
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Tang et al. Reproductive Biology and Endocrinology           (2023) 21:57 
https://doi.org/10.1186/s12958-023-01107-4

Reproductive Biology 
and Endocrinology

†Tang Minyue and Li Qingfang are the authors contributed equally 
to this work.

*Correspondence:
Minyue Tang
tangmy@zju.edu.cn
Yimin Zhu
zhuyim@zju.edu.cn

Full list of author information is available at the end of the article

Abstract
Background  Unexplained recurrent spontaneous abortion (URSA) is one of the most challenging conditions 
frustrates women of childbearing age profoundly. The gene expression patterns and biological characteristics of 
placental villus in patients with URSA remain largely unknown. The aim of our study was to identify potential lncRNAs 
as well as their action mechanisms in URSA.

Method  The ceRNA microarray was used to identify the mRNA and lncRNA expression profiles of URSA patients 
and normal pregnancy. Functional enrichment analyses for differentially expressed mRNAs in URSA were performed. 
Protein-protein interaction analysis of differentially expressed mRNAs was performed to identify hub genes and key 
modules. Subsequently, the co-dysregulated ceRNA network of URSA was established, and the enrichment analyses 
for the mRNAs in the ceRNA network was implemented. qRT-PCR was performed to validated the expression of key 
ENST00000429019 and mRNAs in URSA.

Results  We found that URSA placental villus have distinct mRNA and lncRNA expression profiles through ceRNA 
microarray, with a total of 347 mRNAs and 361 lncRNAs differentially expressed compared with controls. The 
functional enrichment analysis revealed that ncRNA processing, DNA replication, cell cycle, apoptosis, cytokine-
mediated signaling pathway, ECM-receptor interaction were the potentially disrupted pathways in URSA patients. 
Then we constructed a co-dysregulated ceRNA network and found differentially expressed mRNAs were regulated 
by a small fraction of hub lncRNAs. Finally, we found a key network of ENST00000429019 and three cell proliferation 
or apoptosis related key mRNAs (CDCA3, KIFC1, NCAPH), and validated their expression and regulation in tissue and 
cellular levels.

Conclusions  This study identified a key ceRNA network, which might take part in URSA and correlate with cell 
proliferation and apoptosis. Optimistically, this study may deepen our apprehensions about the underlying molecular 
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Introduction
Recurrent spontaneous abortion (RSA) is a pregnancy 
complication that occurs in approximately 5% of cou-
ples that refers to two or more failed clinical pregnan-
cies [1, 2]. Multiple etiologies have been proposed for 
RSA including chromosomal abnormalities, infectious 
disease, thrombosis, endocrine dysfunction, environ-
mental factors, and immunological factors [3]. However, 
the pathogenesis of RSA in 30–40% of RSA cases is not 
fully understood and lacks effective treatment methods, 
which are termed unexplained RSA (URSA) [3]. In nor-
mal pregnancy, trophoblast cells positively contribute to 
implantation and placentation, which is essential for the 
crosstalk at the fetal-maternal interface in a healthy preg-
nancy. Various studies have highlighted dysfunction of 
trophoblast as a leading contributor to this condition [4]. 
The inappropriate invasion or apoptosis of trophoblast 
cells can increase the risk of miscarriage, pre-eclampsia 
and fetal growth restriction [5, 6]. Moreover, some litera-
tures also have supported the idea that trophoblast gene 
expression profiles of patients with URSA may be altered 
[4]. However, the exact mechanisms that lead to URSA 
are not yet fully apprehended and need further elucida-
tion. Given the importance of trophoblast cells in preg-
nancy process, a deeper understanding of its molecular 
biology and signaling pathways changes in trophoblast 
cells may shed light on the etiology of URSA.

Long non-coding RNA (lncRNA) is a class of non-
coding RNA with RNA transcripts of more than 200 
nucleotides in length that lack protein-coding functions 
[7]. Many researches have indicated that lncRNAs exert 
their biological functions of physiological and patho-
logical cellular conditions in a variety of human diseases 
[8, 9]. Competitive endogenous RNA (ceRNA) was first 
proposed by Salmena et al. and was defined as a class of 
noncoding RNAs that bind to miRNA [10]. The perturba-
tion of ceRNA crosstalk will disrupt the balance of cel-
lular processes and functions, leading to development of 
diseases [11, 12].

Recently, increasing studies suggested that multiple 
lncRNAs are dysregulated in reproductive diseases. For 
instance, lncRNA EPB41L4A-AS1 contributes to meta-
bolic reprogramming in trophoblast cells of miscarriage 
[13]. Li, T et al. revealed distinct mRNA and lncRNA 
expression profiles of decidual natural killer cells in early 
missed abortion [14]. Fan et al. reported that LncRNA 
NEAT1 regulates apoptosis of human placental tropho-
blasts via miR-18a-5p axis [15]. However, there is little 
evidence regarding the global expression landscape of 

lncRNAs and mRNA in placental villus of URSA. Here, 
we assumed that the establishment of the lncRNA-asso-
ciated network could help us to boost our apprehension 
about the involved processes in the URSA.

To explore the pathological mechanism of URSA, and 
dig diagnostic and therapeutic value of lncRNAs in tro-
phoblast cells, we tried to investigate the role of lncRNAs 
and their potential mechanisms in URSA following this 
workflow (Fig. 1). We gathered the expression profiles of 
mRNAs and lncRNA in URSA patients by ceRNA micro-
array. Bioinformatics analyses, including protein-pro-
tein interactions (PPI), Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses 
were performed to identify the potential roles of the dif-
ferentially expressed mRNAs (dif-mRNAs) and lncRNAs 
(dif-lncRNAs). Besides, co-dysregulated lncRNA-
miRNA-mRNA network analysis were established and 
key ceRNA subnetworks may play a role in the patho-
genesis of URSA were identified. In addition, qRT-PCR 
were used to validate the expression of hub mRNAs and 
lncRNA. The present work could provide novel insights 
into the underlying molecular processes of URSA, pro-
viding novel diagnostic biomarkers and therapeutic tar-
gets for further studies.

Method
Patients and tissue collection
The placenta villus tissue samples were obtained from 
normal pregnant (NP) women undergoing elective abor-
tions and patients with URSA in the first trimester in the 
Women’s Hospital, Zhejiang University, School of medi-
cine. Detailed patient information is summarized in the 
Table S1. URSA was diagnosed as two or more losses of 
a clinically established intrauterine pregnancy. Patients 
with risk factors for abortions, such as chromosomal 
abnormalities, abnormal maternal reproductive tract 
anatomy, endocrine or metabolic diseases, autoimmune 
disease, and so forth were excluded. All tissues were 
placed immediately in liquid nitrogen after removal from 
patients and stored at -80℃ until use. Samples from four 
normal pregnancy and four patients with early URSA 
were used for ceRNA array. The remaining samples were 
used for real-time PCR analysis to validate. This study 
was approved by the Ethical Review Committee of Wom-
en’s Hospital, School of Medicine, Zhejiang University, 
and all patients provided informed consent in accordance 
with the ethics guidelines.

and biological causes of URSA and provide an important theoretical basis for future therapeutic strategies for patients 
with URSA.
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RNA isolation and microarray analysis
Placenta villus tissue samples from four URSA and four 
NP patients were analyzed using the human ceRNA 
microarray. Total RNA was isolated using the TRIzol 
reagent (Invitrogen, Grand Island, NY, USA). By using 
the Agilent Bioanalyzer 2100 (Agilent technologies, Santa 
Clara, CA, US), the total RNA was checked to confirm 

the integrity of the RNA. The microarray hybridization 
and collection of data were performed following a proto-
col from Agilent Technologies Inc., Shanghai Biotechnol-
ogy Corporation.

Fig. 1  The workflow
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Functional annotation & enrichment analysis
Gene Ontology (GO) annotation and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis were conducted to investigate the roles 
of all differentially expressed mRNAs (dif-mRNAs). GO 
enrichment analysis and KEGG enrichment analysis 
were carried out using clusterProfiler. GO-Tree was con-
structed to summarize the affected functions. The mutual 
regulation relationships between enriched KEGG path-
ways were illustrated by pathway-act networks. Gene 
Set Enrichment Analysis (GSEA) was performed using 
GSEAplot to evaluate the mRNAs at the level of gene sets 
from the Molecular Signatures Database (MSigDB).

The establishment of the PPI network and hub genes 
identification
To further investigate the function of dif-mRNAs at the 
protein level, we constructed a PPI network by STRING 
(https://string-db.org/) and visualized by Cytoscape 3.8.0. 
Interactions with a combine score ≥ 0.7 were considered 
statistically significant. Then to recognize highly inter-
acted hub mRNA clustering, we established “Molecular 
Complex Detection” (MCODE), a clustering algorithm 
identifying locally densely connected regions in a large 
PPI network based on node-weighting arithmetic with 
degree cutoff score = 2, k-core = 2 and max depth = 100. 
The proteins with the highest degree of connection were 
in the central site, and they might be most closely associ-
ated with pathogenesis. The cytoHubba app in Cytoscape 
was used to disclose the hub genes in the PPI network. 
In the whole PPI network, the top 31 hub genes ranked 
by degree of connectivity (degree > 20) were obtained. 
In the PPI network of dif-mRNAs in ceRNA work, the 
dif-mRNAs with degree ≥ 4 were considered to be hub 
mRNA.

Construction the co-expression of lncRNA and mRNA
To explore the interactions between dif-lncRNAs and 
dif-mRNAs, co-expression networks were constructed in 
the URSA and NP samples (fold changes ≥ 2.0 or ≤ 0.5 and 
p-values < 0.05). We constructed the lncRNAs- mRNAs 
co-expression network based on the Pearson correla-
tion coefficient (PCC) between the expression levels of 
mRNA and lncRNA. The value of parameter PCC > 0.97 
and p-value < 0.01 was applied as a criterion to confirm 
the co-expression relationships [16].

Construction of the LncRNA–miRNA–mRNA network and 
key subnetworks
The predicted lncRNA-miRNA pairs and miRNA-mRNA 
pairs were collected from databases of miRanda and Tar-
getScan 7.1. The mRNA targets in the lncRNA- miRNA-
mRNA interactions were merged with co-expression 
lncRNA-mRNA pairs to obtain the co-dysregulated 

lncRNA- miRNA-mRNA networks and were visualized 
by Cytoscape. After that, Gene functional enrichment 
and PPI analyses were performed for mRNAs in ceRNA 
networks.

The lncRNAs with high node degree (> 20) were cho-
sen as hub lncRNAs, which were used with their related 
miRNAs and mRNAs in the regulation network to con-
struct the subnetworks using the Cytoscape software. 
Then, the top-ranked lncRNAs in degree were chosen 
and its miRNA-mRNA pairs were extracted from the 
global triple network to construct core ceRNA network. 
The mRNAs involved in this core ceRNA network were 
merged with hub genes in ceRNA-PPI and whole PPI. 
Finally, four mRNAs were obtained as core mRNAs.

Real-time quantitative PCR analysis
Total RNA derived from trophoblast cells or placental vil-
lus was reverse transcribed into cDNA using the Prime-
Script RT Reagent Kit with gDNA Eraser (Takara Bio 
Inc, Shiga, Japan). The differential expression of key dif-
mRNAs and one key lncRNA was validated by real-time 
PCR using SYBR Premix Ex Taq II (Takara Bio Inc, Shiga, 
Japan). The expression levels were normalized to GAPDH 
and analyzed using the 2-ΔΔCt method. Sequences of the 
specific real-time PCR primers for mRNAs and lncRNA 
were listed in Table S2.

Cell culture and transfection
The human trophoblast cell line HTR8/SVneo was cul-
tured in DMEM (Life Technologies) with 10% FBS 
(Gibco), 100 U/mL penicillin, and 100  mg/mL strepto-
mycin at 37℃ and 5% CO2in a humidified atmosphere. 
We designed two siRNA for ENST00000429019 and 
chose the more optimal one for the following experi-
ments (GenePharama, Shanghai, China). Transfection 
of small interfering RNA (siRNA) was conducted using 
the Lipofectamine™ RNAiMAX (ThermoFisher, Shang-
hai, China) according to the manufacturer’s protocol. The 
siRNA sequences for ENST00000429019 were showed in 
supplementary Table 3.

Statistical analysis
All the experiments were repeated three times. Data anal-
ysis was performed by GraphPad Prism version 6 (Graph-
Pad Software Inc, San Diego, CA, USA). All data were 
appeared as mean ± standard error of the mean (SEM). 
The Mann-Whitney U test was performed to compare 
mRNA and lncRNA expression between groups. Statisti-
cal significance was defined as P-value < 0.05.

https://string-db.org/
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Results
Identification of differentially expressed lncRNAs and 
mRNAs in URSA
To gain insights into the lncRNA and mRNA expres-
sion pattern and function, we performed the study as 
the workflow showed in Fig.  1. With the cut-off crite-
ria of fold change ≥ 2.0 and p value < 0.05, a total of 361 
lncRNAs (214 upregulated and 147 downregulated), 
and 347 mRNAs (106 upregulated and 241 downregu-
lated) were detected as differentially expressed in villus of 
patients with URSA compared with control. The expres-
sion of these dif-lncRNAs and dif-mRNAs are visualized 
in a heatmap, scatter plot, volcano plots (Fig. 2A-F). We 
found that the URSA samples can be significantly sepa-
rated from the control samples, indicating that the results 
of the differential expression analysis were reliable. The 
significantly altered lncRNAs were widely distributed in 
most chromosomes, as shown in Fig. 2G.

Functional enrichment analysis of differentially expressed 
mRNAs
GO enrichment analysis and KEGG pathway analysis 
were performed for dif-mRNAs between URSA and NP. 
GO analysis results showed that changes in biological 
processes (BP) of downregulated dif-mRNAs were signif-
icantly enriched in ncRNA processing, ncRNA metabolic 
process, and DNA replication (Fig.  3A). GO analysis 
results showed that changes in BPs of dif-mRNAs were 
significantly enriched in cytokine-mediated signaling 
pathway, female pregnancy and extrinsic apoptotic sig-
naling pathway (Fig. 3B). The chord diagram showed the 
dif-mRNAs involved in the top 10 enriched GO terms in 
BP, such as BIRC5, KIFC1, NCAPH, CCNB2, CDCA8 
(Fig.  3C). GO-Tree analysis of BP GO terms was also 
performed to show their interaction relationship (Fig-
ure S1A). GO analysis results showed that changes in 
cell component (CC) and molecular function (MF) were 
enriched in condensed chromosome, centromeric region, 
and microtubule binding (Figure S2).

KEGG pathway analysis revealed that the downregu-
lated dif-mRNAs were mainly enriched in cell cycle, 
DNA replication, nucleocytoplasmic transport ribosome 
(Fig. 3D), while the upregulated dif-mRNAs were mainly 
enriched in cytokine-cytokine receptor interaction, 
ECM-receptor interaction, JAK-STAT signaling pathway 
(Fig. 3E).

The results of GO and KEGG analysis were further 
confirmed and supplemented by GSEA. Dif-mRNAs typ-
ically involved in the GO terms of ncRNA process, DNA 
replication, mitotic sister chromatid segregation, and 
mitotic DNA replication (Fig.  3F). GSEA using KEGG 
annotations indicated that dif-mRNAs were enriched in 
cell cycle, apoptosis, ECM-receptor interaction and cyto-
kine-cytokine receptor interaction (Fig. 3G). Our results 

suggest that trophoblasts from different groups play criti-
cal and unique roles in the pathogenesis of URSA.

Construction of PPI networks and identification of hub 
genes
To further investigate the function of dif-mRNAs at the 
protein level and explore the core dif-mRNAs involved in 
the cellular process of URSA, we constructed a PPI net-
work with interaction score > 0.7 by STRING (Fig.  4A). 
The node size and color depth were positively correlated 
with its connectivity degree. Further, we used Cytoscape 
plug-in MCODE to discover densely connected regions 
in the PPI network. The top 2 sub-PPI network modules 
were shown in Fig. 4B. Module 1 consisted of 33 genes, 
while module 2 consisted of 14 genes from histone gene 
family. The functional enrichment analysis of 33 genes in 
module 1 were performed (Figure S3).

Considering the importance of hub dif-mRNAs in the 
network, we disclose hub dif-mRNAs by cytoHubba app. 
The nodes with high degree score can be regarded as a 
key node of the network. With a degree greater than 20, a 
total of 31 hub dif-mRNAs were identified and picked out 
from the PPI network (Fig. 5A). The hierarchical cluster-
ing heat map of the hub genes was constructed (Fig. 5B). 
All these hub dif-mRNAs were downregulated in URSA 
(Fig. 5B). GO analysis showed that changes in BPs of hub 
dif-mRNAs were mainly enriched in mitotic process, 
such as chromosome segregation, nuclear division, while 
changes in BPs CC and MF were mainly enriched in chro-
mose, centromeric region and microtuble (Fig. 5C & Fig-
ure S4A). The chord diagram showed the hub dif-mRNAs 
involved in the top 10 enriched GO terms in BP, such as 
BIRC5, KIFC1, NCAPH, CCNB2, CDC20 (Figure S4B). 
KEGG analysis revealed that hub mRNAs were enriched 
in cell cycle, apoptosis, cellular senescence (Fig. 5D).

To further understand the core BP associated with 
URSA, GO-Tree analysis of BP GO terms was performed, 
based on their subordinate and interaction relationship 
(Fig. 5E). The network indicated the BPs, including regu-
lation of chromosome segregation, nuclear division, may 
play a key role in URSA. To further investigate the hub 
pathways that may play a vital role in URSA, a pathway-
act network was performed (Fig.  5F). The top pathways 
that showed most interactions with other surrounding 
pathways were cell cycle and apoptosis.

Construction of co-dysregulated lncRNA–miRNA–mRNA 
networks
To explore the transcriptional regulation involved in 
URSA, we establish a lncRNA targeted ceRNA network 
with several methods to narrow down the scope of the 
target mRNAs that are mostly regulated by dif-lncRNAs.

First, to identify co-expressed genes, we performed the 
Pearson correlation analysis between the dif-lncRNAs 
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Fig. 2  The altered lncRNA and mRNA expression profiles of placental villus inpatients with URSA. (A) The cluster analysis (heatmaps) of differentially ex-
pressed lncRNAs (dif-lncRNAs). (B) The volcano plots of dif-lncRNAs. (C) The scatter plots of dif-lncRNAs. (D) The cluster analysis (heatmaps) of differentially 
expressed mRNAs (dif-mRNAs). Red and blue indicate up- and downregulation, respectively. (E) The volcano plots of dif-mRNAs. (F) The scatter plots of 
dif-mRNAs. Red and blue indicate up- and downregulation, respectively. (G) The circos describing the landscape of significantly altered DELs on human 
chromosomes
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Fig. 3  Functional enrichment analysis of differentially expressed mRNAs. (A) The top 20 enriched GO terms in biological processes (BP) of downregulated 
dif-mRNAs. (B) The top 20 enriched GO terms in BP of upregulated dif-mRNAs. (C) The top 20 enriched KEGG pathway analyses process of downregulated 
dif-mRNAs. (D) The top 20 enriched KEGG pathway analyses process of upregulated dif-mRNAs. (E) The top 10 enriched GO terms of all dif-mRNAs in BP 
and associated dif-mRNAs were showed in chord diagram. (F) Dif-mRNAs typically involved in the GO terms of ncRNA process, DNA replication, mitotic 
sister chromatid segregation, and mitotic DNA replication. (G) GSEA showed dif-mRNAs in KEGG annotations for cell cycle, apoptosis, ECM-receptor inter-
action and cytokine-cytokine receptor interaction
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Fig. 4  PPI network analysis of differentially expressed mRNAs and identification of hub mRNAs. (A) The PPI interaction network of dif-mRNAs that differed 
in URSA. Each edge links two interacting genes. The size and the color depth of each node correlates positively with its degree of connectivity. (B) The top 
2 significant modules were obtained from the PPI network
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Fig. 5  Functional enrichment analysis of hub mRNAs. (A) The PPI interaction network of hub dif-mRNAs. The color depth of each node correlates posi-
tively with its degree of connectivity. (B) The heatmaps of hub dif-mRNAs. (C) The top 10 significantly enriched GO terms in biological process of hub 
dif-mRNAs. (D) The top 10 enriched KEGG pathway of hub dif-mRNAs. (E) GO-Tree network analysis based on the interaction relationship of enriched BP 
terms. (F) Pathway-act network analysis illustrated mutual interactions between pathway terms
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and dif-mRNAs to selected the co-expressed lncRNA-
mRNA pairs. Then, the pairs with Pearson’s correlation 
coefficient greater than 0.97 were integrated to con-
struct ceRNA regulatory networks to determine whether 
lncRNAs regulate mRNAs through miRNAs. The target 
mRNAs of these miRNAs were obtained using the highly 
reliable miRNA target prediction databases of miRanda 
and TargetScan. Finally, it resulted in a potential co-dys-
regulated lncRNA-miRNA-mRNA networks composed 
of 7 upregulated and 6 downregulated lncRNAs, 11 
upregulated and 25 downregulated mRNAs, 96 miRNAs, 
and 190 edges (Fig. 6A). The heatmap of dif-mRNAs and 
dif-lncRNAs were shown in Fig. 6B-C.

To further clarify the biological functions of these 
dif-mRNAs involved in the co-dysregulated lncRNA-
miRNA-mRNA networks in URSA, we performed GO 
functional enrichment analysis and KEGG pathway 
analysis for the identified dysregulated lncRNA-targeted 
mRNAs (fold change ≥ 2, P < 0.05). The top 10 enriched 
BP GO terms for lncRNA-regulated mRNAs in patients 
with URSA included cell proliferation related process, 
such chromosome segregation and organelle fission, 
and regulation of vasculogenesis (Fig.  6D). The top 10 
enriched KEGG pathways of lncRNA-regulated mRNAs 
included cell cycle, PI3K-Akt signaling, and steroid bio-
synthesis (Fig. 6E). These enrichment results were consis-
tent with the enrichment analysis associated with whole 
dysregulated mRNAs and hub mRNAs, which reflects 
the central role of these genes. These results highlighted 
the dysregulated cell proliferation and cell cycle process 
in URSA.

Conduction of the sub-lncRNA network and key mRNAs in 
ceRNA network
To further investigate the hub dif-mRNAs in ceRNA 
network at the protein level, a PPI network with 10 
nodes (combine score ≥ 0.7) was established by STRING 
(Fig.  7A). The hub dif-mRNAs (degree ≥ 4) were BIRC5, 
CCNB2, KIFC1, CDCA3, NCAPH. The correlation of 
dif-mRNAs in ceRNA network was given in Fig. 7B.

In order to identify the hub lncRNAs in the lncRNA-
miRNA-mRNA network that are related to URSA, we 
computed the node degrees. Thus, we found that the four 
lncRNAs with a high node degree (> 20) were considered 
to be the hub lncRNAs in the regulation network. These 
four lncRNAs (ENST00000429019, ENST00000540136, 
ENST00000591365, ENST00000609111), targeted to 
24 mRNA and consisted of 150 edges (Fig. 7C). Among 
the four hub lncRNAs, the highest degree lncRNA is 
ENST00000429019, which was targeted to 11 mRNAs 
through 36 miRNAs (Fig. 7D).

To further narrow down the hub dif-mRNAs to iden-
tify the core dif-mRNAs, we merged the hub dif-mRNAs 
from PPI network, dif-mRNAs in ceRNA network. As 

the Venn diagram showed, four key mRNAs were found 
(Fig.  7E). These key mRNAs were all down-regulated 
in URSA and targeted by ENST0000429019, including 
the cell cycle gene CDCA3, apoptosis associated gene 
BIRC5, kinesin family member KIFC1, and mitosis asso-
ciated gene NCAPH. The ENST00000429019 and core 
dif-mRNAs were used to construct key lncRNA-miRNA-
mRNA networks in the sankey diagram (Fig. 7F). In order 
to validate the bioinformatics analysis results, 8 paired 
URSA and NP placental villus samples were collected. 
The real-time PCR analysis results of CDCA3, BIRC5, 
KIFC1, NCAPH and lncRNA were consistent with the 
microarray data (Fig.  7G). To determine the regulation 
function of ENST00000429019 in trophoblast cells, siR-
NAs were applied to silence ENST00000429019, and the 
efficiency was confirmed by RT-PCR (Figure S5). After 
silencing ENST00000429019 in HTR8/SVneo tropho-
blast cells, the mRNA levels of CDCA3, KIFC1, NCAPH 
were significantly decreased, while the mRNA levels of 
BIRC5 showed no significant difference (Fig. 7H).

Discussion
In this study, we revealed that placental villus expres-
sion patterns of mRNAs and lncRNAs are significantly 
altered in patients with URSA compared with the healthy 
controls. We construct a lncRNA-associated network of 
URSA based on the co-expression of dif-mRNA and dif-
lncRNA, and ceRNA theory, intending to seek remark-
able aspects for the hub lncRNA-associated ceRNA 
network.

Normal placental development is regulated by a series 
of complex factors, and is essential for implantation 
and maintaining of pregnancy. Dysregulated tropho-
blast invasion, proliferation and apoptosis are known 
to increase the risk of RSA [17]. LncRNAs were found 
to participate in various biological processes such as 
cell differentiation, proliferation, cell cycle regulation in 
various diseases [18, 19]. Moreover, given that lncRNAs 
participate in the process of early pregnancy loss and pre-
eclampsia [20, 21], it is logical to identify novel lncRNAs 
involved in trophoblast cell function. With the develop-
ment of high-throughput sequencing and bioinformat-
ics, a large number of novel lncRNA were identified and 
allowed for the discovery of their functions. However, the 
transcriptional profiles of trophoblast cells under patho-
logical conditions in URSA remains relatively limited. 
Therefore, the aim of this work is to gain a comprehen-
sive understanding of the role of trophoblast cells in the 
process of pregnancy.

We identified 361 lncRNAs, and 347 mRNAs that 
were differentially expressed in URSA. Of these, 214 
lncRNA and 106 mRNAs were significantly upregu-
lated, while 147 lncRNAs and 241 mRNAs were signifi-
cantly downregulated in placental trophoblast of URSA. 
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Fig. 6  Construction of co-expression lncRNA–miRNA–mRNA networks in URSA and the functional enrichment analysis of mRNAs in ceRNA network. (A) 
Co-expression lncRNA–miRNA–mRNA networks in URSA. In this figure, lncRNA, miRNA, and mRNA were indicated by rectangle, triangle and octagon, 
respectively. (B) The hierarchical clustering heatmap of the 36 dif-mRNAs in ceRNA network. (C) The hierarchical clustering heat map of the 13 dif-lncRNAs 
in ceRNA network. (D) The top 10 significantly enriched GO terms in biological process of hub dif-mRNAs. (E) The top 10 enriched KEGG pathway of 
dif-mRNAs.
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The biological function and potential pathways of these 
dif-mRNAs were initially analyzed by the GO analysis, 
KEGG pathways and GSEA analysis. ncRNA process-
ing and DNA replication were enriched in the GO-BP 
of down-regulated mRNAs, indicating the important 
role of ncRNA regulation in the process of URSA. It is 
well known that inappropriate invasion, proliferation or 
apoptosis of trophoblast cells play a crucial role in the 
occurrence and development of pregnancy loss [22–24]. 
Consistently, the data from our GO and KEGG analysis 
showed that dif-mRNAs are involved in BPs and path-
ways including cell cycle, DNA replication, mitotic 

process, apoptosis. Evidence also shows that the degra-
dation of the ECM is essential for the trophoblast migra-
tion and invasion. Consistently, we found the KEGG 
pathways of dif-mRNAs enriched in ECM-receptor 
interaction, which may be closely related to trophoblast 
invasion. Moreover, GO and KEGG analysis showed that 
dif-mRNAs are involved in BPs and pathways enriched in 
cytokine-mediated signaling pathway, cytokine-cytokine 
receptor interaction, Th1 and Th2 cell differentiation, 
which is consistent with the complex crosstalk in mater-
nal-fetal interface [25]. Interestingly, the GSEA results 
indicate that gene sets associated with ncRNA process-
ing, DNA replication, cell cycle are prone to downregula-
tion in URSA, and apoptosis, cytokine-cytokine receptor 
interaction and ECM-receptor interaction are prone to 
upregulation in URSA.

To identify the hub mRNAs, PPI network analysis were 
applied. Interestingly, the hub mRNAs were all down-
regulated in URSA. We annotated these genes into GO 
and KEGG pathways, and found they were mainly related 
to the cell proliferation and cell cycle process, such as 
chromosome segregation, nuclear division, and organelle 
fission. Combined with the GO-tree and KEGG pathway-
act network analysis, we predict that dysfunction in pro-
liferation or apoptosis of trophoblast cell in URSA may at 
least in part lead to the deficiency of placentation. These 
results shed some light on the role of the hub genes and 
their related signaling pathways in the pathological pro-
cess of URSA.

Next, by using bioinformatics tools, we built a co-
expression lncRNA associated ceRNA network. To date, 
few functional lncRNAs have been described in tropho-
blast cells. For example, lncRNA NEAT1 and lncRNA-
HZ04 were found to participant in apoptosis of human 
placental trophoblasts [15]. lncRNA-HZ04 promotes 
BPDE-induced human trophoblast cell apoptosis and 
miscarriage [26]. In the present study, we discovered a 
series of dif-lncRNAs in trophoblast cells that are asso-
ciated with URSA, which would facilitate our under-
standing of post-transcriptional regulatory mechanisms 
of URSA. Then, we predicted the potential role of dif-
lncRNAs by functional annotation of targeted mRNAs 
based on their co-expression. In addition, in order to fur-
ther elucidate the mechanism of the ceRNA network, we 
also constructed a PPI network and performed enrich-
ment analysis. The results of GO and KEGG analyses 
reveal that dif-lncRNAs-targeted dif-mRNAs in URSA 
were enriched in cell proliferation related process, such 
chromosome segregation and organelle fission, cell 
cycle and regulation of vasculogenesis. The dif-mRNAs 
involved in these processes included cell cycle related 
genes, CCNB2; cell division cycle associated genes such 
as CDC25A and CDCA3; mitosis associated gene, KIFC1 

Fig. 7  CeRNA network of key lncRNA and qRT- PCR validation. (A) The 
PPI interaction network of dif-mRNAs in ceRNA network (only significant 
interactions were showed). Interactions with a combine score ≥ 0.7 were 
considered statistically significant. Each edge links two interacting genes. 
The color depth of each node correlates positively with its degree of con-
nectivity. (B) Pearson’s correlation analysis of 10 genes in PPI network. (C) 
CeRNA network of four hub dif-lncRNAs. (D) CeRNA network of key dif-ln-
cRNA (ENST00000429019). (E) The key lncRNAs-mRNAs from PPI network 
and ceRNA network were showed in Venn diagram. (F) CeRNA network of 
key lncRNA-miRNA-mRNA in the sankey diagram. (G) The relative expres-
sion levels ENST00000429019 and key dif-mRNAs in key-ceRNA network 
were validated by real-time PCR on a sample set of 8 URSA patients and 
8 controls. (H) The relative expression levels ENST00000429019 and key 
dif-mRNAs in key-ceRNA network were validated by real-time PCR when 
knocking down ENST00000429019 in HTR8/SVneo trophoblast cells. Sta-
tistical analysis was performed by the Mann-Whitney U test. All data are 
shown as the mean ± SEM. * P < 0.05
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and NCAPH; vasculogenesis regulation gene, HEY1 and 
KDR, and apoptosis associated gene BIRC5 and GTSE1.

Interestingly, we found that most ceRNA networks were 
regulated by a relatively small number of hub-lncRNAs, 
suggesting that these hub-lncRNA may be potential key 
regulators controlling the URSA related ceRNA network. 
The lncRNA ENST00000429019 with highest degree was 
singled out for further explore. Next, to reveal the hub 
ceRNA network and identify key mRNAs that may play 
important roles in URSA, we performed Venn diagrams 
of hub dif-mRNAs and dif-mRNAs in ceRNA network. 
Four genes then came out of this merge: CDCA3, BIRC5, 
KIFC1, NCAPH. It was worth noting that these genes 
were all down regulated in URSA and closely related to 
cell proliferation and apoptosis. Through validation in 
URSA placental villus and silencing ENST00000429019 
in HTR8/SVneo trophoblast cells, CDCA3, KIFC1 and 
NCAPH were significantly decreased in URSA placental 
villus and HTR8/SVneo trophoblast cells when silencing 
ENST00000429019.

CDCA3 is a cell division cycle associated gene, and 
involved in cell division and protein ubiquitination. 
CDCA3 has been widely reported as a prognostic marker 
for gastric cancer [27, 28]. NCAPH (Non-SMC conden-
sin I complex subunit H), also a regulator of cell cycle, 
encodes a member of the barr gene family and a regula-
tory subunit of the condensin complex, which is associ-
ated with mitotic chromosome and cell proliferation [29, 
30]. However, the role of CDCA3 and NCAPH in URSA 
remains unclear. However, other two key mRNAs have 
been reported to be associated with pregnancy in previ-
ous studies. KIFC1 belongs to the kinesin family, which 
is known as a motor protein essential for mitosis and 
serve as motors that transport cargoes such as organelles 
and various important functional molecules. It has been 
implicated in many types of cancers, such as bladder 
cancer [31], disorders of the nervous system [32], hepa-
tocellular carcinoma [33]. It is well known that the pla-
centa plays an important role in this nutrient and waste 
exchange in the maternal-fetal interface  [34]. A previ-
ous study has investigated that KIFC1 was mainly local-
ized in the syncytiotrophoblast both in early and term 
placental samples. As its increased expression pattern in 
preeclampsia and diabetes, it may be involved in complex 
trophoblast functions and placental pathologies [35]. In 
our study, the lower expression of KIFC1 in URSA may 
lead to placental dysfunction through transport defi-
ciency, leading to URSA. Therefore, it is reasonable to 
assume that these screened key dif-mRNAs might play a 
pivotal role in the development of URSA.

In conclusion, this study explored the molecular mech-
anism of URSA by revealing the mRNA and lncRNA 
expression pattern and constructed a co-dysregulated 
ceRNA network. We have reason to believe that lncRNAs 

in the ceRNA network can affect the occurrence and 
development of URSA by regulating the expression of 
target mRNAs. However, sample size of this study was 
small and the interaction between miRNA-target pairs 
in the ceRNA network are worth to validate in vitro and 
in vivo experiments. We identified hub lncRNAs and 
mRNAs that have not been reported in URSA before. 
These hub mRNAs in the ceRNA network were closely 
related to trophoblast cell viability, apoptosis, and cell 
cycle, which may play fundamental roles in the patho-
genesis that may occur in URSA. Therefore, this study 
improves our understanding of the potentially functional 
lncRNAs and its associated networks in trophoblast cells 
with URSA. These findings pave the way to the genomic 
complexity of URSA and may provide an initial perspec-
tive for the pathogenesis and treatment of URSA.
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