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Objective: To determine the expression profiles of circular RNAs (circRNAs) of women with severe pre-
eclampsia (sPE group) versus normal pregnancies (normal control group).
Materials and methods: RNA-sequencing (RNA-seq) was conducted to characterize differentially
expressed circRNAs and mRNAs in the placental tissues of women with sPE versus normal pregnancies.
circRNA functions were predicted by Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) database analysis. The backsplicing junctions of circRNAs were validated with the use of diver-
gent primers. Relative expression levels of cirRNAs were verified by quantitative real-time PCR (qPCR). A
circRNA-miRNA-mRNA interaction network was constructed to outline the regulatory network of the
differentially expressed circRNAs.
Results: A total of 49 differentially expressed circRNAs were found in the placental tissues of womenwith
sPE. Several differentially expressed mRNAs were also observed in the sPE patients. KEGG analysis
revealed that the most enriched pathway of the circRNAs was the MAPK signaling pathway, while the
differentially expressed mRNAs were primary enriched in pathways in cancer. Among these circRNAs,
hsa_circ_0001438, hsa_circ_0001326, and hsa_circ_32340 were upregulated in the sPE patients and the
circRNA-miRNA-mRNA interaction network generated with these three circRNAs revealed a broad reg-
ulatory network that might be involved in the pathogenesis of sPE.
Conclusion: circRNAs are differentially expressed in sPE. The upregulation of hsa_circ_0001438, hsa_-
circ_0001326, and hsa_circ_32340 has a potential role in the regulation of miRNA and mRNA expression.
Changes to the expression profiles of the circRNAs might be linked to the pathogenesis of sPE and could
function as biomarkers.
© 2019 Taiwan Association of Obstetrics & Gynecology. Publishing services by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Pre-eclampsia (PE) is a common and severe disease for both the
mother and fetus during pregnancy, affecting 3%e5% of all preg-
nancies and leading to severe morbidity and mortality during
pregnancy [1]. PE is considered a multisystem placentally mediated
disease that is classically diagnosed by the combined presentation
of high blood pressure and proteinuria [2]. In patients with severe
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PE (sPE) whose blood pressure may reach higher than 160/
110 mmHg, PE may progress to more severe forms, such as
eclampsia or HELLP (hemolysis elevated liver enzymes, and low
platelets) syndrome, which poses a greater risk of increased
morbidity andmortality to both themother and fetus [3]. Currently,
the exact pathology of PE remains largely unknown. Failure of
vascular remodeling of the maternal spiral arteries, endovascular
extravillous trophoblast differentiation, and defects in trophoblast
invasion are thought to be important pathological events in PE
development [4]. Due to the lack of biomarkers to clinically predict
the onset of PE, expedited delivery becomes the only effective
curative treatment [5]. Hence, a better understanding of the path-
ological relevant molecular pathways in sPE is urgently needed.

Circular RNA (circRNA) is a type of RNA that is processed from
linear precursor mRNA (pre-mRNA) by non-canonical splicing [6]
and is characterized by a covalently closed continuous loop with no
canonical 50 cap or 30 polyadenylated tail, which renders these
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molecules more stable than linear RNA even in the presence of
RNAase [7]. Previously, circRNAs were believed to be of low abun-
dance or even disregard as by-products and splicing errors of
transcription [8]. To date, numerous circRNAs have been success-
fully identified in diverse cell types and different contexts of dis-
ease [9]. Many circRNAs have been proposed as candidate
biomarkers for clinical diagnosis and prognosis of PE [10].

In the context of PE, microarray analysis have revealed groups of
differentially expressed circRNAs in the placental tissues of PE pa-
tients [11]. Several of these circRNAs have been proposed as bio-
markers for re-eclampsia [12e14]. However, the global profiles of
circRNAs in sPE patients, as detected by RNA-sequencing, remain
unavailable, as most have not been validated. Therefore, the aim of
the current study was to assess the expression profiles of circRNAs
to gain an overview of the expression patterns of circRNAs in sPE. In
addition, as the involvement of circRNAs in regulating tumor be-
haviors by functioning as a miRNA sponge has been confirmed [8],
we further constructed a circRNA-miRNA-mRNA interaction
network to reveal the potential functions of these differentially
expressed circRNAs.
Materials and methods

Clinical specimens

A total of 60 placental tissues obtained from Sun Yat-sen Me-
morial Hospital were collected immediately after elective cesarean
section. The placental tissue that near the maternal surface was
taken and the size was as large as soybean, then stored in liquid
nitrogen for subsequent total RNA isolation. The study cohort
included women with normal pregnancies and no disease during
pregnancy over 28 weeks, while the diagnostic criteria for sPE was
systolic blood pressure �140 mmHg and diastolic blood pressure
�90 mmHg after gestational week 20, accompanied by one of the
following: urine protein �0.3 g/24 h, urine protein/creatinine ratio
�0.3, or random urine protein � (þ) [15]. Of the 60 patients
included for analysis, 30 (50%) had normal pregnancies and 30
(50%) were diagnosed with sPE. Women with normal pregnancies
werematched with those with sPE according to age and gestational
age. The demographics of the patients in these two groups are
shown in Table 1. All patients gave informed consent prior to in-
clusion in this study.
RNA isolation and RNA-sequencing (RNA-seq)

The collected placental tissues were stored in cryotubes con-
taining liquid nitrogen. Total RNA was isolated from the placental
tissues of women with sPE and normal pregnancies (normal and
sPE groups) using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA) following the standard protocol. The quality of the isolated
total RNA was determined using an Agilent 2100 Bioanalyzer pico-
Table 1
Patient demographics.

Characteristics Pre-eclamps

case number 30
Age (years) 30.87 ± 5.49
Systolic pressure (mmHg) 144 ± 18.12
Diastolic pressure (mmHg) 85.93 ± 12.9
PLT 194.39 ± 63
Gestational week at delivery 36.42 ± 2.17
Gestational week at diagnosis of preeclampsia 33.52 ± 1.86
Neonatal Apgar score 8.88 ± 0.65
Neonatal weight (Kg) 2.74 ± 0.83
RNA chip (Agilent Technologies, Santa Clara, CA, USA). To prepare
the RNA-seq library, ribosomal RNA was separated from total RNA
using the Epicentre Ribo-zero™ rRNA Removal Kit (Epicentre,
Madison, WI, USA). Then, a library was constructed using the RNA
Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA,
USA) according to the manufacturer's instructions. After quantifi-
cation of the library of each group with the Agilent 2100 Bio-
analyzer (Agilent Technologies), RNA-seq was performed using the
HiSeq 2000 platform (Illumina, Inc., San Diego, CA, USA).
Validation of back-splice junctions of circRNAs

Total RNA was reverse transcribed into complementary DNA
(cDNA) using PrimeScript RT Master Mix (TaKaRa Biotechnology
(Dalian) Co., Ltd., Dalian, China) by polymerase chain reaction (PCR)
with random primers. Convergent primers were designed for liner
mRNA production while divergent primers targeting the predicted
backspliced region were designed for the circular form. cDNA was
amplified using convergent and divergent primers, respectively, to
confirm whether the circRNA was a transcription product of pre-
mRNA. Genomic DNA was isolated using the QIAamp® DNA Mini
Kit (Qiagen France SAS, Les Ulis, France). The fragments amplified
by PCR were separated by 1% agarose gel electrophoresis and
confirmed by Sanger sequencing. The primers of hsa_circ_0001438,
hsa_circ_0001326, and hsa_circ_32340 for circular form identifi-
cation are listed in Table 2.
Quantitative real-time PCR (qPCR)

To quantify the expression of the circRNAs, cDNA was amplified
using the SYBR Real-time PCR Master Mix kit (Toyobo Co., Ltd.,
Osaka, Japan) with divergent primers. The amplification reaction
was performed using an ABI 7500 real-time PCR system (Applied
Biosystems, Carlsbad, CA, USA). The relative expression profiles of
circRNAs were determined using the 2�DDCt method.
Bioinformatics analysis

Reads sequenced with the HiSeq 2000 platform were used for
circRNA prediction, circRNA expression, and mRNA expression
profile analysis. Clean reads were aligned to the human reference
genome GRCh37/hg19 using Burrows-Wheeler Alignment Tool
0.7.13 followed by CIRI software for circRNA prediction and anno-
tation (https://omictools.com/ciri-tool). The mRNA reads were
mapped to GRCh37/hg19 genome using TopHat v2.1.0 (https://ccb.
jhu.edu/software/tophat/index.shtml). CircRNAs and mRNAs that
meet the criteria of log2 fold change, as calculated with PE/Normal
>1 and an adjusted probability (p) value of <0.005, were identified
as differentially expressed. The fold change of each circRNA/mRNA
was calculated based on the “reads per kilobase permillionmapped
ia Normal control p value

30 e

31.72 ± 5.3 0.562
114.03 ± 8.92 <0.0001

5 74.8 ± 8.04 <0.0001
.42 221.47 ± 58.85 0.089

39.09 ± 0.55 <0.001
e e

10 <0.0001
3.25 ± 0.29 0.0021
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Table 2
Primer sequences.

Primer name Primer sequence

hsa_circ_0001438 convergent ATTGGCCAACACCAAGTGAA; GCCTCATCCTCACTGACGTTT
hsa_circ_0001438 divergent ACAGCAAAGAAAACCGGGAAAC; TTTGTCTTGAGCTTTCCTGCCT
hsa_circ_0001326 convergent AGTCTGTGTTTGAGGAAGCCC; GTGCTCCTGGGGGTAAAGAA
hsa_circ_0001326 divergent ACCGGAAAATAGCTGAACTGG; GGTGGTCCCAGTAGATAAGCG
hsa_circ_32340 convergent GAATTCACACCAACACCGGC; ATCAAGAAGTCCCCGGTCCT
hsa_circ_32340 divergent GACTTCTTGATTGAGTGACTGC; TCTTCAATGGGTGTGTCAGC
Hsa GAPDH convergent GAGTCAACGGATTTGGTCGT; GACAAGCTTCCCGTTCTCAG
Hsa GAPDH divergent TCCTCACAGTTGCCATGTAGACCC; TGCGGGCTCAATTTATAGAAACCGGG
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reads” algorithm. The p values were adjusted using Benjamini and
Hochberg's approach to control the false discovery rate.

An unsupervised clustering heat map and Volcano plot were
created using R package (https://cran.r-project.org/web/packages/
pheatmap/) to obtain an overview of the expression profiles of
circRNAs and mRNAs. The Gene ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) (http://www.genome.jp/
kegg/) database (adjusted p value <0.05; gene count �2) analysis
were conducted to provide clues into the functions of these
deferentially expressed circRNAs. The analysis of the interactions
among circRNAs, miRNAs, and mRNAs were based on the comple-
mentary pairing principle. The interactions among the circRNAs
and miRNAs were predicted using the MiRanda algorithm (https://
omictools.com/miranda-tool). The interactions between the miR-
NAs and mRNAs were predicted using the miRTarBase database
(https://bio.tools/mirtarbase). miRNAs that target to the differen-
tially expressed circRNAs and mRNAs were predicted by R package
and the common targets shared by circRNAs and mRNAs were used
to construct a circRNA-miRNA-mRNA interaction network and
visualized with Cytoscape_V2_8_3 (https://www.innatedb.ca/
cytoscape-v2.8.3/plugins/).

Statistical analysis

All data analysis were conducted using SPSS version 18.0 soft-
ware (SPSS Inc., Chicago, IL, USA). The relative expression levels of
circRNAs in the sPE group were compared with those in the normal
group using the t-test. A p value of <0.05 was considered statisti-
cally significant.

Results

Expression profiles of circRNAs and mRNAs in the placental tissues of
sPE patients

RNA-seq was performed for the sPE and normal control groups.
Most of the circRNA reads were concentrated within 700 nt, with
the largest proportion within 250 nt (Fig. 1D). A total of 49 circRNA
were differentially expressed in sPE patients, of which 29 (59%)
were upregulated and 20 (41%) were downregulated. A clustering
heat map showed that the differentially expressed circRNAs of the
sPE group had different expression patterns from those of the
normal control group (Fig. 1A). The Volcano Plot map showed that
there were no significant differences in the expression patterns of
most of the circRNAs between the sPE group and normal control
group (black dots), although some of the circRNAs were down-
regulated (green dots), while others were upregulated (red dots)
(Fig. 1C). Analysis of the genomic distributions of the differentially
expressed circRNAs showed that the upregulated circRNAs were
distributed other than on chromosomes 6, 16, 18, 21, and 22, while
the downregulated circRNAs were mainly distributed on
chromosomes 1e5, 8, 10, 12, 14e17, and 19e21 (Fig. 1E). Most of
these differentially expressed circRNAs were distributed in exons,
while relatively few were distributed in introns. In the intergenic
regions, almost no circrRNAs were distributed in gene intervals
(Fig. 1F).

In response to changes in the expression profiles of circRNAs,
differences in mRNA profiles between the sPE and normal groups
were investigated in order to identify mRNAs with potential reg-
ulatory relationships. As shown in Fig. 1B, there were differences in
the expression profiles of many mRNAs, as 251 were upregulated
and 1003 were downregulated in the sPE group. The mRNA
expression profiles differed between the groups.

GO and KEGG analysis

GO and KEGG analysis were conducted to predict the potential
functions of the differentially expressed circRNAs andmRNAs in the
sPE group. As shown in Fig. 2, the differentially expressed circRNAs
and mRNAs fell into the categorical terms of biological processes,
cellular components, and molecular functional blocks, with the
greatest enrichment in terms of biological processes (Fig. 2A and B).
KEGG pathway enrichment analysis revealed that the differentially
expressed circRNAs were mainly enriched in ubiquitin-mediated
proteolysis, the TNF signaling pathway, the MAPK signaling
pathway, human T-lymphotropic virus (HTLV-1) infection,
apoptosis, Chagas disease, the NF-kB signaling pathway, and the
RIG-I-like receptor signaling pathway. Of these, most circRNAs
were associated with the MAPK signaling pathway (Fig. 2C). The
differentially expressed mRNAs were mainly enriched in cancer
pathways, the PI3K-Akt signaling pathway, proteoglycans in cancer,
the cAMP signaling pathway, and the spliceosome pathway, with
most associated with cancer pathways (Fig. 2D).

Hsa_circ_0001438, hsa_circ_0001326, and hsa_circ_32340 were
upregulated in the placental tissues of sPE patients

To identify the backsplicing of circRNAs predicted by the bio-
informatic pipeline, five circRNAs (i.e., hsa_circ_0000239, hsa_-
circ_0001326, hsa_circ_32340, hsa_circ_0001438, and
hsa_circ_0001801) were selected for qPCR analysis. Both divergent
and convergent primers were designed to amplify fragments con-
taining backslicing regions or linear mRNAs. As shown in Fig. 3,
with the divergent primers, fragments containing the backslicing
regions of these five candidate circRNAs were amplified from the
cDNA sample, while the products were absent in the genomic DNA
(gDNA) samples. In contrast to the divergent primers, product
amplified by the convergent primers were present in both the
cDNA and gDNA samples (Fig. 3A), indicating the products ampli-
fied by divergent primers were derived from cDNA only. Further-
more, Sanger sequencing confirmed that the backsplicing junctions
were consistent with the predicted sites (Fig. 3B, D, and F).

https://cran.r-project.org/web/packages/pheatmap/
https://cran.r-project.org/web/packages/pheatmap/
http://www.genome.jp/kegg/
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Fig. 1. The expression profiles of circRNAs and mRNAs in the placental tissues of sPE patients. (A) An unsupervised clustering heat map showing differentially expressed circRNAs
generated with RNA-seq in the placental tissues of normal control (Normal) and sPE patients (sPE). (B) An unsupervised clustering heat map displaying the overview of the
differentially expressed mRNAs in the placental tissues of the normal control group vs. sPE patients, as determined by RNA-seq analysis. (C) A Volcano Plot diagram showing an
overview of the proportion of upregulated (red dots) and downregulated (green dots) circRNAs in the placental tissues of sPE patients. The circRNA length (D), chromosome
distribution (E), and genomic location distribution (F) of the differentially expressed circRNAs in the placental tissues of sPE patients.
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Fig. 2. GO (A and B) and KEGG (C and D) analysis of the differentially expressed circRNAs and mRNAs in the sPE patients. GO and KEGG pathway enrichment analysis of the genes
that produce upregulated and downregulated circRNAs and mRNAs. The expression profiles of both the upregulated and downregulated genes were significantly changed by a fold
change >1.0 or <0.5 and q value < 0.001.
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Of these validated circRNAs, hsa_circ_000143, hsa_-
circ_0001326, and hsa_circ_32340 in 30 placental tissues of sPE
patients were subjected to expression analysis. As expected, in line
with the RNA-seq results, the relative expression levels of hsa_-
circ_000143, hsa_circ_0001326, and hsa_circ_32340 were upregu-
lated in the sPE group (Fig. 3C, E, and G).
Differentially expressed hsa_circ_0001438, hsa_circ_0001326, and
hsa_circ_32340 have an interaction network with the differentially
expressed mRNAs

To further assess the putative roles of hsa_circ_0001438, hsa_-
circ_0001326, and hsa_circ_32340, candidate miRNAs that might
be targets of the three circRNAs and differentially expressedmRNAs
between the sPE and normal control groups that might interact
with these miRNAs were predicted. An interaction network con-
taining three circRNAs, 25miRNAs, and 48mRNAswas constructed.
As shown in Fig. 4, hsa_circ_0001438, hsa_circ_0001326, and
hsa_circ_32340 were in the center of the network and linked to
several miRNAs, which were connected to some theoretic mRNAs
that harbor miRNAs binding sites within the 30 untranslated re-
gions. The largest sub-network was the miR-145-5b network,
which was connected to two circRNAs and 13 mRNA targets.
Discussion

The aim of the present study was to unveil an overview of the
expression profiles of circRNAs and mRNAs in sPE patients using



Fig. 3. Validation and expression profiles of circRNAs. (A) The backsplicing sites of hsa_circ_0001438, hsa_circ_0001326, and hsa_circ_32340 were confirmed by qPCR. The
backsplicing sites of hsa_circ_0001438 (B), hsa_circ_0001326 (C), and hsa_circ_32340 (D) were validated by Sanger sequencing. (C, D, and E) The circRNAs hsa_circ_0001438,
hsa_circ_0001326, and hsa_circ_32340 were differentially expressed in the placental tissues of sPE patients, as determined by qPCR analysis.
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Fig. 4. The circRNA-miRNA-mRNA interaction network constructed with cytoscape. The network consists of three circRNAs (i.e., hsa_circ_0001438, hsa_circ_0001326, and hsa_-
circ_32340) (green nodes), miRNAs (red), and their target genes (yellow).
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RNA-seq analysis. The 29 upregulated and 20 downregulated
circRNAs were enriched in the GO terms of biological processes and
pathways of ubiquitin-mediated proteolysis, the TNF signaling
pathway, theMAPK signaling pathway, HTLV-1 infection, apoptosis,
Chagas disease, the NF-kB signaling pathway, and the RIG-1-like
receptor signaling pathway. Further analysis revealed that the
differentially expressed mRNAs were primarily enriched in cancer
pathways, the PI3K-Akt signaling pathway, proteoglycans in cancer,
the cAMP signaling pathway, and spliceosome pathway. In partic-
ular, the results confirmed the upregulation of hsa_circ_0001438,
hsa_circ_0001326, and hsa_circ_32340 in sPE patients for the first
time, and predicted a theoretical circRNA-miRNA-mRNA interac-
tion network.

We confirmed that the expression levels of hsa_circ_0001438
(derived from LARP1B), hsa_circ_0001326 (PHLDB2), and hsa_-
circ_32340 (SHANK2) were upregulated in the placental tissues of
sPE patients. In previous reports, none of the three circRNAs had
been validated with no evidence of functions in human diseases.
However, a previous study indicated that the parental genes were
involved in placental growth and development, which may be
linked to complications during pregnancy and/or abnormal infant
development. As a member of the LARP family, LARP1B plays an
important role in transcription and/or mRNA translation, as well as
the promotion of cellular proliferation, migration, and invasion
[16]. In macrosomia, placental expression of PHLDB2 is upregulated
[17], which is associated with growth abnormalities of the infant.
Differentially methylated CG-cites of PHLDB2 have been identified
in neonatal cord blood and are predicted to be included in the
single nucleotide polymorphism networks of placental abruption
[18]. In addition, SHANK2 in the placenta is associated with infant
neurobehavioral development [19]. Since the circRNAs were the
product of backsplicing of pre-mRNAs, their function may be
closely related with the functions of the parental genes. Indeed, a
previous study revealed that circZKSCAN1 and its linear isoform
ZKSCAN1 mRNA were downregulated and both function in hepa-
tocellular carcinoma growth and metastasis inhibition [20].

circRNAs are a type of endogenous RNAs that regulate gene
expression by functioning as miRNA sponges. An extreme case of a
miRNA sponge is CDR1as (also termed ciRS-7), which contains
more than 70 conventional binding sites for miR-7 [21]. The bind-
ing of CDR1as to miR-7 results in relief of the decrease in miR-7-
regulated mRNAs, such as CCNE1, PIK3CD, p70S6K, and Myrip
[22e24]. This regulatory relationship is also known as a competi-
tive endogenous RNA (ceRNA) mechanism. In the present study,
RNA-seq was conducted in order to obtain an overview of the
expression profiles of potential competitive mRNAs of circRNAs.
Theoretically, the differentially expressed circRNAs may cluster in
pathways that at least partially cover differentially expressed
mRNAs. Interesting, the global expression patterns of differentially
expressed circRNAs and mRNAs are not stringently parallel. The
most enriched pathway of the circRNAs was the MAPK signaling
pathway, while the most enriched pathway of the differentially
expressed mRNAs was the cancer pathway. We supposed that this
non-parallel change between circRNAs and mRNAs may due to the
complicated regulatory networks in the human body. The expres-
sion profiles of numerous molecules, including those observed in
the current study, had changed during sPE. However, the ceRNA
mechanism is only one of the possible mechanisms that affect
disease outcome, as other possible pathways involving peptides
and proteins that are directly produced by circRNAs [25] may also
contribute to cell fate and sPE progression.

Despite the differences in the primary functional enriched
pathways between the group of circRNAs andmRNAs, the functions
of the identified signaling pathways were all associatedwith PE. For
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instance, invasion and differentiation of trophoblast cells are hall-
mark biological events during placental development [26]. The
MAPK signaling pathway is reported to function in the regulation of
trophoblast invasion, a key event in the pathogenesis of PE [27].
Pathways in cancer, such as apoptosis, hypoxia, and the HIF
pathway have been suggested to contribute to placental differen-
tiation [28e30]. Therefore, our findings support the idea that
multiple pathways contribute to the etiology of PE [31].

Though we were unable to identify all pathways that may
contribute to sPE development, we generated a circRNA-miRNA-
mRNA interaction network that outlined the ceRNA mechanism
underlying the upregulation of hsa_circ_0001438, hsa_-
circ_0001326, and hsa_circ_32340. Within the proposed network,
several miRNAs and mRNAs were involved in certain pathophysi-
ological processes when separately analyzed. In the network, the
miR-145-5p subset was the largest, containing 13mRNAs, including
ROCK1, MMP12, and JAG1, which are involved in oxidative stress in
trophoblasts, placental development, and endovascular remodeling
[32e34] during PE. Especially, evidence shows that miR-145-5p is
involved in the regulation of trophoblast invasion via down-
regulation of Cyr61 [35]. In the present study, miR-145-5p and
Cyr61 were included the circRNA-miRNA-mRNA interaction
network. Hence, it is reasonable to suggest that these three cirRNAs
are involved in PE pathogenesis.

Conclusion

In summary, we characterized the global profiling of cirRNAs in
sPE patients by RNA-seq analysis. Furthermore, we identified three
circRNAs that were upregulated in sPE and predicted a regulatory
network involving trophoblast infiltration, placental development,
and endovascular remodeling. It will be of great importance to
validate the function of circRNAs in PE in the future. The upregu-
lated circRNAs could function as biomarkers for the diagnosis of
sPE.
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