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Preterm birth (PTB), as the leading cause of neonatal death, is a severe threat to

maternal–fetal health. The diagnosis and treatment of PTB are difficult as its underlying

mechanism still unknown. Circular RNA (circRNA) is an emerging molecule that plays

an essential role in the pathological processes of various diseases. However, it is still

unclear whether circRNAs are abnormal or involves in the PTB pathology. In this study,

we analyzed RNA-seq data of peripheral blood from preterm and term pregnant women

and verified with microarray data. There were 211 circRNA expression disorders in PTB,

of which 68 increased and 143 decreased. Bioinformatics analysis revealed that the

top 20 circRNAs competitively bind 68 miRNAs, thereby regulating 622 mRNAs mainly

related to immunity, inflammation, and nerve activity, which may ultimately contribute

to the occurrence of PTB. Moreover, 6 regulatory pairs, including hsa-MORC3_0001–

hsa-miR-1248–CHRM2 were the core parts of this mechanism network, which might be

therapeutic targets for PTB. Besides, ROC analysis indicated that hsa-ANKFY1_0025,

hsa-FAM13B_0019, and hsa-NUSAP1_0010 (AUC = 0.7138, 0.9589, 1.000) have

an excellent discrimination ability for PTB. Taken together, we explored for the first

time the circRNA expression profile of PTB, and preliminarily analyzed its regulatory

mechanism and predictive value for PTB, thus bringing new light to the diagnosis and

treatment of PTB.

Keywords: preterm birth, circRNA, ceRNA network, mechanism, prediction

INTRODUCTION

Preterm birth (PTB) is defined as a birth that occurs before 37 completed weeks of gestation (The
Lancet, 2016). The average incidence of PTB globally is approximately 10.6%, while in China, it is
7.8% (Chawanpaiboon et al., 2019). An estimated 14.8 million premature babies were born across
the globe annually, with the death rate as high as 17.8% (Liu et al., 2016). Survived premature
babies are at higher risk than term babies of various health problems, among which the worst one
is cerebral palsy (Demesi Drljan et al., 2016; Natarajan and Shankaran, 2016). Although PTB has
become a terrible threat to global health, its specific molecular mechanism remains unclear. It is
currently accepted that PTB is a multifactorial syndrome. Several risk factors including metabolic
disorders, stress, aging, physical stimulation can promote PTB. Besides, immune/inflammation
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might be the most essential one (Romero et al., 2014). This
situation largely limits the diagnosis and therapy of PTB (Muglia
and Katz, 2010). Even the most widely used clinical test, fetal
fibronectin (fFN), can only roughly assess the risk of PTB,
but cannot suggest potential pathological changes before the
occurrence of PTB (Berghella and Saccone, 2019). It would
facilitate treatment and significantly improve the outcome of
premature babies if PTB can be predicted earlier (Suff et al., 2019).
However, there are still numerous challenges today (Glover and
Manuck, 2018). Fortunately, recent studies suggest that high-
throughput sequencing technologies may bring new hope to
the prediction and therapy of PTB, for the close link between
PTB and the results of whole-genome sequencing, exome
sequencing, and transcriptome sequencing (Ngo et al., 2018;
Strauss et al., 2018).

Circular RNA (circRNA) is a large class of non-coding
RNAs formed naturally through the non-canonical splicing
event called back-splicing (Costello et al., 2019). Since the first
discovery by Sanger et al. in viroids in 1976, circRNA has long
been considered as the by-products of splicing errors without
biological significance (Patop et al., 2019). However, the latest
studies have confirmed that circRNA not only widely expressed
in human but also have multiple biological functions (Kristensen
et al., 2019; Ottesen et al., 2019). For example, circRNA is
conservative, tissue- and/or developmental stage-specific with a
unique circular covalently bonded structure which means high
stability, and therefore emerged as a promising molecular that
could be an ideal biomarker of gastric cancer, heart failure, and
other diseases (Devaux et al., 2017; Zhang et al., 2018). Also,
circRNA is an essential competitive endogenous RNA (ceRNA)
which could act as microRNA (miRNA) sponges through their
abundance binding sites (miRNA response elements, MREs), and
thus relieved the inhibition of miRNA on downstream target
genes (circRNA–miRNA–mRNAmechanism) (Li et al., 2018).

At present, circRNA researches mainly focus on the field
of cancer. CircRNA has been shown to play an essential
regulatory role in the development and progression of various
cancers such as hepatocellular carcinoma and lung cancer, via
functioning sequester miRNAs and preventing its suppressive
effect on target mRNAs (Cheng et al., 2018; Kristensen et al.,
2018). Therefore, circRNA was regarded as a novel type of
therapeutic target for cancers. For instance, in lung squamous
cell carcinoma, circTP63 could promote proliferation and
metastasis of cancer cells through competitively binds miR-
873-3p to eliminate the inhibitory effect of miR-873-3p on cell
cycle-related genes (Cheng et al., 2019). To date, only a few
studies have demonstrated the biological role of circRNA in
maternal–fetal health, which mainly focus on gestational diabetes
and preeclampsia (Shafabakhsh et al., 2019). For example,
circRNA_0001855 and circRNA_0004904 can not only involve
in the pathology of preeclampsia by competitively binding
miRNA but also predict preeclampsia even before 20 weeks
of gestation (combined with PAPPA, total AUC = 0.940)
(Jiang et al., 2018). In a word, circRNA, as a new class of
molecules with biological activity, has been proved to be an
important regulator and biomarker in many diseases including
pregnancy-related complications. However, there have not been

any published reports on the expression and functions of
circRNAs in PTB.

Considering the advances of circRNA in the prediction and
regulation of multiple diseases and the research gap in PTB,
we analyzed the RNA-seq data and microarray data, to verify
the hypothesize that circRNA may have the potential capacity
to predict PTB as an effective biomarker and contribute to
PTB via acting on downstream miRNA–mRNA. We discovered
the circRNA disorders in PTB women for the first time.
We proposed that the dysregulated circRNAs regulate,via
the circRNA–miRNA–mRNA mechanism, various target genes
involved in biological pathways, including the immune process,
inflammation, and neural activity. Besides, three of these
dysregulated circRNAs were confirmed to have considerable
ability to diagnose PTB (AUC = 0.7138, 0.9589, 1.000). Therefore,
our study provides new insight into the functions of circRNAs in
PTB and lies a strong foundation for future research of PTB.

MATERIALS AND METHODS

Microarray Expression Profile of
circRNAs
The patients were recruited from the First Affiliated Hospital of
Chongqing Medical University, and peripheral blood of them
was obtained on admission. All pregnancies were single gestation
without preeclampsia, fetal growth restriction, macrosomia, fetal
distress, and any other pregnancy complications. The preterm
group fulfilled the inclusion criteria of presenting the signs and
symptoms of spontaneous preterm labor, such as regular uterine
contraction. The term group was composed of pregnant women
whose gestational age greater than 37 weeks regardless of whether
they are in labor or not. After screening under these conditions,
we finally obtained three preterm and three term samples. Blood
samples (10 mL) were collected from the antecubital vein in
EDTA (ethylenediaminetetraacetic acid)-containing tubes (Yuli,
Jiangsu, China). All samples were centrifugated at 3000 rpm
for 10 min at 4◦C, and then the supernatant was transferred
to another tube followed with repeatedly centrifugated. Total
RNAs were extracted from samples using Trizol reagent
(Invitrogen, Gaithersburg, MD, United States) and purified
with the NucleoSpin R© RNA clean-up kit (MACHEREY-NAGEL,
Germany) following the manufacturers’ instructions. Total RNAs
were digested with RNase R (Epicentre, Illumina, Inc.) to remove
linear RNAs, and was then reversely transcribed into cDNA. The
consequent microarray analysis was completed by the Bioassay
Laboratory of CapitalBio Corporation (Beijing, China).

Ethic approval was obtained from the Ethics Committee of the
First Affiliated Hospital of Chongqing Medical University.

Data Collection
All eligible RNA-seq data were downloaded from the Sequence
Read Archive (SRA) database of the National Center for
Biotechnology Information1. The selection criteria were as follow:
(1) Total RNA sequencing with ribosomal and globin mRNA

1https://www.ncbi.nlm.nih.gov/sra/
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depleted. (2) The data were derived from whole peripheral
blood of preterm and term pregnant women without any
other complications. (3) The samples were taken when preterm
labor symptoms appeared or their gestational age greater than
37 weeks. (4) Selected data should be raw data. Data from two
paired-end RNA-seq projects (SRP107901 and SRP144363) were
obtained after filtering. Overall, a total of 19 PTB and 16 full-term
samples were included in our study.

Data Processing
The downloaded SRA files were translated to paired-end
FASTQ files using the fastq-dump command of SRA
Toolkit (version 2.9.6-1). The RNA-seq reads were mapped
to UCSC human reference genome (hg19)2 via the BWA-MEM
algorithm. Then, CIRI2 (CircRNA Identifier 2) tool was used
to predict and quantify circRNAs with default parameters, and
gencode.v22.annotation.gtf was supplied as the annotation file
(Gao et al., 2018). The overlap in circRNA identifications from
all the datasets was visualized by TBtools software. The relative
expression level of circRNAs was normalized by SRPBM (spliced
reads per billion mapping) algorithm. Furthermore, since all
samples were sequenced twice, the expression levels in the two
results were averaged for subsequent research.

Identification of Differentially Expressed
circRNAs
Differentially expressed circRNAs between term and preterm
groups were identified with the threshold value of fold-change
>2 and P-value <0.05. This circRNA were annotated in detail
through the circAtlas3, circBank4, and circBase5 database. To
visualize these identified circRNAs, we used the TBtools software
to generate the circular heatmap Upset plot. The volcano
plot, cluster heatmap, and chromosome mapping diagram were
generated by R software (version 3.6.2). The information about
circRNAs expression in different tissues or organs was obtained
from the circAtlas database (Wu et al., 2020).

Construction of the ceRNA Network
ThemiRNAbinding sites of circRNAswere predicted by circBank
which integrates the result data from the miRanda6 and the
TargetScan.7 The miRDB8 and the TargetScan (total context++

score ≤−0.6) were used to predict miRNA–targeted mRNAs.
The ceRNA network was constructed using a combination of
circRNA–miRNA pairs andmiRNA–mRNA pairs. The Cytoscape
3.7.0 software was used to visualize the regulatory network.

Functional Enrichment Analysis
To predict the function of the selected circRNAs, we performed
the GO (Gene Ontology) analysis and the KEGG (Kyoto

2http://www.genome.ucsc.edu
3http://circatlas.biols.ac.cn/
4http://www.circbank.cn/
5http://www.circbase.org/
6http://www.microrna.org/microrna/home.do
7http://www.targetscan.org/vert_72/
8http://mirdb.org/

Encyclopedia of Gene and Genomes) pathway enrichment
analysis via Metascape9 (Zhou et al., 2019). Terms with a
P-value <0.01, a minimum count of 5, and an enrichment
factor >1.5 were collected and grouped into clusters based on
their membership similarities. Consequently, we used the ggplot2
package of R software (version 3.6.2) to draw histogram and
bubble chart to show these results.

Construction of the PPI Network and
Module Analysis
The STRING (Search Tool for the Retrieval of Interacting
Genes)10 is an online biological database for searching known
protein interactions. The PPI (protein–protein interaction)
network was constructed by STRING with the cut off criterion of
confidence score ≥0.4, and the maximum number of interactors
was set at “0” to reveal the potential relationship among those
target genes. Moreover, the visualization of the PPI network was
performed using Cytoscape software. The CytoHubba app was
used to discover the hub genes.

Statistical Analysis
Statistical analysis was performed using the SPSS (version 25.0,
Chicago, IL, United States), GraphPadPrism (version 8.0, San
Diego, CA, United States), and R (version 3.6.2) software.
The circRNA expression data derived from microarray were
normalized using the Quantile normalization method. The
data generated by RNA-seq were normalized by the SRPBM
algorithm. Mean and standard deviation (mean ± SD) of all data
were calculated. The fold-changes were calculated by dividing
the mean expression value of the preterm group by that of
the term group. The student’s t-test was used to analyze the
difference between groups and P < 0.05 (or FDR < 0.05) was
considered statistically significant. The ROC (receiver operating
characteristic) curves were constructed using the MedCalc
software (version 10.0.7, Mariakerke, Belgium).

RESULTS

CircRNA Expression Profiles in Preterm
and Term Pregnant Women
Total RNA-seq data of preterm and term cases were downloaded
from the SRA database (accession number: SRP107901 and
SRP144363). These two datasets contain the data of multiple
types of RNA (mRNA, lncRNA, circRNA, etc.), in which circRNA
information has never been identified. In total, 23704 circRNAs
were identified in ten pairs of samples (preterm and term)
by CIRI2, and the expression of them was normalized by the
SRPBM algorithm to minimize potential batch effects. To ensure
the reliability of the results, only circRNAs detected in more
than five samples in each group were selected. The amounts of
selected circRNAs reached 7948 in the preterm group and 673
in the term group (Figures 1A,B). Among them, 656 circRNAs

9http://metascape.org/gp/index.html
10http://string.embl.de/
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FIGURE 1 | The basic characteristic of circRNA data. UpSet plot displaying

the intersection of circRNAs identified in the different samples. (A) Preterm

group (n = 10). (B) Term group (n = 10). (C) Heatmap of sample correlation.

The color and size of each circle showed the strength of the correlation.

detected in both groups were chosen for subsequent analysis. All
shared circRNAs were annotated in detail via matching to the
circAtlas, circBase, and circBank databases. A strong correlation
regarding the circRNA expression of samples in each group
and the discrepancy between the two groups are displayed by
calculating the Pearson product-moment correlation coefficient
amomng samples (Figure 1C).

Dysregulated circRNAs
In this study, the threshold that fold-change of greater than 2
and FDR (false discovery rate) smaller than 0.05 were used to
detect the dysregulated circRNAs. As shown in volcano plots and
cluster heatmap, a total of 211 eligible circRNAs were discovered,
of which 68 circRNAs were upregulated and 143 circRNAs
were downregulated in the preterm group (Figures 2A,B). The
maximum fold-change of upregulated circRNA was 25.05, while
the downregulated was 9.83.

To explore the origin of these differentially expressed
circRNAs, the chromosomes and genomic regions were analyzed,
of which the circRNAs were generated from. The results revealed
that these circRNAs were widely distributed on all the human
chromosomes, of course, except the Y chromosome (Figure 2C).
Overall, the distribution of circRNA on chromosomes on
chromosomes showed a gradually decreasing trend from
chromosome 1 to chromosome X, which may be related to the
length and gene number of each chromosome (Figure 2D).
Genomic annotations revealed that exon-derived circRNAs
account for 92.0% of all 211 dysregulated circRNAs, while
6.6% originated from the intron regions and 1.4% from
intergenic regions. Simultaneously, we evaluated the proportion
of circRNAs derived from exon, intron, and intergenic regions in
the initially identified circRNAs of the preterm and term groups.
However, there were no significant differences compared to that
in the dysregulated circRNAs (Figure 2E).

The circRNA–miRNA–mRNA Network
Since the primary function of circRNA is affecting gene
expression levels by acting on miRNAs, we established the
ceRNA network to further describe the regulatory mechanism
of the dysregulated circRNAs. Firstly, the top 10 up- and down-
regulated circRNAs in the preterm group were selected by
fold change. The details of these circRNAs were displayed in
Supplementary Table 1. Secondly, based on the identification of
the MREs via circBank database, both up- and down-regulated
circRNAs predicted 34 target miRNAs, respectively. Thirdly, by
taking the intersection of the results frommiRDB and TargetScan
database, 314 and 308 downstream genes were predicted,
respectively. Finally, the interactions between all the components
were displayed in the ceRNA network, which was constructed by
circRNA–miRNA and miRNA–mRNA pairs (Figure 3).

Functional Enrichment Analyses of
Target mRNAs
To get the in-depth biological function information of the
dysregulated circRNAs, the KEGG pathway and GO analysis
were performed to annotate the function of the target mRNAs
within the above networks. The top 20 enrichment GO items
were selected and ranked by P-value, and classified into three
functional categories: biological processes (13 items), molecular
functions (3 items), and cellular components (4 items). The
genes were mostly enriched in several biological processes,
including positive regulation of fat cell differentiation, regulation
of ion transmembrane transport, regulation of myeloid leukocyte
differentiation, regulation of synapse organization, regulation
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FIGURE 2 | Identification of differentially expressed circRNAs between preterm and term samples. (A) Hierarchical clustering of selected circRNAs (P < 0.05).

(B) Volcano showed differentially expressed circRNAs in two groups. (C) The chromosome distribution of significantly dysregulated circRNAs. (D) The relationship

between the number of circRNAs distributed on chromosomes and the length and the number of genes of chromosomes, respectively. (E) The ratio of circRNAs

originated from exonic, intronic, and intergenic regions.

FIGURE 3 | CeRNA (circRNA–miRNA–mRNA) regulatory network in PTB. (A) Red rectangle denotes upregulated circRNAs in the preterm group, (B) Green

rectangle denotes downregulated circRNAs in the preterm group. Yellow angle denotes miRNAs, blue ellipse denotes mRNAs.
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of neuron projection development, etc. These genes involved
in the molecular functions such as ion channel regulator
activity, calcium-dependent protein binding, intramolecular
oxidoreductase activity, while participated in the cellular
components, including glutamatergic synapse, dendritic tree,
synapticmembrane, cyclin-dependentproteinkinaseholoenzyme
complex (Figures 4A,B). Furthermore, the KEGG pathways
in which these genes were significantly (P < 0.01) enriched
included neuronal System, potassiumChannels, vesicle-mediated
transport, signaling by Interleukins, signaling byNTRK1 (TRKA),
and regulation of actin cytoskeleton, etc. (Figures 4C,D).

Establishment and Analysis of PPI
Network
As the biological process is usually carried out by a cluster of
interrelated genes instead of a single one, a PPI network was
constructed with a combined score ≥0.4 using the STRING
database to analyze the interaction of these target genes and
find hub genes. Genes that have no interaction with other genes
were excluded based on evidence from previous experiments, co-
expression analysis, and relevant databases. The final PPI network
mapped 530 nodes and 833 edges with an average degree of
3.14 (Figure 5A).

Based on this visualization of interaction, we found the key
subnetwork and hub genes of the circRNA regulatory system.
Genes with the highest MCC (maximal clique centrality) score in

the PPI network were considered as hub genes, which played an
essential role in the network structure and might be the potential
key genes of PTB. The top 10 hub genes were VAMP2, SYT1,
STX1A, CPLX2, NAPA, CPLX1, SYT2, CHRM2, GNG10, and
SEC22A. Among these genes, VAMP2 ranked first with a score of
1740 (Figure 5B). Combinedwith the previous ceRNAnetwork, 6
circRNAs and 8 miRNAs that regulating these 10 hub genes were
traced back, and circRNA-miRNA-hub gene regulatory pairs were
shown in Figure 5C. These pairs were likely to be a key part of the
PTB regulatory network, that is, potential therapeutic targets.

Validation of PTB-Related circRNAs
To confirm the effectiveness of the candidate circRNAs as
biomarkers for the prediction of PTB, validation experiments
were performed by two steps.

Firstly, we expanded the sample size to 35 (19 preterm and
16 term samples) using the remaining data from SRP107901
and SRP144363 datasets. As shown in Figure 6A, significant
differences between preterm and term group were indicated in
12 out of 20 aforementioned circRNAs, and the up-regulated
or down-regulated trend remained consistent with the previous
results (P < 0.05). On this basis, the ROC curve was selected
to analyze the diagnostic efficiency of candidate circRNAs
for PTB. There were 7 circRNAs that had AUC (area under
curve) value greater than 0.98: hsa-CCT2_0004 (AUC = 0.9836),
hsa-HAT1_0006 (AUC = 0.9901), hsa-FAM13B_0019 (AUC = 1),

FIGURE 4 | Visualizations of functional enrichment. (A) Top 20 enriched GO terms. (B,D) The network of enriched GO and KEGG terms colored by the cluster.

(C) KEGG analysis for targeted genes (P < 0.01).
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FIGURE 5 | Construction of the PPI network. (A) Nodes and edges represent genes and interactions. The color of the connection line represented the type of

interaction evidence. (B) Subnetwork of 10 hub genes that extracted from (A), and the depth of the color indicates the level of the MCC score. (C) Sanky diagram to

visualize the circRNA–miRNA–hubgene relationship.

hsa-YY1AP1_0001 (AUC = 1), hsa-ABCA13_0002 (AUC = 1),
hsa-RANBP9_0002 (AUC= 1) and hsa-TMED2_0001 (AUC= 1).
And the AUC of hsa-ANKFY1_0025, hsa-RAD54L2_0022, hsa-
SOS2_0052, hsa-NUSAP1_0010, and has-MORC3_001 were
lower than that of the above 7 circRNAs, reaching 0.7138,0.8783,
0.9638, 0.9589 and 0.9572, respectively. But interestingly, using
logistic regression analysis, we found that the combined diagnosis
of the above five circRNAs worked well (AUC = 0.9970), which
is far more effective than any single one of them (Figure 6B).
All of these 12 circRNAs above might have the potentials to be
biomarkers for PTB.

Furthermore, circRNA microarray assays targeting
candidate circRNAs were performed. The fold-changes of
candidate circRNAs were shown in Figure 6C. There were
slight but significant differences of hsa-ANKFY1_0025, hsa-
FAM13B_0019, hsa-NUSAP1_0010 between two groups, which
appears to match the decrease/increase trend of RNA-seq results
above (Supplementary Table 2). It suggested that the abnormal
expression of these three circRNAs in the preterm group was
stable, which might be used as an effective biomarker for PTB.

DISCUSSION

Due to the severe harm of PTB to neonates and the limitations
of the current prediction and treatment, it is necessary to
research the pathogenesis of PTB and search for its biomarkers
(Muglia and Katz, 2010). There has been an explosion of interest

and study on circRNA in various diseases since 2013 when it
was first reported to be related to the occurrence of Alzheimer’s
disease (AD), due to its stable nature and its ability to regulate
a variety of biological pathways through the ceRNA mechanism
(Lukiw, 2013; Zhong et al., 2018). Like AD, PTB is closely related
to immune inflammation, so it is worthy of thinking whether
circRNAs can trigger PTB via the same regulatory mechanism
as in AD. Our data, for the first time, revealed the circRNA
expression profile of the peripheral blood from preterm and
term pregnant women. Besides, we constructed the circRNA-
miRNA-mRNA network to explore the regulatory function of
dysregulated circRNAs in PTB and performed ROC analysis to
assess the predictive value of circRNAs for PTB.

By analyzing the RNA-seq data downloaded from the
SRA database, we observed noticeable disorders of circRNA
expression in the whole peripheral blood of preterm women
compare to term women. Generally, the top 10 up- and down-
regulated circRNAs filtered by fold-change (range from 5.24 to
25.05) were more likely to have a stable association with PTB.
Eleven of these 20 circRNAs have never been reported before,
and we speculated that their dysregulation might be specific for
PTB. The remaining 9 circRNAs have been demonstrated to be
correlated with breast cancer (hsa-SCARF1_0001), osteoarthritis
(hsa-GCN1_0003), osteosarcoma (hsa-RAD54L2_002),
virus infection (hsa-CREBBP_0001), ovarian cancer (hsa-
FAM13B_0019), hepatocellular carcinoma (hsa-NUSAP1_0010),
endometrial cancer (hsa-YY1AP1_0001), hypopharyngeal
squamous cell carcinoma (hsa-MORC3_0001), and gestational
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FIGURE 6 | The validation of candidate circRNAs. (A) The expression level of circRNAs. *P < 0.05; **P < 0.01; ***P < 0.001. (B) ROC curve analysis of 5 selected

circRNAs, and their integrated diagnostic efficiency (P < 0.05) (PTB, n = 19; Term, n = 16). (C) The fold change of circRNAs, which was calculated according to

microarray data (PTB, n = 3; Term, n = 3).

diabetes mellitus (hsa-RANBP9_0002) (Fu et al., 2018; Kun-Peng
et al., 2018; Hu et al., 2019; Li et al., 2019; Lou et al., 2019; Wang
et al., 2019, 2020; Guo et al., 2020; Tran et al., 2020). Interestingly,
we found that all these diseases shared a common pathological
ground of inflammation and immune activation with PTB,
which happens to be the main way that the selected circRNAs
regulate these diseases (Cappelletti et al., 2016). For example,
hsa-GCN1_0003 promotes the secretion of TNF-α in synovial
tissue through the ceRNA mechanism, and TNF-α has been

confirmed to be elevated in PTB (Helmo et al., 2018). Several
other immune/inflammation-related factors (such as IFN-γ,
IL-10, etc.) mentioned in the above reports, have been proved to
be involved in the pathological cascade reactions of PTB (Pandey
et al., 2017; Frascoli et al., 2018). So, we are wondering whether
these circRNAs participate in PTB via the inflammatory/immune
pathway. Additionally, another piece of evidence comes from
the parental genes, of which the circRNAs were derived from.
Since circRNAs can activate the transcription of their parental
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genes, the function of these genes could indirectly reflect the
biological impact of circRNAs to some extent (Fischer and Leung,
2017). Among all parental genes of selected circRNAs, CREBBP
(the gene of hsa-CREBBP_0001) has been noted to affect the
inflammatory signal (NF-κB pathway) of the myometrium,
and closely related to labor onset and PTB (Zeng et al., 2008;
Wagner et al., 2017). Thus, hsa-CREBBP_0001 was suggested to
be associated with PTB by affecting the inflammatory pathway.
Based on these hypotheses and evidence, we concluded that the
biological function of these dysregulated circRNAs in PTB seems
to be related to immune/inflammation. To understand their roles
in PTB, the circRNA–miRNA–mRNA network and subsequent
function analysis were needed.

In the present study, we predicted the downstream miRNA–
mRNA of the maladjusted circRNAs and established a ceRNA
network containing 20 circRNAs, 68 miRNAs, and 622 genes to
analysis their potential regulation mode. Notably, the targeted
mRNAs seem mainly related to immune cell differentiation,
interleukin signaling, and nervous system. The first two of
these three items were not only consistent with the above
circRNA functions, but also widely reported in the researches
of PTB. It is generally considered as an essential feature
of PTB that maternal immune cells (such as neutrophils, T
cells) are activated in advance, differentiated, and recruited
rapidly to the uterus, maternal–fetal interface, and other
tissues and thus triggering an inflammatory cascade reaction
(Erlebacher, 2013; Gomez-Lopez et al., 2014). For example,
before the symptoms of PTB appeared, CD4+T cells in maternal
circulation and uterus were differentiated into phenotypes such
as Th1 and Th17, breaking the immune balance which is
required to maintain pregnancy, and releasing inflammatory
factors such as IL-17 and TNFα (Ito et al., 2010). Even
CD4+T cells in fetal cord blood proliferate and differentiate
into the IFNγ-producing phenotype, thereby promoting the
inflammatory effects associated with PTB (Frascoli et al., 2018;
Halkias et al., 2019). The immune cell differentiation leads to the
activation of downstream IL-1, IL-6, IL-33, and other interleukin
signaling pathways (Cappelletti et al., 2016). Among them, IL-
1 and IL-6 have always been regarded as the most significant
contributor to the occurrence of PTB. Their expression levels
and receptors activities have increased significantly, activating
NF-κB, Jak/Stat, and other inflammatory pathways to trigger
PTB (Nadeau-Vallée et al., 2015; Pandey et al., 2017). In our
circRNA-miRNA-mRNA network, IL-6R (IL-6 receptor) was
directly regulated by hsa-LMBR1L_0001 and has-miR-1207-
3p. Currently, the specific causes of PTB-related immune cell
differentiation and interleukin-signaling enhancement are not
clear. We propose a new idea that abnormal circRNAs in
preterm pregnant women can affect a variety of genes (including
IL-6R, IFNγ) by binding to miRNAs, thereby regulating the
immune/inflammatory pathway and ultimately promoting PTB.
Besides, our results also suggest that circRNAs may regulate the
nervous system functions through the ceRNA mechanism, such
as “regulation of synapse organization” and “regulation of neuron
projection development.” Considering that the most significant
symptom of premature infants is neurological system damage,
we speculate that the disordered circRNA in maternal blood may

reflect or regulate fetal neural development to a certain extent.
Still, further research is needed.

By searching for hub genes, we found that circRNA–miRNA–
mRNA regulatory pairs played a crucial role in the whole
network, which were regulated by 6 circRNAs including hsa-
MORC3_0001 and hsa-LMBR1L_0001. One of the most striking
pair was hsa-MORC3_0001–hsa-miR-1248–CHRM2. Hsa-miR-
1248 was found significantly decreased in peripheral blood
leukocytes of preterm women, and involved in the positive
regulation of interleukin−2 signaling by binding to gene SASH3
and CD83 (Paquette et al., 2019). Interleukin−2, one of the
proinflammatory factors mainly secreted by activated CD4+

Th1 cells, was reported to be elevated and stimulated the
contraction of myometrium in PTB (Sykes et al., 2012). Besides,
the activated CD4+ Th1 cells also produced proinflammatory
IL-1β and contributed to the activation of the IL-1β pathway,
which is one of the classical signaling pathways that regulate
PTB development (Nadeau-Vallée et al., 2016). Coincidentally,
in vitro experiments, CHRM2, the downstream gene of hsa-
miR-1248 in our results, was demonstrated to be engaged in the
PTB-related inflammatory process of decidual cells responding
to IL-1β signaling (Ibrahim et al., 2016). CHRM2, encoding the
Cholinergic Receptor Muscarinic 2, controlled the contractility
of smooth muscles in the lung, colon, and other tissues (Patten
et al., 2015). Thus, there was a possibility that hsa-MORC3_0001–
hsa-miR-1248–CHRM2 pair might plays a vital role in both IL-1β
and IL-2 inflammatory process produced by CD4+ Th1 cells,
consequently leading to myometrial contraction, and ultimately
giving rise to PTB. Besides hsa-miR-1248, hsa-miR-135a-5p,
which regulated by hsa-RANBP9_0002 has been found increased
in the placenta tissues of PTB (Fallen et al., 2018). Moreover, hsa-
LMBR1L_0001, as mentioned above, regulated the expression of
IL-6R by binding to has-miR-1207-3p. The remaining three pairs
have been rarely reported in PTB, and were mainly reported
to influence the growth, migration, and invasion of tumor
cells by regulating genes related to the adaptive and innate
immune response in various cancers including pancreatic cancer
(Yonemori et al., 2017; Felix et al., 2019). Given the importance
of these six regulatory pairs on our ceRNA network and their role
in regulating immune/inflammation processes, theymay have the
potential to be the therapeutic targets for PTB.

As previously mentioned, the risk of PTB might be increased
by multiple factors such as metabolic disorders, progesterone
withdrawal, intestinal flora imbalance, and psychological stress,
besides immune/inflammation (Romero et al., 2014). And recent
studies have shown that circRNA disorders indeed interact with
these risk factors. For example, it has been found that a cluster of
circRNA in the endometrium can be regulated by progesterone in
goat, thereby affecting the endometrial receptivity to the embryo
(Song et al., 2019). Also, a specific circRNA (circ_0002861)
can regulate progesterone secretion in the ovarian of mice
(Jia et al., 2018). So, is the progesterone withdrawal associated
with PTB-related circRNA dysregulation? There has been no
previous evidence. Similarly, metabolic disorders (e.g., obesity)
are contributors to PTB, and circRNAs have been shown to
play a primary role in regulating energy metabolism in cancer.
Therefore, we hypothesized that circRNA may also mediate the
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promotion effect of other risk factors on PTB, which needs to be
confirmed by further studies.

Comparing to be a regulator, circRNA may have the unique
advantage to be a biomarker. At present, two of the most
commonly used biomarkers for PTB prediction were fFN and
placental alpha-macroglobulin-1 (PAMG-1; Suff et al., 2019).
These two tests were usually performed in the third trimester
of gestation (25-34 weeks gestation) and had notable high NPV
(97.9%, 98.3%) but low PPV (7.9%, 35.3%) for the prediction of
PTB within 7 days (Wing et al., 2017). However, misdiagnosis can
lead to unnecessary treatment or a higher risk of PTB, and late
prediction of PTB often makes clinical interventions extremely
difficult, so a new efficient and reliable alternative test should be
developed. As a non-invasive detection method, circRNA may
have more potential. By analyzing RNA-seq data, we identified
12 circRNAs as promising biomarkers. Seven of them showed
an extremely high diagnostic value for PTB (AUC > 0.98).
The AUC of the other five circRNAs ranged from 0.71 to 0.98,
while their combined diagnostic performed higher efficiency
(AUC = 0.997, 95% CI = 0.894–1.000, sensitivity = 94.7%,
specificity = 100%). Furthermore, we used microarray data
to identify the stability of these biomarkers, and finally,
three optimal circRNAs were selected: hsa-ANKFY1_0025, hsa-
NUSAP1_0010, and hsa-FAM13B_0019(AUC = 0.7138, 0.9589,
1.000). Currently, there are no reports of them as biomarkers, but
we found some interesting features of them from the circAtlas
database. All of them displayed evident tissue-specific expression.
In normal cases, Hsa-NUSAP1_0010 and hsa-ANKFY1_0025
were enriched in nervous system tissue (brain and spinal cord),
which was coincidence with the PTB-related potential neural
change discussed previously. The last 4–6 weeks of pregnancy
is the critical period for fetal neurodevelopment, and the brain
weight of the neonate who was born at 34 weeks is only 65%
of that of the term neonate (Scher et al., 2011). Moreover, hsa-
FAM13B_0019 was highly expressed in the myometrium, which
is the main effector of PTB. Maybe this is the reason why these
three circRNAs could be selected as suitable biomarkers of PTB.
Therefore, we wondered if the biological homeostasis of the
uterus and the fetal nervous system had been disrupted before
the onset of preterm labor, and the tissues releasing these three
circRNAs that generally accumulated in these tissues. That is,
circRNA has the potential to be a reliable biomarker to predict
intrinsic changes before the appearance of clinical symptoms
of preterm labor, thus providing sufficient time for the clinical
intervention. Besides, our data were derived from pregnancies
between 28 and 35 weeks of gestation (as same as the fFN and
PAMG-1 tests), but it is not clear when circRNAs began to
change. Thus, it is indeed a matter of concern whether circRNAs
can predict PTB at an earlier time point.

There are still some limitations to our study. First, the
sample size was small, so more samples are needed to confirm
the predictive value of circRNAs for PTB. Second, the actual
function of circRNA may be affected by the complex biological
factors in pregnant women, for example, the level of oxidative
stress may affect circRNA expression (Li et al., 2018), and
changes in gut microbes may affect the regulation of metabolic
function by circRNA(Zhu et al., 2020), and these factors
may vary widely among individuals. Therefore, we will carry

out miRNA/mRNA-seq, molecular experiments, and animal
experiments, to further exclude potential confounding factors
and analyze the actual effect of circRNA on preterm delivery.
Third, our results have not indicated the optimal detection time
point for circRNA to predict PTB, and we will explore this issue
through prospective cohort study in the next step.

In conclusion, through systematic bioinformatic analysis and
validation experiments, we proposed for the first time that
circRNA is likely to become of tremendous research value
in the prediction and mechanism of PTB, and pioneered a
new field of PTB research. We found that 211 abnormally
expressed cricRNAs existed in the peripheral blood of preterm
women. Among them, the top 20 circRNAs with the highest
fold-changes competitively bond to 68 miRNAs, including hsa-
miR-1248, thereby regulating 622 downstream genes (such as
CHRM2, etc.) related to inflammation, immunity and neural
activity, thus ultimately involving in the process of PTB. Six
pairs, especially hsa-MORC3_0001–hsa-miR-1248–CHRM2, are
the key parts of the entire regulatory network and might be
the breakthrough point in researching the mechanism of PTB.
Furthermore, hsa-ANKFY1_0025, hsa-FAM13B_0019, and hsa-
NUSAP1_0010 (AUC = 0.7138, 0.9589, 1.000) might have the
potential to be novel predictive indicators of PTB. This study
offered a new strategy for PTB prediction and proposed a
novel type of mechanism theory of PTB that is worth further
study to confirm.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Research Ethics Committee of The First
Affiliated Hospital of Chongqing Medical University. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

HQ and NY designed the experiments and supervised the study.
YR and DH collected and analyzed the data. YR wrote the
manuscript. YZ, JY, and HZ revised the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by grants from the National
Key Research and Development Program of Reproductive
Health & Major Birth Defects Control and Prevention
(No. 2016YFC1000407), the National Natural Science
Foundation of China for Youth (No. 81801483), the Chongqing

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 December 2020 | Volume 8 | Article 566984

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Ran et al. Circular RNAs in Preterm Birth

Municipal Health Commission (No. 2020MSXM029), the
Chongqing Municipal Education Commission (No. CYB20141),
the Chongqing Science and Technology Commission
(cstc2017shms-zdyfX0034), and the Science and Technology
Department of Sichuan Province (No. 2020YFQ0006).

ACKNOWLEDGMENTS

We thank Prof. Fangqing Zhao and Prof. JinfengWang of Beijing
Institutes of Life Science, Chinese Academy of Sciences, for their

technical support. We also thank Juan Qin, Chuanyue Fu, and
Xinyue Deng of Department of Obstetrics, The First Affiliated
Hospital of Chongqing Medical University, for assisting in the
sample collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.566984/full#supplementary-material

REFERENCES

Berghella, V., and Saccone, G. (2019). Fetal fibronectin testing for reducing the

risk of preterm birth. Cochrane Database Syst. Rev. 7:Cd006843. doi: 10.1002/

14651858.CD006843.pub3

Cappelletti, M., Della Bella, S., Ferrazzi, E., Mavilio, D., and Divanovic, S. (2016).

Inflammation and preterm birth. J. Leukoc. Biol. 99, 67–78. doi: 10.1189/jlb.

3MR0615-272RR

Chawanpaiboon, S., Vogel, J. P., Moller, A.-B., Lumbiganon, P., Petzold, M.,

Hogan, D., et al. (2019). Global, regional, and national estimates of levels of

preterm birth in 2014: a systematic review and modelling analysis. Lancet Glob.

Health 7, e37–e46. doi: 10.1016/s2214-109x(18)30451-0

Cheng, J., Zhuo, H., Xu, M., Wang, L., Xu, H., Peng, J., et al. (2018).

Regulatory network of circRNA-miRNA-mRNA contributes to the histological

classification and disease progression in gastric cancer. J. Transl. Med. 16:216.

doi: 10.1186/s12967-018-1582-8

Cheng, Z., Yu, C., Cui, S., Wang, H., Jin, H., Wang, C., et al. (2019). circTP63

functions as a ceRNA to promote lung squamous cell carcinoma progression

by upregulating FOXM1. Nat. Commun. 10:3200. doi: 10.1038/s41467-019-

11162-4

Costello, A., Lao, N. T., Barron, N., and Clynes, M. (2019). Reinventing the Wheel:

Synthetic Circular RNAs for Mammalian Cell Engineering. Trends Biotechnol.

38, 217–230. doi: 10.1016/j.tibtech.2019.07.008

Demesi Drljan, C., Mikov, A., Filipovic, K., Tomasevic-Todorovic, S., Knezevic, A.,

and Krasnik, R. (2016). Cerebral palsy in preterm infants. Vojnosanit. Pregl. 73,

343–348. doi: 10.2298/vsp140321019d

Devaux, Y., Creemers, E. E., Boon, R. A., Werfel, S., Thum, T., Engelhardt, S.,

et al. (2017). Circular RNAs in heart failure. Eur. J. Heart Fail 19, 701–709.

doi: 10.1002/ejhf.801

Erlebacher, A. (2013). Immunology of the maternal-fetal interface. Annu. Rev.

Immunol. 31, 387–411. doi: 10.1146/annurev-immunol-032712-100003

Fallen, S., Baxter, D., Wu, X., Kim, T. K., Shynlova, O., Lee, M. Y., et al. (2018).

Extracellular vesicle RNAs reflect placenta dysfunction and are a biomarker

source for preterm labour. J. Cell Mol. Med. 22, 2760–2773. doi: 10.1111/jcmm.

13570

Felix, T. F., Lopez Lapa, R. M., de Carvalho, M., Bertoni, N., Tokar, T., Oliveira,

R. A., et al. (2019). MicroRNA modulated networks of adaptive and innate

immune response in pancreatic ductal adenocarcinoma. PLoSOne 14:e0217421.

doi: 10.1371/journal.pone.0217421

Fischer, J.W., and Leung, A. K. (2017). CircRNAs: a regulator of cellular stress.Crit.

Rev. Biochem. Mol. Biol. 52, 220–233. doi: 10.1080/10409238.2016.1276882

Frascoli, M., Coniglio, L., Witt, R., Jeanty, C., Fleck-Derderian, S., Myers, D. E.,

et al. (2018). Alloreactive fetal T cells promote uterine contractility in preterm

labor via IFN-γ and TNF-α. Sci. Transl. Med. 10:438. doi: 10.1126/scitranslmed.

aan2263

Fu, B., Zhang, A., Li, M., Pan, L., Tang, W., An, M., et al. (2018). Circular RNA

profile of breast cancer brain metastasis: identification of potential biomarkers

and therapeutic targets. Epigenomics 10, 1619–1630. doi: 10.2217/epi-2018-

0090

Gao, Y., Zhang, J., and Zhao, F. (2018). Circular RNA identification based on

multiple seed matching. Briefings Bioinform. 19, 803–810. doi: 10.1093/bib/

bbx014

Glover, A. V., and Manuck, T. A. (2018). Screening for spontaneous preterm birth

and resultant therapies to reduce neonatal morbidity and mortality: A review.

Semin. Fetal. Neonatal. Med. 23, 126–132. doi: 10.1016/j.siny.2017.11.007

Gomez-Lopez, N., StLouis, D., Lehr, M. A., Sanchez-Rodriguez, E. N., and Arenas-

Hernandez, M. (2014). Immune cells in term and preterm labor. Cell Mol.

Immunol. 11, 571–581. doi: 10.1038/cmi.2014.46

Guo, Y., Huang, Q., Zheng, J., Hsueh, C. Y., Huang, J., Yuan, X., et al.

(2020). Diagnostic Significance of Downregulated circMORC3 as a Molecular

Biomarker of Hypopharyngeal Squamous Cell Carcinoma: A Pilot Study.

Cancer Manag. Res. 12, 43–49. doi: 10.2147/cmar.S235888

Halkias, J., Rackaityte, E., Hillman, S. L., Aran, D., Mendoza, V. F., Marshall,

L. R., et al. (2019). CD161 contributes to prenatal immune suppression of

IFNγ-producing PLZF+ T cells. J. Clin. Invest. 130, 3562–3577. doi: 10.1172/

jci125957

Helmo, F. R., Alves, E. A. R., Moreira, R. A. A., Severino, V. O., Rocha,

L. P., Monteiro, M., et al. (2018). Intrauterine infection, immune system and

premature birth. J. Matern. Fetal. Neonatal. Med. 31, 1227–1233. doi: 10.1080/

14767058.2017.1311318

Hu, Y., Zhu, H., Bu, L., and He, D. (2019). Expression profile of circular RNA s in

TMJ osteoarthritis synovial tissues and potential functions of hsa_circ_0000448

with specific back-spliced junction. Am. J. Transl. Res. 11, 5357–5374.

Ibrahim, S. A., Ackerman, W. E. T., Summerfield, T. L., Lockwood, C. J., Schatz, F.,

and Kniss, D. A. (2016). Inflammatory gene networks in term human decidual

cells define a potential signature for cytokine-mediated parturition. Am. J.

Obstet. Gynecol. 214:e281. doi: 10.1016/j.ajog.2015.08.075

Ito, M., Nakashima, A., Hidaka, T., Okabe, M., Bac, N. D., Ina, S., et al. (2010). A

role for IL-17 in induction of an inflammation at the fetomaternal interface in

preterm labour. J. Reprod. Immunol. 84, 75–85. doi: 10.1016/j.jri.2009.09.005

Jia, W., Xu, B., and Wu, J. (2018). Circular RNA expression profiles of mouse

ovaries during postnatal development and the function of circular RNA

epidermal growth factor receptor in granulosa cells. Metabolism 85, 192–204.

doi: 10.1016/j.metabol.2018.04.002

Jiang, M., Lash, G. E., Zhao, X., Long, Y., Guo, C., and Yang, H. (2018). CircRNA-

0004904, CircRNA-0001855, and PAPP-A: Potential Novel Biomarkers for the

Prediction of Preeclampsia. Cell Physiol. Biochem. 46, 2576–2586. doi: 10.1159/

000489685

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B.,

and Kjems, J. (2019). The biogenesis, biology and characterization of circular

RNAs. Nat. Rev. Genet. 20, 675–691. doi: 10.1038/s41576-019-0158-7

Kristensen, L. S., Hansen, T. B., Venø, M. T., and Kjems, J. (2018). Circular RNAs

in cancer: opportunities and challenges in the field. Oncogene 37, 555–565.

doi: 10.1038/onc.2017.361

Kun-Peng, Z., Xiao-Long, M., Lei, Z., Chun-Lin, Z., Jian-Ping, H., and Tai-Cheng,

Z. (2018). Screening circular RNA related to chemotherapeutic resistance in

osteosarcoma by RNA sequencing. Epigenomics 10, 1327–1346. doi: 10.2217/

epi-2018-0023

Li, M., Ding, W., Tariq, M. A., Chang, W., Zhang, X., Xu, W., et al. (2018).

A circular transcript of ncx1 gene mediates ischemic myocardial injury by

targeting miR-133a-3p. Theranostics 8, 5855–5869. doi: 10.7150/thno.27285

Li, W., Zhou, X., Wu, X., Wei, J., and Huang, Z. (2019). The role of circular RNA

hsa_circ_0085616 in proliferation and migration of hepatocellular carcinoma

cells. Cancer Manag. Res. 11, 7369–7376. doi: 10.2147/cmar.S211020

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 11 December 2020 | Volume 8 | Article 566984

https://www.frontiersin.org/articles/10.3389/fbioe.2020.566984/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.566984/full#supplementary-material
https://doi.org/10.1002/14651858.CD006843.pub3
https://doi.org/10.1002/14651858.CD006843.pub3
https://doi.org/10.1189/jlb.3MR0615-272RR
https://doi.org/10.1189/jlb.3MR0615-272RR
https://doi.org/10.1016/s2214-109x(18)30451-0
https://doi.org/10.1186/s12967-018-1582-8
https://doi.org/10.1038/s41467-019-11162-4
https://doi.org/10.1038/s41467-019-11162-4
https://doi.org/10.1016/j.tibtech.2019.07.008
https://doi.org/10.2298/vsp140321019d
https://doi.org/10.1002/ejhf.801
https://doi.org/10.1146/annurev-immunol-032712-100003
https://doi.org/10.1111/jcmm.13570
https://doi.org/10.1111/jcmm.13570
https://doi.org/10.1371/journal.pone.0217421
https://doi.org/10.1080/10409238.2016.1276882
https://doi.org/10.1126/scitranslmed.aan2263
https://doi.org/10.1126/scitranslmed.aan2263
https://doi.org/10.2217/epi-2018-0090
https://doi.org/10.2217/epi-2018-0090
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1016/j.siny.2017.11.007
https://doi.org/10.1038/cmi.2014.46
https://doi.org/10.2147/cmar.S235888
https://doi.org/10.1172/jci125957
https://doi.org/10.1172/jci125957
https://doi.org/10.1080/14767058.2017.1311318
https://doi.org/10.1080/14767058.2017.1311318
https://doi.org/10.1016/j.ajog.2015.08.075
https://doi.org/10.1016/j.jri.2009.09.005
https://doi.org/10.1016/j.metabol.2018.04.002
https://doi.org/10.1159/000489685
https://doi.org/10.1159/000489685
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/onc.2017.361
https://doi.org/10.2217/epi-2018-0023
https://doi.org/10.2217/epi-2018-0023
https://doi.org/10.7150/thno.27285
https://doi.org/10.2147/cmar.S211020
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Ran et al. Circular RNAs in Preterm Birth

Li, X., Yang, L., and Chen, L. L. (2018). The Biogenesis, Functions, and

Challenges of Circular RNAs.Mol. Cell. 71, 428–442. doi: 10.1016/j.molcel.2018.

06.034

Liu, L., Oza, S., Hogan, D., Chu, Y., Perin, J., Zhu, J., et al. (2016). Global, regional,

and national causes of under-5 mortality in 2000-15: an updated systematic

analysis with implications for the Sustainable Development Goals. Lancet 388,

3027–3035. doi: 10.1016/s0140-6736(16)31593-8

Lou, Y. Y., Wang, Q. D., Lu, Y. T., Tu, M. Y., Xu, X., Xia, Y., et al. (2019).

Differential circRNA expression profiles in latent human cytomegalovirus

infection and validation using clinical samples. Physiol. Genom. 51, 51–58.

doi: 10.1152/physiolgenomics.00096.2018

Lukiw, W. J. (2013). Circular RNA (circRNA) in Alzheimer’s disease (AD). Front.

Genet. 4:307. doi: 10.3389/fgene.2013.00307

Muglia, L. J., and Katz, M. (2010). The enigma of spontaneous preterm birth.

N. Engl. J. Med. 362, 529–535. doi: 10.1056/NEJMra0904308

Nadeau-Vallée, M., Obari, D., Quiniou, C., Lubell, W. D., Olson, D. M., Girard, S.,

et al. (2016). A critical role of interleukin-1 in preterm labor. Cytokine Growth

Fact. Rev. 28, 37–51. doi: 10.1016/j.cytogfr.2015.11.001

Nadeau-Vallée, M., Quiniou, C., Palacios, J., Hou, X., Erfani, A., Madaan, A., et al.

(2015). Novel Noncompetitive IL-1 Receptor-Biased Ligand Prevents Infection-

and Inflammation-Induced Preterm Birth. J. Immunol. 195, 3402–3415. doi:

10.4049/jimmunol.1500758

Natarajan, G., and Shankaran, S. (2016). Short- and Long-Term Outcomes of

Moderate and Late Preterm Infants. Am. J. Perinatol. 33, 305–317. doi: 10.1055/

s-0035-1571150

Ngo, T. T. M., Moufarrej, M. N., Rasmussen, M. H., Camunas-Soler, J., Pan, W.,

Okamoto, J., et al. (2018). Noninvasive blood tests for fetal development predict

gestational age and preterm delivery. Science 360, 1133–1136. doi: 10.1126/

science.aar3819

Ottesen, E. W., Luo, D., Seo, J., Singh, N. N., and Singh, R. N. (2019). Human

Survival Motor Neuron genes generate a vast repertoire of circular RNAs. Nucl.

Acids Res. 47, 2884–2905. doi: 10.1093/nar/gkz034

Pandey, M., Chauhan,M., and Awasthi, S. (2017). Interplay of cytokines in preterm

birth. Indian J. Med. Res. 146, 316–327. doi: 10.4103/ijmr.IJMR_1624_14

Paquette, A. G., Shynlova, O., Wu, X., Kibschull, M., Wang, K., Price, N. D., et al.

(2019). MicroRNA-transcriptome networks in whole blood and monocytes of

women undergoing preterm labour. J. Cell Mol. Med. 23, 6835–6845. doi: 10.

1111/jcmm.14567

Patop, I. L., Wust, S., and Kadener, S. (2019). Past, present, and future of circRNAs.

EMBO J. 38:e100836. doi: 10.15252/embj.2018100836

Patten, G. S., Kerr, C. A., Dunne, R. A., Shaw, J. M., Bird, A. R., Regina, A., et al.

(2015). Resistant starch alters colonic contractility and expression of related

genes in rats fed a Western diet. Dig. Dis. Sci. 60, 1624–1632. doi: 10.1007/

s10620-015-3537-8

Romero, R., Dey, S. K., and Fisher, S. J. (2014). Preterm labor: one syndrome, many

causes. Science 345, 760–765. doi: 10.1126/science.1251816

Scher, M. S., Johnson, M. W., Ludington, S. M., and Loparo, K. (2011). Physiologic

brain dysmaturity in late preterm infants. Pediatr. Res. 70, 524–528. doi: 10.

1203/PDR.0b013e31822f24af

Shafabakhsh, R., Mirhosseini, N., Chaichian, S., Moazzami, B., Mahdizadeh, Z., and

Asemi, Z. (2019). Could circRNA be a new biomarker for pre-eclampsia? Mol.

Reprod. Dev. 86, 1773–1780. doi: 10.1002/mrd.23262

Song, Y., Zhang, L., Liu, X., Niu, M., Cui, J., Che, S., et al. (2019). Analyses

of circRNA profiling during the development from pre-receptive to receptive

phases in the goat endometrium. J. Anim. Sci. Biotechnol. 10:34. doi: 10.1186/

s40104-019-0339-4

Strauss, J. F. III, Romero, R., Gomez-Lopez, N., Haymond-Thornburg, H., Modi,

B. P., Teves, M. E., et al. (2018). Spontaneous preterm birth: advances toward

the discovery of genetic predisposition.Am. J. Obstet. Gynecol. 218, 294.e–314.e.

doi: 10.1016/j.ajog.2017.12.009

Suff, N., Story, L., and Shennan, A. (2019). The prediction of preterm delivery:

What is new? Semin. Fetal. Neonatal. Med. 24, 27–32. doi: 10.1016/j.siny.2018.

09.006

Sykes, L., MacIntyre, D. A., Yap, X. J., Teoh, T. G., and Bennett, P. R. (2012).

The Th1:th2 dichotomy of pregnancy and preterm labour.Mediators Inflamm.

2012:967629. doi: 10.1155/2012/967629

The Lancet (2016). The unfinished agenda of preterm births. Lancet 388:2323.

doi: 10.1016/s0140-6736(16)32170-5

Tran, A. M., Chalbatani, G. M., Berland, L., Cruz, De Los Santos, M., Raj, P., et al.

(2020). A NewWorld of Biomarkers and Therapeutics for Female Reproductive

System and Breast Cancers: Circular RNAs. Front. Cell Dev. Biol. 8:50. doi:

10.3389/fcell.2020.00050

Wagner, G. P., Nnamani, M. C., Chavan, A. R., Maziarz, J., Protopapas, S., Condon,

J., et al. (2017). Evolution of Gene Expression in the Uterine Cervix related to

Steroid Signaling: Conserved features in the regulation of cervical ripening. Sci.

Rep. 7, 4439–4439. doi: 10.1038/s41598-017-04759-6

Wang, H., She, G., Zhou,W., Liu, K., Miao, J., and Yu, B. (2019). Expression profile

of circular RNAs in placentas of women with gestational diabetes mellitus.

Endocr. J. 66, 431–441. doi: 10.1507/endocrj.EJ18-0291

Wang, J., Wu, A., Yang, B., Zhu, X., Teng, Y., and Ai, Z. (2020). Profiling and

bioinformatics analyses reveal differential circular RNA expression in ovarian

cancer. Gene 724:144150. doi: 10.1016/j.gene.2019.144150

Wing, D. A., Haeri, S., Silber, A. C., Roth, C. K., Weiner, C. P., Echebiri, N. C., et al.

(2017). Placental Alpha Microglobulin-1 Compared With Fetal Fibronectin

to Predict Preterm Delivery in Symptomatic Women. Obstet Gynecol. 130,

1183–1191. doi: 10.1097/aog.0000000000002367

Wu,W., Ji, P., and Zhao, F. (2020). CircAtlas: an integrated resource of one million

highly accurate circular RNAs from 1070 vertebrate transcriptomes. Genome

Biol. 21:101. doi: 10.1186/s13059-020-02018-y

Yonemori, K., Seki, N., Idichi, T., Kurahara, H., Osako, Y., Koshizuka, K.,

et al. (2017). The microRNA expression signature of pancreatic ductal

adenocarcinoma by RNA sequencing: anti-tumour functions of the microRNA-

216 cluster. Oncotarget 8, 70097–70115. doi: 10.18632/oncotarget.19591

Zeng, Z., Velarde, M. C., Simmen, F. A., and Simmen, R. C. (2008). Delayed

parturition and alteredmyometrial progesterone receptor isoformA expression

in mice null for Krüppel-like factor 9. Biol. Reprod 78, 1029–1037. doi: 10.1095/

biolreprod.107.065821

Zhang, Z., Yang, T., and Xiao, J. (2018). Circular RNAs: Promising Biomarkers for

Human Diseases. EBioMed. 34, 267–274. doi: 10.1016/j.ebiom.2018.07.036

Zhong, Y., Du, Y., Yang, X., Mo, Y., Fan, C., Xiong, F., et al. (2018). Circular RNAs

function as ceRNAs to regulate and control human cancer progression. Mol.

Cancer 17:79. doi: 10.1186/s12943-018-0827-8

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,

et al. (2019). Metascape provides a biologist-oriented resource for the analysis

of systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-

09234-6

Zhu, Z., Huang, J., Li, X., Xing, J., Chen, Q., Liu, R., et al. (2020). Gut

microbiota regulate tumor metastasis via circRNA/miRNA networks. Gut

Microb. 12:1788891. doi: 10.1080/19490976.2020.1788891

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Ran, Yin, Huang, Zhao, Yang, Zhang andQi. This is an open-access

article distributed under the terms of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 12 December 2020 | Volume 8 | Article 566984

https://doi.org/10.1016/j.molcel.2018.06.034
https://doi.org/10.1016/j.molcel.2018.06.034
https://doi.org/10.1016/s0140-6736(16)31593-8
https://doi.org/10.1152/physiolgenomics.00096.2018
https://doi.org/10.3389/fgene.2013.00307
https://doi.org/10.1056/NEJMra0904308
https://doi.org/10.1016/j.cytogfr.2015.11.001
https://doi.org/10.4049/jimmunol.1500758
https://doi.org/10.4049/jimmunol.1500758
https://doi.org/10.1055/s-0035-1571150
https://doi.org/10.1055/s-0035-1571150
https://doi.org/10.1126/science.aar3819
https://doi.org/10.1126/science.aar3819
https://doi.org/10.1093/nar/gkz034
https://doi.org/10.4103/ijmr.IJMR_1624_14
https://doi.org/10.1111/jcmm.14567
https://doi.org/10.1111/jcmm.14567
https://doi.org/10.15252/embj.2018100836
https://doi.org/10.1007/s10620-015-3537-8
https://doi.org/10.1007/s10620-015-3537-8
https://doi.org/10.1126/science.1251816
https://doi.org/10.1203/PDR.0b013e31822f24af
https://doi.org/10.1203/PDR.0b013e31822f24af
https://doi.org/10.1002/mrd.23262
https://doi.org/10.1186/s40104-019-0339-4
https://doi.org/10.1186/s40104-019-0339-4
https://doi.org/10.1016/j.ajog.2017.12.009
https://doi.org/10.1016/j.siny.2018.09.006
https://doi.org/10.1016/j.siny.2018.09.006
https://doi.org/10.1155/2012/967629
https://doi.org/10.1016/s0140-6736(16)32170-5
https://doi.org/10.3389/fcell.2020.00050
https://doi.org/10.3389/fcell.2020.00050
https://doi.org/10.1038/s41598-017-04759-6
https://doi.org/10.1507/endocrj.EJ18-0291
https://doi.org/10.1016/j.gene.2019.144150
https://doi.org/10.1097/aog.0000000000002367
https://doi.org/10.1186/s13059-020-02018-y
https://doi.org/10.18632/oncotarget.19591
https://doi.org/10.1095/biolreprod.107.065821
https://doi.org/10.1095/biolreprod.107.065821
https://doi.org/10.1016/j.ebiom.2018.07.036
https://doi.org/10.1186/s12943-018-0827-8
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1080/19490976.2020.1788891
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Identification and Characterization of Circular RNA as a Novel Regulator and Biomarker in Preterm Birth
	Introduction
	Materials and Methods
	Microarray Expression Profile of circRNAs
	Data Collection
	Data Processing
	Identification of Differentially Expressed circRNAs
	Construction of the ceRNA Network
	Functional Enrichment Analysis
	Construction of the PPI Network and Module Analysis
	Statistical Analysis

	Results
	CircRNA Expression Profiles in Preterm and Term Pregnant Women
	Dysregulated circRNAs
	The circRNA–miRNA–mRNA Network
	Functional Enrichment Analyses of Target mRNAs
	Establishment and Analysis of PPI Network
	Validation of PTB-Related circRNAs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


