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circRNA-DURSA regulates trophoblast
apoptosis via miR-760-HIST1H2BE axis
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Unexplained recurrent spontaneous abortion (URSA) is one of
themost intractable clinical challenges in reproduction.As a spe-
cific type of endogenous non-coding RNA, circular RNAs
(circRNAs) have great pre-clinical diagnostic and therapeutic
values in diseases. Recently, thousands of circRNAs were de-
tected in human pre-implantation embryos, indicating that
circRNAspotentiallyhave important regulatory functions.How-
ever, the roles of circRNAs inURSA remain largely unknown. In
this study, we elucidated deregulated circRNA expression and
distinct competing endogenous RNA (ceRNA) networks by
comparing URSA placental villus with that of patients with
normal pregnancy using microarrays. We characterized a
distinct circRNA, circRNA-0050703, which is downregulated
in URSA placental villus (thus we named it circRNA-DURSA).
Silencing of circRNA-DURSA results in trophoblast cell
apoptosis in vitro. Furthermore, mechanistic dissection revealed
that circRNA-DURSA exerts its effects by competitively binding
to miR-760, which post-transcriptionally targets HIST1H2BE.
Additionally, after circRNA-DURSA silencing in vivo, the
numbers of implanted embryosdecreased significantly. These re-
sults reveal the regulatory roles of circRNA-DURSA in tropho-
blasts and identified a distinct circRNA-DURSA/miR-760/
HIST1H2BE axis as potentially important diagnostic and thera-
peutic targets for URSA treatment.
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INTRODUCTION
Of all childbearing couples, 1%–5% suffer from great physical and
psychological injury caused by recurrent spontaneous abortion
(RSA).1 RSA usually refers to two or more failed clinical pregnancies
according to RSA guidelines of the American Society for Reproduc-
tive Medicine (ASRM) and the European Society for Human Repro-
duction and Embryology (ESHRE).1,2 The causes of RSA involve
genetic factors, maternal anatomy abnormalities, endocrine disor-
ders, autoimmune diseases, environmental factors, and coagulop-
athy and psychological factors. However, in 30%–40% of RSA cases
no cause can be identified.3,4 These cases are termed unexplained
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RSA (URSA) and lack effective clinical interventions and means of
early diagnosis.5 As one of the most intractable clinical challenges
in reproduction, URSA is a bewildering threat to childbearing cou-
ples. Therefore, determining the underlying pathogenesis of URSA
is required for the development of effective treatments for patients
with URSA.

There are many mechanisms involved in URSA, including embryo
implantation and placentation, which are principal but complicated
processes of pregnancy establishment. Trophoblasts play an integral
role during implantation and placental development, and increased
trophoblast apoptosis causes placenta dysregulation, which leads to
URSA.6,7 The regulation of trophoblast apoptosis is partially under-
stood at the transcriptional level,8 but little is known about its regu-
lation at the post-transcriptional level. Therefore, a comprehensive
understanding of the post-transcriptional mechanisms underlying
trophoblast apoptosis is essential for improving URSA diagnosis
and treatment.

Non-coding RNAs (ncRNAs), including microRNAs (miRNAs),
long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs),
are important regulators of gene expression, including post-tran-
scriptional regulation, in various diseases.9–12 Overwhelming evi-
dence shows that miRNA alterations are closely related to various
disease processes by binding to the 30 untranslated regions (UTRs)
of target mRNAs.13 In the placenta, at least 500 different miRNAs
have been identified.14 These miRNAs are involved in placental
y: Nucleic Acids Vol. 26 December 2021 ª 2021 The Authors. 1433
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2021.06.012
mailto:zhuyim@zju.edu.cn
mailto:syqufan@zju.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.06.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
formation and pregnancy maintenance.15,16 As a recently high-
lighted type of endogenous ncRNA, circRNAs are stable because
they form a continuous covalently closed loop without a 50 cap struc-
ture or 30 poly(A) tail. circRNAs are involved in various diseases,17

including liver cancer,18 breast cancer,19 and cardiovascular dis-
eases.20 circRNAs have tissue-specific and developmental stage-spe-
cific expression patterns, and they are found to distinctly participate
in multiple cellular biological and pathological processes, including
apoptosis, proliferation, angiogenesis, differentiation, and inva-
sion.21–24 In particular, researchers have identified more than
10,000 circRNAs in human pre-implantation embryos, with the pro-
portion gradually increasing to 25% from the eight-cell stage to the
morula stage, suggesting that they perform specific roles in human
pre-implantation development.25 Recently, circRNAs have been
shown to be involved in pathological pregnancies, such as in pre-
eclampsia26 and repeated implantation failure,27 through regulating
trophoblasts or endometrial functions. circRNA alterations may be a
part of the dynamic change that occurs during human embryonic
and placental development, and disruption of this function may be
extensively involved in URSA.

In this study, circRNAs expression patterns were identified and their
molecular biological features were characterized for the first time in
the human URSA placental villus. We demonstrate that circRNA-
0050703 is aberrantly downregulated in URSA placental villus (so
we named it circRNA-DURSA), which subsequently induces tropho-
blast cell apoptosis. Furthermore, we identified that the circRNA-
DURSA/miR-760/HIST1H2BE axis plays an important role in regu-
lating trophoblast cell apoptosis. These findings may provide novel
mechanistic and clinical insights and provide promising therapeutic
targets for future management of URSA.

RESULTS
Differential expression profiles of circRNA and ceRNA networks

in URSA and normal pregnancy

With the advances in microarray and sequencing technologies,
circRNAs have been identified in many tissues across different spe-
cies, prompting research into new circRNA-based diagnostic and
therapeutic tools.11,24 To assess circRNA expression and distinct
competing endogenous (ceRNA) networks in URSA, we performed
a ceRNA microarray. The results revealed 290 upregulated and 374
downregulated circRNAs (fold change > 2.0 and p < 0.05) in URSA
placental tissues (n = 4) compared with normal controls (n = 4) (Fig-
ures 1A–1C). A summary of the upregulated and downregulated
circRNAs from different chromosomes is shown in Figure 1D.
In recent studies, circRNAs have been found most commonly inter-
acting with miRNAs through ceRNA mechanisms,28 so we predicted
circRNA-miRNA-mRNA networks based on microarray results in
these two groups (Figure 1E; Figure S1). We found that key circRNAs
and their network targets always had the largest degrees. Therefore,
we focused on the top five most significant circRNAs in URSA
compared with normal controls (Figure 1F). Consistent with the mi-
croarray assay results, qRT-PCR analysis further confirmed the levels
of these five top circRNAs (Figure 1G). To conclude, our analysis
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identified circRNA expression and distinct ceRNA networks in
URSA.

The characteristics and clinical features of circRNA-DURSA

Functional screening of these circRNAs showed that silencing of
circRNA-0050703, circRNA-0042563, or circRNA-0042569 signifi-
cantly decreased cell viability in HTR8/SVneo cells (Figure 2A),
and that circRNA-0050703 had the most impact. Propidium iodide
(PI)/annexin V flow cytometry assays further showed that
circRNA-0050703 silencing most significantly induced apoptosis in
HTR8/SVneo cells (Figure 2B). Importantly, qRT-PCR of URSA
(11 cases) and normal pregnant (11 cases) samples in early pregnancy
showed that circRNA-DURSA levels were significantly decreased in
URSA (Figure 2C). Hence, we renamed this molecule circRNA-
DURSA (downregulated in URSA placental villus) and focused on
its role in apoptosis in URSA. The circBase database revealed that
circRNA-DURSA is located on chromosome 19, is 971 bp in length,
and consists of nine WDR62 gene exons (exons 14–22) (Figure 2D).
To avoid trans-splicing or genomic rearrangements, we designed
convergent and divergent primers to amplify circRNA-DURSA using
complementary DNA (cDNA) and genomic DNA (gDNA) from
HTR8/SVneo cells. circRNA-DURSA was amplified from cDNA
only by divergent primers, and no amplification product was
observed from gDNA. Next, we confirmed head-to-tail splicing in
the circRNA-DURSA RT-PCR product of the expected size using
Sanger sequencing (Figure 2D). Then, we designed primers for
WDR62 mRNA and circRNA-DURSA to evaluate their resistance
to actinomycin D (an inhibitor of transcription) treatment. As shown
in Figure 2E, circRNA-DURSA was more stable and resistant to acti-
nomycin D treatment than wasWDR62mRNA. Moreover, circRNA-
DURSA was resistant to RNase R exonuclease digestion (Figure 2F),
while WDR62 mRNA was not. Taken together, these data confirm
that circRNA-DURSA is a circular RNA.

Fluorescence in situ hybridization (FISH) assays were used to assess
circRNA-DURSA subcellular location. We found that circRNA-
DURSAwaspredominantly andabundantly expressed in the cytoplasm
(Figure 2G). Furthermore, we assessed the expression and localization
of circRNA-DURSA in human pre-implantation embryos. At the
zygote, two-cell, morula, and blastocyst stages, circRNA-DURSA was
mainly expressed in the cytoplasm (Figure 2H).

circRNA-DURSA regulates apoptosis in trophoblast cells

We performed loss-of-function experiments in the HTR8/SVneo cell
line and in human primary trophoblast cells. We designed two small
interfering RNAs (siRNAs) targeting the back-splicing junction of
circRNA-DURSA, and siRNA-1 showed better silencing efficiency
(Figure 2I). Results showed that circRNA-DURSA silencing in
HTR8/SVneo trophoblast cells and in human primary trophoblasts
significantly promotes trophoblast apoptosis (Figures 2J–2L). At the
molecular level, cell death is primarily executed via caspase-3 activa-
tion. Caspase-3 activity was measured and was drastically increased
with circRNA-DURSA silencing (Figure 2M). In order to identify
the collateral effect of siRNA-mediated circRNA-DURSA silencing,



Figure 1. Differential expression profiles of circRNA and ceRNA networks in URSA and normal pregnancy

(A) Scatterplot of differential circRNA expression in placental villus of patients with normal pregnancy and URSA in early pregnancy. (B) Volcano plot shows the different

circRNA expression in these two groups. (C) Hierarchical cluster analysis of upregulated and downregulated circRNAs in four pairs of normal pregnancy and URSA placental

villus; red is higher expression and blue is lower expression. (D) Number of differentially expressed circRNAs in different chromosomes. (E) Flowchart of the steps used to build

the ceRNA network in URSA villus. (F) Characterization of five top circRNAs in the ceRNA network. (G) Validation of microarray results by qRT-PCR analysis of top five

circRNAs in the ceRNA network (circRNA-0050703, circRNA-0046770, circRNA-0042563, circRNA-0042569, circRNA-0046769) in four pair cases. Three different in-

dependent experiments with three technical repetitions were performed. Data are expressed as the mean ± SEM. *p < 0.05. NS, not significant.
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WDR62 mRNA and protein levels were detected while silencing
circRNA-DURSA. As shown in Figure S2, circRNA-DURSA silencing
did not affect WDR62 expression at mRNA and protein levels. Taken
together, these results demonstrate that circRNA-DURSA is downre-
gulated in URSA placental villus and can prevent trophoblast cell
apoptosis.
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Informatics reveals the circRNA-DURSA/miR-760-HIST1H2BE

axis

circRNAs were recently reported to function through ceRNA mecha-
nisms in various diseases.29 Our predicted ceRNA network revealed
that circRNA-DURSA was mainly able to bind to miR-760, which
could target nine mRNAs. Among these nine mRNAs, HIST1H2BE
was the only one that was also included in the top 20 target genes pre-
dicted using TargetScan and microT-CDS databases (Figure 3A). The
binding sites of circRNA-DURSA and miR-760 were also confirmed
by miRanda and RNAhybrid databases. Therefore, we hypothesized
that circRNA-DURSAmay retainmiR-760 in the cytoplasm and indi-
rectly promote HIST1H2BE expression. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses revealed apoptosis among
the top five significantly enriched pathways downstream of miR-760
(Figure S3A). Gene Ontology (GO) enrichment analyses further indi-
cated that miR-760might be involved in DNA binding and chromatin
organization (Figure S3B).

circRNA-DURSA acts as an miR-760 sponge

To explore the function of miR-760 in trophoblast cells, an miR-760
mimic was used to overexpress miR-760. Results indicated that miR-
760 overexpression in HTR8/SVneo trophoblast cells and in human
primary trophoblasts significantly induced trophoblast apoptosis
(Figures 3B–3D). RNA pull-down assays showed abundant enrich-
ment of circRNA-DURSA pulled down by biotin-miR-760 in
HTR8/SVneo cells (Figure 3E). Consistently, the biotinylated
circRNA-DURSA probe captured more miR-760 than did the control
probe, suggesting that circRNA-DURSA could bind to miR-760
(Figure 3F). To reveal the functional integration between circRNA-
DURSA and miR-760, psiCHECK-2-circRNA-DURSA and a psi-
CHECK-2-circRNA-DURSA mutant were constructed; the mutation
was based on the predicted miR-760 binding sites in circRNA-
DURSA (Figure 3G). Dual-luciferase reporter assays revealed that
miR-760 mimics could significantly attenuate luciferase activity in
the wild-type group but not in the mutant group (Figure 3H). To
explore the subcellular location of miR-760, FISH assays were
performed. The results show that miR-760 is predominantly and
abundantly expressed in the cytoplasm, and that circRNA-DURSA
downregulation does not change miR-760 cellular localization (Fig-
ure 3I). To further verify the binding of circRNA-DURSA and
Figure 2. Characterization of circRNA-DURSA

(A) CCK-8 assays of HTR8/SVneo cells transfected with circRNA-0050703, circRNA-00

cytometric analysis of cell apoptosis in HTR8/SVneo cells transfected with circRNA-005

circRNA-DURSA in villus tissues of normal pregnancy and URSA (n = 22). (D) (Top) Schem

PCR products using divergent and convergent primers showing circularization of circRN

the “head-to-tail” splicing sites of circRNA-DURSA according to Sanger sequencing. (E)

circRNA-DURSA and linear WDR62mRNA expression in HTR8/SVneo cells treated with

in HTR8/SVneo cells. DAPI solution was used to stain the nuclei. (H) RNA FISH showe

different siRNAs were designed for targeting the back-splicing junction of circRNA-DURS

circRNA-DURSA or si-circRNA-NC, and the expression of circRNA-DURSAwas detecte

carried out in the groups transfected with si-circRNA-DURSA or si-NC. Cell morpholo

viability. OD values were obtained at 24, 48, and 72 h after transfection. (L) Flow cytom

activity was measured to determine the activation level of the caspase-3 protein. Three

Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not s
miR-760, we designed sequence-specific morpholino antisense oligo-
nucleotides (MAOs) targeting the miR-760 binding site on circRNA-
SORE (50-AGGCTCTGTGGCTCCAGTGA-30). The biotinylated
circRNA-DURSA probe captured less miR-760 in HTR8/SVneo cells
treated with MAO targeting circRNA-DURSA (MAO-DURSA) than
in those treated with control MAO (MAO-NC) (Figure 3J). Consis-
tently, the biotinylated miR-760 probe captured less circRNA-
DURSA in HTR8/SVneo cells treated with MAO-DURSA than in
those treated with MAO-NC (Figure 3K). Taken together, these re-
sults show that circRNA-DURSA can regulate trophoblast apoptosis
via miR-760 sponging to regulate trophoblast apoptosis.

circRNA-DURSA regulates trophoblast apoptosis via the miR-

760-HIST1H2BE axis

Next, we sought to identify the roles of miR-760 and HIST1H2BE in
URSA. circRNA-DURSA silencing or miR-760 overexpression signif-
icantly decreased HIST1H2BE mRNA and protein levels in HTR8/
SVneo cells and in human primary trophoblast cells (Figures 4A
and 4B). Rescue assays showed that the miR-760 inhibitor could
partially reverse the effect of siRNA (si-)circRNA-DURSA on cell
viability, apoptosis, and caspase-3 activity in trophoblast cells (Fig-
ures 4C–4F). qRT-PCR and western blot analyses further indicated
that miR-760 inhibitor could partially abolish si-circRNA-DURSA-
mediated suppression of HIST1H2BE at both the mRNA and protein
levels (Figures 4G and 4H).

To validate whether miR-760 directly targets the HIST1H2BE-30

UTR, psiCHECK-2-HIST1H2BE-30 UTR and the psiCHECK-2-
HIST1H2BE-30 UTR mutant were constructed based on TargetScan
predicted binding sites (Figures 4I and 4J). Dual-luciferase reporter
assays showed that miR-760 mimics significantly decreased the lucif-
erase activity in the wild-type group, but not in themutant group (Fig-
ure 4K). These results support the contention that HIST1H2BE-30

UTR and miR-760 interact directly. Importantly, HIST1H2BE
mRNA and protein levels were also significantly lower in URSA
placenta villus than in placenta villus from patients with normal preg-
nancies (Figures 4L–4N).

Taken together, these experiments show that miR-760 can directly
target the 30 UTR of HIST1H2BE and that circRNA-DURSA could
46770, circRNA-0042563, circRNA-0042569, or circRNA-0046769 siRNA. (B) Flow

0703, circRNA-0042563, and circRNA-0042569 siRNA. (C) Relative expression of

atic diagram of genomic location and splicing of circRNA-DURSA. (Bottom left) RT-

A-DURSA. GAPDH was used as a negative control. (Bottom right) Arrow represents

circRNA-DURSA resistance to actinomycin D (ActD) was detected by qRT-PCR. (F)

RNase R. (G) RNA FISH showed the expression and localization of circRNA-DURSA

d the localization of circRNA-DURSA in human pre-implantation embryos. (I) Two

A. HTR8/SVneo cells and human primary trophoblast cells were transfected with si-

d by qRT-PCR to select themost effective siRNA. (J) The experiments of (J)–(M) were

gy was determined by microscopy. (K) CCK-8 assays were used to determine cell

etric analysis of cell apoptosis in treated primary trophoblast cells. (M) Caspase-3

different independent experiments with three technical repetitions were performed.

ignificant.
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regulate trophoblast cell apoptosis via the miR-760-HIST1H2BE
axis.

Silencing circRNA-DURSA inhibits embryo implantation and

placentation in vivo

To further validate the findings in vitro, the in vivo pregnant ICRmice
model was applied as described in Materials and methods and Fig-
ure 5A. Consistent with the in vitro results, the numbers of embryos
implanted in si-circRNA-DURSA-treated mice were significantly
fewer than those implanted in the si-control-treated mice (Figures
5B and 5C; p < 0.01), indicating that administration of 10 nmol of
si-circRNA-DURSA significantly increases embryo resorption.

DISCUSSION
URSA is an intractable threat to women of reproductive age worldwide
and lacks interventional targets for clinical management. Numerous
studies have explored themolecularmechanisms ofURSA, yet its path-
ophysiology remains largely unclear. To date, numerous theories on
URSA pathogenesis have emerged, including poor decidualization,
increased trophoblast cell apoptosis, impaired trophoblast invasion,
and abnormal spiral artery remodeling.30,31 As the main constituent
cells of the human placenta, the crucial role of trophoblasts has been
known for decades. Deficiencies in trophoblast cell function can lead
to pregnancy loss, pre-eclampsia, and intrauterine growth restric-
tion.32,33 The balance between trophoblast proliferation and apoptosis
contributes to the success of pregnancy, as trophoblast invasion ap-
pears to be controlled by apoptosis.8 Increasing numbers of studies
have demonstrated that apoptosis is notably exaggerated in
URSA.6,34 It is reported thatPrdx2plays a role in regulating trophoblast
proliferation and apoptosis in the pathogenesis of RSA.31 Aberration of
macrophage-induced FasL-mediated apoptosis may represent one
cause of recurrent miscarriage.35 However, the regulatory mechanism
of trophoblast cell apoptosis is very complex, and many aspects of this
process remain unknown. Therefore, this study was designed to iden-
tify novel molecular diagnostic and therapeutic targets for URSA.

Recent studies indicate that ncRNAs are associated with pregnancy.
circRNA-0004904 and circRNA-0001855 have been reported as poten-
tial biomarkers for the prediction of pre-eclampsia.26 Altered circRNA
expression was also observed in the endometrium of patients with
repeated implantation failure.27 circRNAs have also been found
in the processes of early spontaneous abortion.16,36 Importantly,
Figure 3. circRNA-DURSA regulates trophoblast apoptosis via sponging miR-7

(A) Flowchart showing the steps used to screen the target genes of miR-760. The interac

mRNAs (gray) were exhibited. (B) Cell morphology by microscopy. HTR8/SVneo cells an

mimic. The experiments of (B)–(D) were carried out in the groups above. (C) CCK-8 assa

after transfection. (D) Flow cytometric analysis of cell apoptosis in treated HTR8/SVneo

using a miR-760 or control probe. (F) RNA pull-down assays for miR-760 using a circRN

psiCHECK-2-circDURSA-wild-type (WT) or psiCHECK-2-circDURSA mutant and miR

normalized with Renilla activity. (I) The co-localization of circRNA-RNA (red) and miR-76

cells transfected with si-NC or si-circRNA-DURSA. Cell nuclei were counterstained wit

targeting the miR-760 binding site on circRNA-SORE were designed. Pull-down assay

miR-760 or control probe. (K) Pull-down assays treated with MAO-DURSA or MAO-NC

with three technical repetitions were performed. Data are expressed as the mean ± SE
circRNAs are abundantly expressed in human pre-implantation em-
bryos, prompting us to clarify the roles of circRNA inURSA. circRNAs
are generally derived fromone ormore exons of known protein-coding
genes through back-splicing. circRNAs often regulate target genes in
human diseases through sponging miRNAs, which are suppressors of
mRNA translation or stability.37 This understanding uncovers a new,
complicated post-transcriptional regulatory network and mechanism.
For example, circAGFG1 can promote triple-negative breast cancer
progression by sponging miR-195-5p.19 circMTO1 acts as the sponge
of miR-9 to suppress hepatocellular carcinoma progression.38

circMFACRmediates cardiomyocyte death viamiRNA-dependent up-
regulation of MTP18 expression.39 It is well accepted that gene expres-
sion is altered in trophoblast cells of women with URSA.40,41 However,
to date, the circRNAs and their related ceRNA networks in URSA are
largely unknown. In this study, we demonstrate a global circRNA-
miRNA-mRNAnetwork for thefirst time, to the best of our knowledge.
This network allows us to decipher the ceRNA mechanisms related to
URSA. From these complex post-transcriptional regulatory networks,
specific circRNAs are likely to be candidate biomarkers or molecular
targets for URSA. Comparison of the circRNA interaction degrees in
the ceRNA networks in placental villus of URSA and control allowed
us to identify the top five circRNAs that significantly downregulated
in the URSA group. Using this approach, we identified that circRNA-
DURSA plays an anti-apoptotic role in the progression of URSA.
FISH assay results indicated that circRNA-DURSA is located in cyto-
plasm in trophoblast cells and human pre-implantation embryos, sug-
gesting that circRNA-DURSA function might occur through ceRNA
mechanisms in URSA. Notably, circRNA-DURSA was also expressed
in lower levels in URSA placental villus than in samples from normal
pregnancies in the early pregnancy stage, suggesting that circRNA-
DURSA has diagnostic and prognostic value. Importantly, silencing
circRNA-DURSA significantly increased the embryo resorption rate
in vivo in the pregnant ICRmice model, further supporting the poten-
tial therapeutic merits of circRNA-DURSA for patients with URSA.

Through bioinformatics analyses, the specific circRNA-DURSA was
predicted to function as a ceRNA by harboring miR-760, which elim-
inates miR-760-mediated HIST1H2BE suppression. As a H2B coding
gene, HIST1H2BE is a potential target gene of miR-760 in the
circRNA-DURSA ceRNA network. This was confirmed in two other
databases. Histone proteins, including H3, H4, H2A, H2B, and H1,
are the primary components of chromatin and are synthesized in large
60

tion of the circRNA-DURSA (blue), two targeted miRNAs (yellow), and nine targeted

d human primary trophoblast cells were transfected with miR-760 mimic or miR-NC

ys were used to determine cell viability. OD values are obtained at 24, 48, and 72 h

cells and primary trophoblast cells. (E) RNA pull-down assays for circRNA-DURSA

A-DURSA or control-probe. (G and H) HTR8/SVneo cells were co-transfected with

-760, or miR-NC. Luciferase activity was detected with luciferase reporter assays,

0 (green) was observed by fluorescence in situ hybridization (FISH) in HTR8/SVneo

h DAPI (blue). (J) Sequence-specific morpholino antisense oligonucleotides (MAOs)

s treated with MAO-DURSA (MAO targeting circRNA-DURSA) or MAO-NC using a

using a circRNA-DURSA or control probe. Three different independent experiments

M. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant.
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amounts to package newly replicated DNA. However, a histone
shortage or excess blocksDNA replication and triggers genomic insta-
bility in mammals, which is closely associated with apoptosis. Indeed,
DNA-templated processes, including DNA repair, are dependent on
protein-DNA interactions that are restricted by histones in nucleo-
somes.42,43 HIST1H2BE levels are critical for cell growth and estrogen
response in breast cancer.44 In this study, lower HIST1H2BE expres-
sion levels were detected in placental villus of URSA samples, suggest-
ing that HIST1H2BE has unique roles in URSA. Of interest, another
study found that histone mRNA was upregulated and miR-760 was
downregulated, suggesting that the miR-760/histone mRNA axis has
a crucial role in gastric cancer development.45 Recently, it was reported
that miR-760 is involved in multiple cellular processes, including cell
viability, proliferation, metastasis, and apoptosis.46,47 miR-760 has
also been identified as a potential distinct biomarker for the early
detection of colorectal cancer.48 However, the roles of miR-760 in
URSA have remained elusive. Our pull-down assay and luciferase re-
porter gene assay results show that miR-760 directly binds circRNA-
DURSA in vitro. Moreover, in silico prediction and KEGG pathway
analyses revealed that apoptosis is the most significantly enriched
miR-760 targeted pathway.We also demonstrated that miR-760 over-
expression can promote trophoblast apoptosis in vitro, leading to
URSA. Luciferase reporter gene assays confirmed that miR-760 can
inhibit HIST1H2BE expression through binding to its 30 UTR. More-
over, we identify the distinct circRNA-DURSA/miR-760/HIST1H2BE
regulatory axis that is involved in trophoblast apoptosis.

There are several limitations to this study. circRNAs exert biological
functions through protein binding,49 peptide coding,50 and transcrip-
tion activation. Additionally, other modes of circRNA-DURSA func-
tion are still possible in URSA, rendering further investigation neces-
sary in future studies. Finally, the pathogenesis of URSA is far more
complicated than it appears to be, which needs further exploration.

In conclusion, we have provided the first evidence that the circRNA
expression pattern is significantly altered in URSA placental villus.
The circRNA-miRNA-mRNA network suggests that circRNA plays
roles in the pathophysiological process of URSA. circRNA-DURSA,
a distinct downregulated circRNA in URSA placental villus, functions
as a ceRNA by harboring miR-760, eliminating its suppression of
HIST1H2BE expression and protecting trophoblasts from apoptosis
Figure 4. circRNA-DURSA regulates trophoblast apoptosis via the miR-760-HI

(A) HIST1H2BE mRNA and protein expression in HTR8/SVneo cells and primary huma

PCR and western blot analysis of HIST1H2BEmRNA expression and protein in HTR8/SV

mimic. (C) Cell morphology by microscope. HTR8/SVneo cells were transfected with si-

The experiments of (C)–(H) were carried out in the three groups above. (D) Cell viability in t

at 24, 48, and 72 h after transfection. (E) Flow cytometric analysis of cell apoptosis in tre

activity was measured to determine the activation level of the caspase-3 protein in the th

treated HTR8/SVneo cells. (H) Western blot assays were performed to measure the H

showing the putative binding sites of miR-760 related to HIST1H2BE. (J and K) HTR

psiCHECK-2-HIST1H2BE-30 UTR mutant and miR-760, or miR-NC. Luciferase activit

HIST1H2BE mRNA expression in URSA and normal pregnancy placental villus (n = 2

immunohistochemistry (IHC) in URSA and normal pregnancy placental villus (n = 22). R

different independent experiments with three technical repetitions were performed. Da
(Figure 6). Our results provide distinct insights into the roles and clin-
ical values of circRNA-DURSA in URSA, and they suggest possible
applications for URSA diagnosis and treatment.

MATERIALS AND METHODS
Clinical samples

Placenta villus tissue samples from 15 URSA and 15 normal pregnant
(NP) patients were collected from the Women’s Hospital, School of
Medicine, Zhejiang University, China, between January 2017 and
September 2019. All pregnant women had a gestational age of 6–
12 weeks. Detailed patient information is summarized in the Table
S1. The URSA group included patients with two or more losses of a
clinically established intrauterine pregnancy, and excluded chromo-
somal abnormalities of embryo, abnormal maternal reproductive
tract anatomy, symptoms of endocrine or metabolic diseases, history
of autoimmune disease, and so forth. All tissues were placed immedi-
ately in liquid nitrogen after removal from patients and stored at
�80�C or fixed in 4% formaldehyde and embedded in paraffin until
use. Embryos with arrested development or poor preimplantation
morphology that cannot to be used for transfer from in vitro fertiliza-
tion embryo transfer patients were collected. This study was approved
by the Ethical Review Committee of Women’s Hospital, School of
Medicine, Zhejiang University, and all patients provided informed
consent in accordance with the ethics guidelines.

Microarray analysis and construction of ceRNA network

Placenta villus tissue samples from four URSA and four NP patients
were analyzed using the ceRNA microarray analysis. The microarray
hybridization and collection of data were performed by Shanghai
Biotechnology Cooperation, Shanghai, China. Figure 1E shows the
methodology used to identify the ceRNA interacting genes. The
miRanda method, which is based on dynamic programming (SW al-
gorithm), and computing free energy was used to identify the target
genes of miRNAs and ceRNAs.21–25 Based on this analysis, we built
a circRNA-miRNA-mRNA interaction network. The relationship be-
tween the target and themiRNAwas based on the adjacency matrix of
miRNA and target A = [ai,j], where ai,j represents the weight of the
relationship between the target (i) and its miRNA (j). In the
circRNA-miRNA-mRNA network, the circle represents one edge,
whereas the center of the network represents a degree. The degree de-
notes the contribution of a miRNA to the target gene around it or the
ST1H2BE axis

n trophoblast cells transfected with si-circRNA-DURSA or si-circRNA-NC. (B) qRT-

neo cells and primary human trophoblast cells transfected with miR-NC or miR-760

NC+inhibitor NC, si-circ-DURSA+inhibitor NC, or si-circ-DURSA+miR-760 inhibitor.

reated HTR8/SVneo cells was assessed by CCK-8 assays. OD values were obtained

ated HTR8/SVneo cells and primary trophoblast cells of three groups. (F) Caspase-3

ree groups. (G) HIST1H2BEmRNA expression levels were measured by qRT-PCR in

2B protein expression levels in treated HTR8/SVneo cells. (I) TargetScan database

8/SVneo cells were co-transfected with psiCHECK-2-HIST1H2BE-30 UTR WT or

y was detected with luciferase reporter assays, normalized with Renilla activity. (L)

2). (M and N) HIST1H2BE protein expression was detected by western blot and

epresentative images of H2B expression detected by IHC assays are shown. Three

ta are expressed as the mean ± SEM. *p < 0.05, **p < 0.01. NS, not significant.
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Figure 5. circRNA-DURSA induces embryo resorption in vivo

(A) In vivo pregnant ICR mice model was applied as described in Materials and

methods. Female mice were injected with 10 nmol of si-circRNA-DURSA and

negative control agomir into the lumen of uterine horn adjacent to the oviduct 4 days

after seeing a plug. (B and C) The numbers of embryos implanted in the two groups

were calculated. All data are presented as the mean ± SEM. **p < 0.01.
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contribution of a target to the miRNAs around it. The key miRNAs
and their targets in the network always had the largest degrees.

Immunohistochemistry (IHC)

All tissues were fixed in a formalin solution, dehydrated in ethanol,
embedded in paraffin, and sectioned. After blocking, the slides were
incubated with anti-H2B (Abcam, ab52599) overnight at 4�C. After
washing with PBS, the slides were incubated with goat anti-rabbit
horseradish peroxidase (HRP) (Vector Laboratories, Burlingame,
CA, USA) for 30 min at room temperature. A diaminobenzidine
(DAB) kit (Sigma-Aldrich, St. Louis, MO, USA) was used to detect
the immunohistochemical reactions. The slides were examined under
a phase contrast light microscope (Nikon). Three areas were chosen
randomly from each section for measurement.
1442 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Cell culture and treatment

The human trophoblast cell line HTR8/SVneo was cultured in
DMEM (Life Technologies) with 10% FBS (Gibco), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Human primary trophoblast
cells were isolated from chorionic villous explants as previously
described.51 All cells were cultured at 37�C and 5% CO2 in a humid-
ified atmosphere. For treatment with MAOs, each MAO (GeneTools,
Philomath, OR, USA) was added to culture media at a final concen-
tration of 10 mMalong with Endo-Porter (GeneTools, Philomath, OR,
USA) and incubated for 24 h. The sequence of MAOs targeting the
predicted the binding site of miR-760 in circRNA-DURSA is 50-
AGGCTCTGTGGCTCCAGTGA-30.

Western blotting

Total protein was extracted using radioimmunoprecipitation assay
(RIPA) lysis buffer and determined using a bicinchoninic acid
(BCA) protein assay kit (Beyotime). Equivalent amounts of protein
(30 mg) were separated by SDS-PAGE and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). After blocking membranes with 5% bovine serum albumin
(Sigma, St. Louis, MO, USA), they were incubated with appropriate
dilutions of specific primary antibodies against b-actin (FD0064,
FUDE Biological Technology) and H2B (Abcam, ab52599,
1:10,000). The blots were incubated with HRP-conjugated second-
ary antibodies (1:2,000) and visualized using an electrochemilumi-
nescence (ECL) system (Thermo Fisher Scientific, Rochester, NY,
USA).

Cell Counting Kit-8 (CCK-8) assays

Treated HTR8/SVneo lines cells and human primary trophoblast cells
were seeded into 96-well plates to ensure 2,000 cells/well and incu-
bated in a 5% CO2 atmosphere at 37�C. CCK-8 solution (Yeasen
Biotech, China) was added to each well at 0, 24, 48, and 72 h. The op-
tical density (OD) values were measured with a microplate reader
(BioTek, Winooski, VT, USA) at 450 nm.

RNA isolation and PCR

Total RNA was isolated from tissues and cell lines with TRIzol re-
agent (Invitrogen, Grand Island, NY, USA) according to the manu-
facturer’s instructions. The quality and quantity of isolated RNA
were detected. cDNA was synthesized from approximately 1 mg of
RNA from each sample using Hifair II first-strand cDNA synthesis
SuperMix for qPCR (gDNA digester plus) (Yeasen Biotech). Total
DNAs from cells were extracted using an AxyPrep multisource
gDNA miniprep kit (Axygen, USA). qRT-PCR was performed on
a LightCycler 480 real-time PCR system (Roche Applied Science,
Germany) using Hieff Unicon qPCR SYBR Green master mix
(Yeasen Biotech). The relative mRNA expression or DNA content
was calculated using the DDCt method. The primers are listed in
Table S2.

Oligonucleotide transfection

The transient transfection was held out when cells reached 60%–70%
confluence. si-circRNA, miR-760 mimic, and their related control



Figure 6. Schematic model of circRNA-DURSA/miR-

760/HIST1H2BE functions in URSA
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oligonucleotides were designed and synthesized by RiboBio (Guangz-
hou, China). All transfections were performed by the final con-
centrations of 60 nM for miRNA mimics and 100 nM for miRNA
inhibitor and si-circRNA. Lipofectamine RNAiMAX (Invitrogen,
Carlsbad, CA, USA) was used as transfection medium according to
the manufacturer’s instructions. The sequences used are listed in
Table S2.

Flow cytometry

Treated HTR8/SVneo cells or human primary trophoblast cells (2 �
105 cells/well) were seeded into 24-well plates and incubated over-
night at 37�C. Cells were harvested by trypsin digestion without
EDTA. The apoptosis ratio was measured using an annexin V-fluo-
rescein isothiocyanate (FITC)/PI apoptosis kit (Multi Science, China)
according to the manufacturer’s protocol. Cells were incubated with
5 mL of annexin V-FITC and 10 mL of PI for 5 min in the dark con-
dition. Apoptosis was analyzed by flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA).

Luciferase reporter assay

Potential binding sites were predicted using the TargetScan database.
The linear form of circRNA-DURSA or the 30 UTR of HIST1H2BE
containing the binding site of miR-760 or mutated was cloned down-
stream of the Renilla luciferase gene in the dual-luciferase plasmid
psiCHECK-2 vector (Promega) to construct the psiCHECK-2-
circRNA-DURSA vector or psiCHECK-2-HIST1H2BE-30 UTR vec-
tor. HTR8/SVneo cells (1 � 105 cells/well) were added to a 24-well
plate for transfection. Afterward, 0.8 mg of psiCHECK-2-circRNA-
DURSA vector, psiCHECK-2-HIST1H2BE-30 UTR vector, or psi-
CHECK-2 vector, with the addition of 20 pmol of miR-760 mimics
or negative control mimics, was cotransfected into cells using Lipo-
Molecular Thera
fectamine RNAiMAX (Invitrogen). After 48 h
of transfection, the cells were harvested, and lucif-
erase activities were measured with the Dual-
Luciferase reporter assay system (Promega,
Madison, WI, USA). The luciferase activity
was normalized for transfection efficiency by
comparing with Renilla luciferase activity.

Pull-down assay

The biotinylated circRNA-DURSA probe, bio-
tinylated miRNA mimics, or their controls were
synthesized by Tsingke Biological Technology
(China) (Table S2). The biotinylated probe was
incubated with magnetic beads (Life Technolo-
gies) at 25�C for 2 h to generate probe-coated
beads. The cell lysates were incubated with probe
at 4�C overnight. After washing with the wash
buffer, the RNA complexes bound to the beads
were eluted and extracted with TRIzol reagent (Invitrogen, Grand
Island, NY, USA) for RT-PCR or real-time PCR.

Fluorescence in situ hybridization (FISH)

FISHwas performed following the instructions of the probe manufac-
turer (RiboBio, Guangzhou, China). The cells and embryos were
washed and fixed in 4% paraformaldehyde for 30 min. After 0.1%
Triton X-100 treatment, the cells were incubated with 20 mg/mL
circRNA or miRNA probe overnight at 37�C. Nuclei were dyed
with DAPI. The intracellular localization of circRNA or miRNA
was observed by using an FV1200 laser confocal microscope
(Olympus). The sequence of the circRNA-DURSA probe for FISH
is supplied in Figure 2G.

Caspase-3 activity assays

The activity of caspase-3 was determined by using a caspase-3 activity
kit (Beyotime Institute of Biotechnology, China), which is based on
the ability of caspase-3 to change acetyl-Asp-Glu-Val-Asp p-nitroani-
lide into the yellow formazan product, p-nitroaniline. The activity of
caspase-3 was assessed by calculating the ratio of the OD405.

In vivo experiments

All mice used in our experiments were ICR (6–8 weeks of age). Female
mice were mated with male mice. Female mice were injected with
10 nmol of si-circRNA-DURSA and negative control agomir (pur-
chased fromRiboBio Biotech) into the lumen of uterine horn adjacent
to the oviduct 4 days after seeing a plug. Four days after the injection,
the female mice were executed and the numbers of embryos were
calculated. All animal experiments were performed humanely in
compliance with guidelines reviewed by the Animal Ethics Commit-
tee of the Biological Resource Centre of the Agency for Science,
py: Nucleic Acids Vol. 26 December 2021 1443
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Technology and Research at theWomen’s Hospital, Zhejiang Univer-
sity School of Medicine.

Statistical analysis

Data analyses were performed with SPSS software version 23.0 (SPSS,
Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad Software, La
Jolla, CA, USA). A Student’s t test and variance analysis (ANOVA)
were used to make the comparisons between two groups or among
multiple groups, respectively. All experimental data are expressed
as the mean ± SEM. p values <0.05 were considered statistically
significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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