentially expressed circular RNAs in the placenta
compared to normal pregnancy. Li et al. [66] further
confirmed that 123 differentially expressed cyclic RNAs were
found in patients with early RSA compared to women with
normal pregnancy, of which 78 were upregulated and 45
were downregulated. CircRNA, as a ceRNA molecule, can
stimulate miRNA-induced target gene expression and interact
with disease-related miRNAs, reducing miRNA-induced
target gene inhibition (Table 2). For example, CircPUMI1
promotes the function of trophoblast cells and fights
inflammation by targeting the expression of microRNA-
30a-5p/JUNB [67], thereby reducing the occurrence of RSA.
CircPUM1 and JUNB can simultaneously bind to miR-
30a-5p, influencing the expression of regulatory molecules.
Furthermore, similar mechanisms of action include CDR1as
and miR7, circRNA BIRC6 and miR34a, miR45, circRNA
HIPK2, and miR124-2HG. Due to the lower expression
of circRNA in vivo, its impact as an miRNA molecule is
relatively limited compared to IncRNA. Li et al. [68] found
that CIRC-ZUFSP affects the downstream STOX1 pathway
by acting on miR-203, leading to trophoblast dysfunction.
Therefore, inhibition of trophoblast migration and invasion
through the CIRC-ZUFSP/miR-203/STOX1 pathway may
lead to RSA. In addition, circFOXP1 [69] regulates the
expression of S100 calcium-binding protein A11 (S100A11)
by competitively binding to miR-143-3p, thereby regulating
the function of trophoblast cells. These studies have shown
that CircRNA and IncRNA have similarities and can bind
to downstream corresponding miRNAs to regulate their
gene expression, thereby controlling the progress of RSA.
Significantly, circRNA can promote genomic instability
through translocation. Rapid proliferation and hypoxia
stress exist in cancer and placenta, which may lead to DNA
damage. CircRNA forms RNA-DNA hybridization with its
homologous DNA sites, leading to transcriptional arrest. If so,
may the imbalance of cyclic RNA in early pregnancy affect
genomic changes, leading to placental and fetal development?
From the expression profiles of human-expressed circRNAs,
we can speculate on the potential function of circRNAs that
may serve as biomarkers. circRNAs’ intrinsic loop structure
makes them relatively stable inside and outside the cell
(intracellular stability is better than extracellular stability).
Similarly, some circRNAs can be transported by exosomes
into the extracellular fluid. Still, the authors believe that
circRNAs as biomarkers need to first clarify its effect on gene
expression in disease. In summary, the research on circRNA
in RSA needs further exploration.

ceRNA network

Studies have confirmed that multiple miRNAs may regulate a
single mRNA, and a single miRNA can also regulate multiple
mRNA, forming a network-like structure. If the UTR regions
of two RNAs can bind the same miRNA, will there be a
regulatory relationship between them? In 2011, Salmena et al.
[69] proposed the concept of a ceRNA regulatory network
based on this. They demonstrated the regulatory phenomenon
that endogenous RNA interacts with each other by competing
for miRNA binding. The concept has been widely studied and
it has been found that ceRNA networks are ubiquitous in
organisms. The role of ceRNA networks in pregnancy diseases
such as cancer progression [70] and recurrent implantation

failure (RIF) [71] has been discovered. For example, the tumor
suppressor gene PTEN uses the ceRNA network mechanism
to play a role in cancer. Huang et al. [72] found the exis-
tence of IncRNA-miRNA-mRNA regulatory networks in RSA
patients and elaborated on the potential mechanisms that
may lead to RSA. Zhang et al. [73] used high-throughput
sequencing to construct a ceRNA network related to SAB
in the endometrium of pigs, further explaining the complex
regulatory mechanisms between non-coding RNAs. However,
the role of ceRNA networks in the pathogenesis of RSA still
requires a lot of in-depth research.

For miRNA, IncRNA, and circRNA, there is a ceRNA
network. LncRNA can act as a molecular sponge to com-
petitively bind to miRNA, resulting in reduced binding to
downstream target mRNA and restoration of mRNA activity
[73]. For example, Huang et al. found that IncRNA-related
ceRNA network contains 31 IncRNAs, one miRNA (hsa-miR-
210-5p), and three mRNAs (NTNG2, GRIA1, and AQP1).
Based on this, IncRNA DANCR can act on downstream miR-
214-5p to promote invasion and migration of trophoblast
cells in patients with preeclampsia [74]. In addition, the
content of IncRNA H19 in the placental villi of SA patients
decreased compared to healthy pregnant women. However,
IncRNA H19 can inhibit the function of miRNA let-7 to pre-
vent mRNA degradation, leading to the expression of ITGB3
increasing [75]. It indicates it participates in SA through the
H19/1et71TGB3 axis. Similarly, circRNA can act as a sponge
for miRNA and bind to miRNA (Figure 2). Unlike histone, the
circRNA DURSA reduces T cell apoptosis through the miR-
760-HIST1H2BE axis. In contrast, histone H2B, the protein
encoding the target gene Hist1h2b, whose deletion prevents
DNA replication, leads to aberrant apoptosis of TCs and
ultimately, to RSA. Tang et al. used microarray technology to
compare placental villi from URSA patients with placental villi
from healthy pregnancies, clarifying the expression of cyclic
RNA and different competitive endogenous RNA (ceRNA)
networks [76]. Some researchers also have found ceRNA
networks of CircRNA-miRNA-mRNA in pregnancy disor-
ders, such as preeclampsia [77] and recurrent implantation
failure (RIF) [78]. These studies indicate that the ceRNA
regulatory network of non-coding RNA has a broad impact
on organisms. However, the research data on ceRNA in the
field of RSA are insufficient, indicating that a lot of work
should be shifted to the ceRNA regulatory network to reveal
the potential mechanism for the occurrence of RSA in the
future.

Discussion

In this review, we mainly describe the latest research on
non-coding RNA and its potential molecular pathways in
RSA pathology, highlighting the ceRNA regulatory network
between non-coding RNA. Based on previous studies, we have
found that non-coding RNA regulates physiological processes
of cells, such as proliferation, apoptosis, invasion, metasta-
sis, and angiogenesis. The emergence of ceRNA complicates
the regulatory mechanism. Interestingly, with the progress
of the new generation of biological information technology
and the maturity of flux technology, it is beneficial for us
to discover differentially further expressed genes in diseases,
thereby guiding the entire process of disease discovery. In
addition, epigenetic modification of genes, DNA methylation,
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and variable splicing may all play critical roles in RSA (not
detailed in this article). Moreover, we are surprised to find an
interaction between two types of cells in the maternal-fetal
interface. For example, M1-type macrophages can transport
miRNA to trophoblast cells through cell vesicles to play a
physiological role. In this regard, recent research has focused
on transmitting signaling molecules through vesicular trans-
port to affect cell interactions. It is worth considering whether
cell interaction can exert physiological effects through direct
contact with proteins on the cell membrane or by secreting
proteins. Although the study of non-coding RNA has become
a hot topic, there are still some shortcomings in its clinical
application. For example, non-coding is typically dynamic in
the circulatory system, and continuous dynamic monitoring is
crucial if ncRNA is to be used as a biomarker for predicting
RSA. In addition, recombinant viruses are commonly used as
vectors for transporting non-coding RNA, and the invasion
of viruses may aggravate the immune response of the body.
Therefore, non-coding RNA plays a crucial role in the patho-
logical process of RSA and may be a potential target for the
treatment of RSA. However, there is still a long way to go
before it can be incorporated into clinical applications. We
should invest more energy in gene research to demonstrate
the clinical applicability of ncRNA in the diagnosis, treatment,
and prognosis of pregnancy diseases, such as RSA and PE.
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