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hsa_circ_0020093 suppresses ovarian cancer

progression by modulating LRPPRC activity
and miR-107/LATS2 signaling
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Abstract

A substantive body of evidence has demonstrated the significant roles of circular RNA (circRNA) in cancer. However,
the contribution of dysregulated circRNAs to ovarian cancer (OC) remains elusive. We aim to elucidate the critical roles
and mechanisms of hsa_circ_0020093, which was demonstrated to be downregulated in OC tissues in our previous
study. In this study, we confirmed the decreased expression of hsa_circ_0020093 in OC tissues and cell lines and dem-
onstrated the negative correlation between its expression and FIGO stage, abdominal implantation and CA125 level
of OC patients. Through gain and loss of function studies, we confirmed the inhibitory role of hsa_circ_0020093

in ovarian tumor growth in vitro and in vivo. Mechanistically, based on the peri-nuclear accumulation of hsa_
circ_0020093, we discovered the interaction between hsa_circ_0020093 and the mitochondrial protein LRPPRC

by RNA pull-down, mass spectrometry, RNA Binding Protein Immunoprecipitation. As a result, gRT-PCR and transmis-
sion electron microscopy results showed that the mitochondria mRNA expression and mitochondria abundance were
decreased upon hsa_circ_0020093-overexpression. Meanwhile, we also unearthed the hsa_circ_0020093/miR-107/
LATS2 axis in OC according to RNA-sequencing, RIP and luciferase reporter assay data. Furthermore, LRPPRC and LATS2
are both reported as the upstream regulators of YAP, our study also studied the crosstalk between hsa_circ_0020093,
LRPPRC and miR-107/LATS2, and unearthed the up-regulation of phosphorylated YAP in hsa_circ_0020093-overex-
pressing OC cells and xenograft tumors. Collectively, our study indicated the novel mechanism of hsa_circ_0020093

in suppressing OC progression through both hsa_circ_0020093/LRPPRC and hsa_circ_0020093/miR-107/LATS2 axes,
providing a potential therapeutic target for OC patients.
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Introduction
Ovarian cancer (OC) is the second most common cause
of gynaecologic cancer death worldwide [1]. Although
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Some people believe that improving screening options
for OC could be helpful. However, the UK Collaborative
Trial of Ovarian Cancer Screening reported that screen-
ing did not significantly reduce ovarian and tubal cancer
mortality and the reduced incidence of stage III or IV
disease was insufficient to save lives [3]. Accordingly, it
is important to identify the mechanism of OC progres-
sion to seek a precise therapeutic target to enhance the
survival rate.

Over the past decade, circular RNAs (circRNAs) have
been discovered as a large class of non-coding RNA mol-
ecules [4]. Numerous individual circRNAs present dif-
ferent abundance in tumors versus adjacent non-cancer
tissues and are significantly associated with clinical char-
acteristics such as FIGO stage, histological grade and
metastasis [5]. Also, plenty of studies report that their
dysregulation contributed to cancer development via
diverse mechanisms like miRNA sponging, protein inter-
actors or translation templates [5]. Based on their well-
established functional roles in tumorigenesis, circRNAs
have shown great prospects in precision cancer therapy
[6, 7].

In addition, circRNAs, particularly those with tumor-
suppressive properties, could sponge and inactivate “del-
eterious miRNAs and/or proteins” and simultaneously
enhance the expression of “beneficial proteins” within
pathophysiological contexts. This miRNA and protein
sponge mechanism underscores the potential of circR-
NAs to act as therapeutic agents. Consequently, inves-
tigating these tumor-suppressive circRNAs and their
underlying mechanisms could yield valuable insights for
the development of circRNA-based drugs.

Our previous studies identified five downregulated cir-
cRNAs in OC compared to normal ovarian tissues [8],
suggesting their potential role in suppressing the pro-
gression of the disease. Among these, hsa_circ_0020093,
also named as circATRNLI, showed the most signifi-
cant reduction, leading us to prioritize it for further
investigation. During the study, it was reported that
hsa_circ_0020093 inhibited angiogenesis and metastasis
in OC through sponging miR-378 [9]. Lyu et al. proved
that hsa_circ_ 0020093 had protein translation potential
[10]. In this study, we unveil a novel mechanism of hsa_
circ_0020093 through sponging both LRPPRC and miR-
107 to modulate OC progression. These findings provide
new insights and suggest that hsa_circ_0020093 could be
a promising biomarker and therapeutic target for OC.

Materials and methods

Reagents and cell culture

The information for the source and working dilution of
antibodies are provided in Online Resource 1, Supple-
mentary Table 1. The information of reagents, kits and
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cell culture media is provided in Online Resource 1, Sup-
plementary Table 2.

A2780, OVCAR3, and CAOV3 cells were purchased
from Shanghai Mingjing Biology Co., Ltd. (Shanghai,
China); SKOV3 and 293T cells were purchased from
the National Collection of Authenticated Cell Cultures
(Shanghai, China); The immortalized ovarian surface epi-
thelial cell line IOSE386 cell was a gift from Dr Zhu Jin,
Huadong Medical Institute of Biotechniques (Nanjing,
China). All cell lines have been authenticated by STR
profiling and tested for mycoplasma contamination nega-
tive. All the cell lines were routinely cultured in DMEM
(A2780, IOSE386, CAOV3), McCoy’s 5A (SKOV3), and
RPMI-1640 (OVCARS3, 293 T). All the culture media
was purchased from Jiangsu KeyGEN BioTECH Co., Ltd.
(Nanjing, China). Media was supplemented with 10-20%
FBS and 1% Pen/Strep.

Clinical samples

Forty-four OC tissues and seventeen adjacent cancer tis-
sues for RNA extraction were collected from the Wom-
en’s Hospital of Nanjing Medical University (Nanjing
Women and Children’s Healthcare Hospital) between
Oct. 2018 and Dec. 2021. A total of 44 EOC paraffin
sections from the pathology department were obtained
from Jan. 2015 to Dec. 2019. The final diagnosis of each
tissue was confirmed by histopathology, and the tumor
stage was classified according to FIGO classification. All
the patients signed the informed consent forms and our
study methodologies conformed to the Declaration of
Helsinki. The Ethical Committee of Women'’s Hospital of
Nanjing Medical University approved this study.

Plasmids, small interfering RNA, miRNA and transfection
Hsa_circ_0020093 cDNA was synthesized and cloned
into the vector pLC5-ciR (named OE-circ) purchased
from Geneseed Biotech Co., Ltd. (Guangzhou, China)
and an empty pLC5-ciR (named Control) was served as
control. LRPPRC cDNA was synthesized and cloned into
the vector pcDNA3.1 purchased from GENEbay Co., Ltd
(Nanjing, China). The small interfering RNA and miRNA
mimics were purchased from Ribobio Biotech Co., Ltd.
(Guangzhou, China). Their sequences were in Online
Resource 1, Supplementary Table 3 and a scramble
siRNA or miRNA was synthesized as control.

Transfection was performed using Lipofectamine 3000
(Invitrogen, Waltham, MA, USA) following the manu-
facturer’s instructions. Total proteins and RNA were col-
lected 48 h post-transfection. Functional experiments
were performed 24 h post-transfection.
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Generation of stable hsa_circ_0020093 and LRPPRC
overexpression cell lines
Hsa_circ_0020093-overexpressing and control lentivirus
were purchased from Geneseed Biotech Co. Lentivirus
with LRPPRC-Myc-tag fusion and control lentivirus were
purchased from GENEbay Co., Ltd. SKOV3 (2 x 10°) and
OVCAR3 (2.5%x10°) cells were seeded in six-well plates
infected with lentivirus at a multiplicity of infection
(MOI) of 2, selected with puromycin (2 pg/ml) for 1 week
and expanded. Overexpression efficiency was assessed by
RT-qPCR and western blotting.

Cell proliferation, migration and invasion assay

The proliferation of SKOV3 and OVCAR3 cells were
analyzed using the cell counting kit-8 (CCK-8) as previ-
ously described with moderate changes [8]. At 24 h post-
transfection, 2x10° cells were seeded in each well of
96-well plates. The absorbance at 450 nm was measured
by BioTek Synergy H4 instrument (BioTek Instruments,
Winooski, VT, USA) once every day for the following
3 days. The migration and invasion were measured using
Transwell assay with or without Matrigel as in our pre-
vious study [8]. The migrated and invaded cells were
stained with crystal violet and then dissolved by protein
lysis buffer. The OD density of lysis at 562 nm showed the
quantification of migration and invasion.

Flow cytometry

Flow cytometry was performed to analyze cell apopto-
sis. After being transfected with hsa_circ_0020093 or
pLC5-ciR control plasmids and incubated for 24 h, cells
were pretreated with cisplatin (10 pg/mL) for another
24 h. Then they were harvested and double stained with
Annexin V-APC and PI. The results were analyzed by
flow cytometer (Beckman Coulter).

Tumor formation assay in vivo

The animal experiment was approved by the Ethics Com-
mittee of Experimental Animal Welfare of Nanjing Medi-
cal University. Twelve 6-week-old BALB/c female nude
mice were randomly divided into two groups. After adap-
tive feeding for three days, 1x 107 stable overexpressed
hsa_circ_0020093 SKOV3 cells and control SKOV3
cells were suspended in 100 pL PBS and subcutane-
ously injected into the right armpit of each BALB/c nude
mouse, respectively. The health condition of the mice
was observed daily and the volume of the tumors was
calculated every two or three days using the following
formula: volume (mm?®) =length (mm) X width? (mm?)/2.
The animals were sacrificed 18 days after injection, and
the tumors were isolated, photographed and weighed.
Hematoxylin—eosin staining was used to verify tumor
characteristics.
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RNA extraction and quantitative real-time PCR (RT-qPCR)
Tissue samples and cells’ total RNA were extracted using
GeneJET RNA Purification Kit (Thermo), and synthe-
sized into ¢cDNA using HiScript III RT SuperMix for
qPCR kit (Vazyme, Nanjing, China). Then qPCR was
employed using SYBR Green (Thermo). The nuclear and
cytoplasmic cell fraction was isolated using the PARIS™
kit (Thermo) following the manufacturer’s instruc-
tions. Relative RNA expression was calculated using the
2~ AACT method while hsa_circ_0020093 expression
in tissues was calculated using 2~ ACT, ACTB, GAPDH,
18S, and U6 were the internal controls. /6 was also the
internal control of miRNA expression and 18S was the
internal control of MT-mRNA expression. The primer
sequences are shown in Online Resource 1, Supplemen-
tary Table 4.

Immunoblotting
Cells were lysed by Radioimmunoprecipitation assay
(RIPA) buffer (Servicebio, Wuhan, China) supplemented
with protease inhibitors (Thermo) as well as phosphatase
inhibitors (Servicebio). Briefly, equal amounts of pro-
tein were resolved in 8%, 10% or 12% SDS-PAGE gel
and transferred to the PVDF membrane. Membranes
were blocked in 5% non-fat milk in TBST (TBS with
0.1% tween-20) for 2 h at room temperature, then incu-
bated with primary antibodies at 4 °C overnight and sec-
ondary antibodies at room temperature for 1 h. B-actin
and GAPDH were used to verify equal loading. Image
J (image processing and analysis in JAVA, NIH) was
applied to quantify the protein level relative to loading
control.

For immunoblotting analysis of caspase 3 and cleaved
caspase-3, cells were pretreated with cisplatin (10 pg/mL)
for 24 h before protein extraction.

RNA immunoprecipitation (RIP)

RNA immunoprecipitation was performed using Magna
RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Burlington, MA, USA), following the manu-
facturer’s instructions. Briefly, 2Xx 107 cells were col-
lected by RIP lysis buffer. Anti-AGO2, anti-LRPPRC and
anti-IgG were first bound to magnetic beads for 30 min
at room temperature. Next, cell lysates were incubated
with beads-antibody complex overnight at 4 °C. Then, the
RNAs binding to specific proteins were eluted, reverse
transcripted to cDNA and quantified by RT-qPCR.

RNA sequencing

Total RNA from stable hsa_circ_0020093-overexpressed
SKOV3 cells and control SKOV3 cells were extracted
for RNA sequencing by Shanghai Biotechnology Cor-
poration (China). Briefly, RNA quality and quantity
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were assessed by Bioanalyzer 2100 (Agilent Technolo-
gies, USA) and NanoDrop 2000 spectrophotometer
(Thermo), respectively. Samples with RNA Integrity
Number (RIN)>7 were applied for RNA-seq transcrip-
tome library construction by VAHTS Universal V6 RNA-
seq Library Prep Kit for Illumina® (Vazyme, China)
according to the manufacturer’s instruction. Quantified
and qualified libraries were sequenced on the Illumina
NovaSeq 6000 sequencing platform. TargetScan, miR-
TarBase (https://mirtarbase.cuhk.edu.cn/) and miRDB
(http://mirdb.org/) were employed to predict mRNAs
possibly targeted by miR-107.

Luciferase reporter assay

Linear sequences of wild-type and hsa-miR-181a-5p
or hsa-miR-107 binding sites mutant type of hsa_
circ_0020093 were cloned into the luciferase reporter
vector pmirGLO, respectively. 293T cells were co-trans-
fected with wild- or mutant-type of reporter plasmids
and miRNA mimics. Then the relative luciferase activ-
ity was determined by using Promega Dual-Luciferase
Reporter Assay. The renilla luciferase activity was used as
an internal control.

RNA Fluorescence in situ hybridization (FISH)

and Immunofluorescence (IF)

FISH and immunofluorescence staining were performed
to detect hsa_circ_0020093 subcellular localization. FISH
assays were conducted in accordance with the protocols
outlined in the previous publication [11]. Cells were first
fixed with 4% polyoxymethylene for 10 min at room tem-
perature and permeabilized with 0.5% Triton X-100 for
5 min at 4 °C, then blocked with 1% BSA and 22.52 mg/
mL glycine in PBST (PBS+0.1%Tween 20) for 30 min at
room temperature. Cells were incubated with primary
antibody overnight at 4 °C and Alexa Fluor labeled-488
or labeled-647 for 1 h at room temperature. After being
washed with PBST 3 times, cells were stained with Cy3
labeled probes targeting the hsa_circ_0020093 junction
region for 10 h at 37 °C. Then cells were washed sepa-
rately with 4 x saline-sodium citrate buffer (SSC), 2 x SSC
and 1x SSC. Nucleus was dyed with DAPI and observed
by confocal microscopy (Leica, German).

Immunohistochemistry (IHC)

Paraffin slides were stained with antibodies using the
IHC kit (Proteintech, USA) as previously described
[12]. IHC scores were calculated by Image ], and the for-
mula=High positive cell amounts X 3+ Medium positive
cell amountsx 2+ Low Positive cell amountsx 1+ Nega-
tive cell amounts x 0 [13].
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RNA pull-down, silver stain and mass spectrometry assay
RNA pull-down assay was performed following the
instructions of Pierce Magnetic RNA—Protein Pull-Down
Kit (Thermo, USA) with moderate adjustments accord-
ing to previous reports [14]. Two biotin-labeled DNA
probes, complemented with hsa_circ_0020093 junction
site, were synthesized by Ribobio and well mixed. The
sequences were provided in Online Resource 1, Supple-
mentary Table 4. Total RNA was extracted and incubated
with 100 pmol mixed probes at 70 °C for 5 min. Then
RNA was slowly cooled down (1.5 °C/min) to room tem-
perature. Hsa_circ_0020093-probes mix was co-rotated
with streptavidin magnetic beads in RNA capture buffer
for 30 min at room temperature. Notably, before incubat-
ing lysates with beads, the specificity of probes binding
hsa_circ_0020003 was verified by RT-qPCR. In the mean-
time, a master mix for RNA-Protein binding reaction
was prepared, containing 10 pL 1 X Protein-RNA Binding
Buffer, 30 uL 50% glycerol, 30 pL cell lysate from SKOV3
or OVCARS cells and 30 pL nuclease-free water. After
rotation, the master mix was incubated with the beads
overnight at 4 °C. The RNA-binding proteins were eluted
by elution buffer at 37 °C for 30 min with vibration.

The proteins binding with control probes and circ
probes were separated by SDS-PAGE and stained with
silver dye. The distinguished stripes were cut and ana-
lyzed by mass spectrometry. The peptides were identified
by Mascot software, and the Mascot value <0.05 was the
filtering criteria. Then the identified proteins were ranked
by Q-score and abundance.

Bioinformatic online platforms or tools

Three algorithms including RegRNA (http://RegRNA.
mbc.NCTU.edu.tw/), TargetScan (https://www.targe
tscan.org/vert_71/) and Starbase (https://starbase.sysu.
edu.cn/) were used to predict potential miRNAs sponged
by hsa_circ_0020093. The miRNA microarray dataset
GSE47841 was applied to analyze differentially expressed
miRNAs between OC tissues and normal ovary tis-
sues using dbDEMC database (https://www.biosino.org/
dbDEMC/index). The fold change>1.5 or<0.667 with
adjusted P<0.05 was set as the threshold. The potential
target mRNAs of individual miRNAs were predicted by
TargetScan, miRTarbase (http://mirtarbase.mbc.nctu.
edu.tw/php/index.php) and miRDB (https://mirdb.org/).
GEPIA database (http://gepia.cancer-pku.cn/) was used
to identify differentially expressed mRNAs between OC
tissues and normal ones.

Apart from several tools to predict and analyze cir-
cRNA-miRNA-mRNA network and miRNA abundance
mentioned above, the Cancer Proteogenomic Data
Analysis Site (cProSite), an online-applicable interactive
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platform providing data visualization of the National
Cancer Institute’s Clinical Proteomic Tumor Analysis
Consortium (CPTAC) and National Cancer Institute’s
International Cancer Proteogenome Consortium (ICPC)
datasets, has been used in this article to illustrate LRP-
PRC protein abundance between ovarian cancer and nor-
mal adjacent tissues [15].

Statistical analysis

All experiments were carried out at least three times
and data from one representative experiment are
shown. Data from three independent experiments are
expressed as mean t standard deviation (SD). For com-
parison between two groups, student’s t test (unpaired)
was applied for data with normal distribution while oth-
ers used the Mann—Whitney U test. When more than
two groups were compared, one-way ANOVA was per-
formed followed by Tukey’s test. A two-way ANOVA
with the independent factors of time and grouping was
used in CCK-8 assay and tumor volume growth analysis
for each dependent variable. The relationship between
hsa_circ_0020093 expression, LRPPRC protein level
and various clinicopathological variables were analyzed
by chi-square tests. Overall survival and recurrence-
free survival were determined using the Kaplan—Meier
method, and the significance of the differences between
the survival rates was calculated by the log-rank test. The
diagnostic efficacy of has_circ_0020093 in clinical speci-
mens was evaluated using the receiver operating charac-
teristic (ROC) curve analysis. The area under the curve
(AUC) was calculated to evaluate the diagnostic perfor-
mance. The evaluation was conducted using “ROC curve”
analysis within the “Column analyses” module in Graph-
Pad Prism 9.0. P value<0.05 was defined as statistically
significant. Statistical analyses were performed using
SPSS software 26.0 or GraphPad Prism 9.0.

Results

hsa_circ_0020093 inhibits OC progression in vitro

and in vivo

Our previous study first identified the circRNA, hsa_
circ_0020093, back-spliced from 4 exons (exon 2 to
exon5, spliced length: 536 bp) of attractin-like protein
1 (ATRNLI) mRNA, also named as circATRNLI1, and
demonstrated that hsa_circ_0020093 was downregu-
lated in ovarian cancer (OC) tissues compared with nor-
mal ovarian tissues [8]. In this study, its low expression
in OC tissues (n=44) was verified compared with adja-
cent normal tissues (n=17) (Fig. 1A) and in OC cell lines
(CAOV3, OVAR3, A2780, SKOV3) as compared with
normal ovarian epithelial cells IOSE386 (Fig. 1B). Then
we investigated the expression of hsa_circ_0020093 and
the clinicopathological characteristics of OC patients,
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the results showed that hsa_circ_0020093 had good
diagnostic utility in OC tissues (Fig. 1C), and its expres-
sion was negatively correlated with FIGO stages, grades,
peritoneal implantation, and CA125 levels (Table 1), indi-
cating that hsa_circ_0020093 might participate in OC
progression.

Then we aim to unearth the potential function and
mechanism of hsa_circ_0020093. The forced expres-
sion and silencing of hsa_circ_0020093 were verified
by RT-qPCR after transfection of OE-circ vector, small
interfering RNA (siRNA) targeting hsa_circ_0020093,
control vector and siNC, respectively, whereas ATRNLI
mRNA expression was unaffected (Online Resource 2,
Supplementary Fig. 1). Knockdown of hsa_circ_0020093
increased cell viability of SKOV3 and OVCAR3 cells in
CCKS8 assays (Fig. 1D). Transwell assays with or with-
out matrigel revealed that silencing hsa_circ_0020093
promoted the migratory and invasive ability of SKOV3
and OVCARS3 cells (Fig. 1E-F). Besides, a decrease in
apoptosis induced by cisplatin, as indicated by the west-
ern blot analysis of cleaved caspase-3, was observed in
SKOV3 and OVCARS3 cells following the silencing hsa_
circ_0020093 (Fig. 1G). In contrast, the overexpression of
hsa_circ_0020093 inhibited cell proliferation, migration
and invasion while promoting apoptosis in SKOV3 and
OVCARS3 cells (Fig. 2A-F).

After identifying the role of hsa_circ_0020093 in vitro,
we constructed a hsa_circ_0020093 stably overexpressed
SKOV3 cell line by infecting with hsa_circ_0020093-
overexpressed lentivirus and confirmed the overex-
pression efficiency of hsa_circ_0020093, in which the
mRNA expression of ATRNLI was nearly unchanged
as compared with the control group (Fig. 2G). Then we
investigated the in vivo role of hsa_circ_0020093 on
tumor growth by subcutaneously injecting the hsa_
circ_0020093-overexpressing and control SKOV3 cells
into the female Balb/c nude mice. As shown in Fig. 2H-
I, the tumor volume was significantly smaller in mice
injected with hsa_circ_0020093-overexpressing SKOV3
cells than in mice injected with control SKOV3 cells.
And the tumor weight was considerably lighter in the
hsa_circ_0020093-overexpressing group (Fig. 2J). Moreo-
ver, we witnessed a less positive rate of Ki67 in the hsa_
circ_0020093-overexpressing group (Fig. 2K-L). Based
on the above, hsa_circ_0020093 suppressed OC cell pro-
liferation, migration and invasion while promoting OC
cell apoptosis in vitro and inhibited tumor growth in vivo.

hsa_circ_0020093 interacts with LRPPRC, a pro-oncogenic
protein in OC progression

The potential mechanisms of circRNAs are closely related
to their subcellular localization [16]. Thus, we exam-
ined the subcellular localization of hsa_circ_0020093
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Fig. 1 Silencing of hsa_circ_0020093 enhances the malignant behavior of OC cells in vitro. A RT-gPCR analysis of hsa_circ_0020093 (abbreviated

as circ_0020093 in the figures) expression in OC tissues (n=44) and adjacent normal tissues (n=17). P value was calculated by Mann-Whitney U
test. B RT-qPCR analysis of hsa_circ_0020093 expression in IOSE386, CAOV3, OVCAR3, A2780 and SKOV3 cells. The expression of hsa_circ_0020093
in IOSE386 served as control. P value was calculated by two-tailed Student’s t-test. C ROC analysis of hsa_circ_0020093 expression in OC

and adjacent normal tissues. AUC: Area under the curve. D The effect of hsa_circ_0020093-silencing on SKOV3 and OVCAR3 cell viability

was determined by CCK8 assay.*" represents statistical significance between siNC and si-circ_1 group, while “#" represents statistical significance
between siNC and si-circ_2 group. P value was calculated by two-way ANOVA. E-F The effects of hsa_circ_0020093 silencing on cell migration

and invasion ability of SKOV3 and OVCAR3 cells were assessed by transwell with or without matrigel assay. Scale bar: 200 pm. P value was calculated
by two-tailed Student’s t-test. G Western blot analysis of caspase-3 and cleaved caspase-3 expression after silencing hsa_circ_0020093 in SKOV3
and OVCARS3 cells. The activity of caspase-3 was calculated by cleaved caspase-3/total caspase-3. ns, not significant; *P<0.05; **P < 0.01; ***P<0.001
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Table 1 Correlation between hsa_circ_0020093 expression and
clinicopathologic factors of OC patients

Parameter hsa_ hsa_ P value
circ_0020093 circ_0020093
(High, n=22) (Low, n=22)
Age <50 10 7 0.353
>50 12 15
FIGO stage I+ 14 7 0.035"
n+v 8 15
Grade Llow 10 1 0.002"
High 12 21
Lymphatic metas- No 15 11 0.222
tasis
Yes 7 11
Peritoneal No 12 4 0.012"
implantation
Yes 10 18
CA125 (U/mL) <35 7 0 0.004™
>35 15 22

The bold numbers refer to the P value statistically significant, ** indicates that
P<0.01

via RT-qPCR of the nuclear and cytoplasmic fraction of
RNA and RNA fluorescence in situ hybridization (FISH).
Figure 3A-B show that hsa_circ_0020093 existed in both
the nucleus and cytoplasm of SKOV3 and OVCAR3 cells.
Interestingly, it was mainly enriched in the perinuclear
region in cytoplasm, similar with mitochondria localiza-
tion in the cytoplasm.

The localization of hsa_circ_0020093 in nuclear and
peri-nuclear region of the cytoplasm indicates that it
may bind with the specific proteins that showed the
same localization. Biotin-labelled DNA probes spe-
cific for hsa_circ_0020093 were constructed and then
used in the RNA pull-down assay to discover hsa_
circ_0020093 binding proteins. First, the probes’ effi-
ciency and specificity of capturing hsa_circ_0020093
were confirmed (Online Resource 2, Supplementary
Fig. 2A). The specified hsa_circ_0020093 binding

(See figure on next page.)
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proteins were separated and revealed by SDS-PAGE
and silver staining (Fig. 3C). The different bands were
sent for mass spectrometric analysis, and 19 proteins
specifically enriched in circ probes’ nor in control
probes’ groups were identified. Among these 19 pro-
teins, LRPPRC ranked top in abundance and Q-score
(Fig. 3D), and UniProt (https://www.uniprot.org/unipr
otkb/P42704/entry#subcellular_location) indicated
its localization within mitochondria and the nucleus,
which was overlapped with hsa_circ_0020093’s sub-
cellular localization. Western blot following the RNA
pull-down assay confirmed that hsa_circ_0020093
could interact with LRPPRC (Fig. 3E). LRPPRC RIP
assay showed the enrichment of hsa_circ_0020093 in
LRPPRC binding RNAs compared with the control IgG
(Fig. 3F). The FISH combining IF assay demonstrated
the co-localization of LRPPRC and hsa_circ_0020093 in
mitochondria, as indicated by TOM20, a mitochondrial
import receptor subunit localized in the outer mem-
brane of mitochondria (Fig. 3G). These results proved
that hsa_circ_0020093 and LRPPRC interacted with
each other in mitochondria.

LRPPRC is a multifunctional protein which regulates
energy metabolism and maturation and translocation
of certain mRNAs [17]. Its high expression indicated
poor prognosis in various cancers like prostate cancer
[18], pancreatic cancer [19] and gastric cancer [20].
We noticed that LRPPRC was also highly expressed
in OC tissues compared with adjacent normal tissues
in CPTAC and ICPC database using cProSite analy-
sis platform (Fig. 3H). Moreover, the protein level of
LRPPRC was positively correlated with FIGO stage,
peritoneal implantation, and negatively correlated
with overall survival and recurrence-free survival of
EOC patients (n=22 in each group) (Fig. 3I-J, Online
Resource 2, Supplementary Fig. 2B and Table 2). Mean-
while, silencing of LRPPRC impaired proliferation and
promoted apoptosis of SKOV3 and OVCAR3 cells
(Online Resource 2, Supplementary Fig. 2C—E). These

Fig. 2 Overexpression of hsa_circ_0020093 represses OC progression in vitro and in vivo. A The effect of hsa_circ_0020093 overexpression

on SKOV3 and OVCAR3 cell viability was determined by CCK8 assay. P value was calculated by two-way ANOVA. B-C The effects of hsa_
circ_0020093 overexpression on cell migration and invasion ability of SKOV3 and OVCAR3 cells were assessed by transwell assays with or without
matrigel. Scale bar: 200 um. P value was calculated by two-tailed Student’s t-test. D-E Flow cytometry was used to detect cell apoptosis, APC(+)/
PI(—) indicates early apoptosis while APC(+)/PI(+) indicates late apoptosis. F Western blot analysis of caspase-3 and cleaved caspase-3 expression
after overexpression of hsa_circ_0020093 in SKOV3 and OVCAR3 cells. The activity of caspase-3 was calculated by cleaved caspase-3/total
caspase-3. G RT-qPCR analysis of the RNA level of hsa_circ_0020093 and ATRNLT mRNA in SKOV3 cells stably overexpressing hsa_circ_0020093

and control. P value was calculated by two-tailed Student’s t-test. H Xenograft tumors of hsa_circ_0020093-overexpressing and control SKOV3 cells
(n=6). 1 The xenograft tumor growth of hsa_circ_0020093-overexpressing and control SKOV3 cells. P value was calculated by two-way ANOVA. J The
xenograft tumor weight of hsa_circ_0020093-overexpressing and control SKOV3 cells. P value was calculated by two-tailed Student’s t-test. K The
representative images of tumor tissues stained with Ki67 (Left). L Ki67-positive degree in tumor tissues was calculated by immunohistochemistry
(IHC) scores. Scale bar: 100 um. P value was calculated by two-tailed Student's t test. ns, not significant; *P < 0.05; **P<0.01; ***P<0.001
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results suggested that LRPPRC may have tumor-pro-
moting effects in OC.

hsa_circ_0020093 regulates mitochondria mRNA
levels and mitochondria abundance at least partially
through inhibiting LRPPRC activity in OC cells
As a multifunctional protein, LRPPRC is also involved
in RNA splicing process and has the potential to regu-
late the biogenesis of circRNAs. However, no detectable
change of hsa_circ_0020093 level was found after silenc-
ing LRPPRC (Online Resource 2, Supplementary Fig. 3A).
Meanwhile, there was no obvious change in the mRNA
and protein level of LRPPRC upon hsa_circ_0020093-
overexpressing in OC cells (Online Resource 2, Sup-
plementary Fig. 3B-C), indicating that LRPPRC and
hsa_circ_0020093 didn’t regulate the expression mutually.
As shown in Fig. 3G, LRPPRC was highly enriched in
the cytoplasm and more than 90% of LRPPRC are colo-
calized with TOM20 in OC cells. A lot of studies have
shown that the cytoplasm-localized LRPPRC mainly reg-
ulates energy metabolism through regulating the expres-
sion of mitochondria genes at the transcriptional and
posttranscriptional levels [21-25]. We first analyzed the
mRNA levels of mitochondria genes through RT-qPCR,
interestingly, we observed significant downregulation of
mitochondria-mRNA (MT-mRNAs) after overexpressing
hsa_circ_0020093, which could be rescued by LRPPRC
overexpression in SKOV3 cells (Fig. 4A). And there are
fewer mitochondria in SKOV3 cells stably overexpressing
hsa_circ_0020093 as compared to the control (Fig. 4B—
C). These findings demonstrated that hsa_circ_0020093
decreased mitochondria mRNA levels and mitochondria
abundance in OC at least partially through interacting
with LRPPRC.

hsa_circ_0020093 sponges miR-107 to upregulate LATS2
expression

We also noticed that a small fraction of hsa_
circ_0020093 was not colocalized with TOM20
(Fig. 3G). hsa_circ_0020093 and other cytoplasm
localized circRNAs are mainly reported as miRNA

(See figure on next page.)
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sponges to prevent mRNA from being degraded by
RNA-induced silencing complex (RISC) [9, 26, 27]. We
also investigated the miRNA sponge potential of hsa_
circ_0020093 in OC cells. Consistent with the studies
before [9], RIP followed by RT-qPCR results showed
that hsa_circ_0020093 could bind with argonaute-2
(AGO?2), the executor of RISC [28] (Fig. 5A), indicating
that hsa_circ_0020093 might regulate miRNA-medi-
ated degradation of mRNAs. Then bioinformatic tools
(TargetScan, RegRNA, StarBase) were used to predict
the putative miRNAs interacted with hsa_circ_0020093
(Online Resource 1, Supplementary Table 5). The
potential binding miRNAs intersected with the set
of upregulated miRNAs in high-grade serous ovarian
cancer samples from the GEO dataset (GSE47841) was
shown in Venn diagram Fig. 5B. According to the pre-
vious studies, miR-181a-5p was associated with short
PES and OS in OC patients [29]; high expressed miR-
107 played a cancer-promoting role in various tumors,
including OC; while miR-378c [30, 31] and miR-422a
[32, 33] inhibited cancer progression. Therefore, we
chose miR-181a-5p and miR-107 to further verify the
ceRNA network.

We co-transfected 293 T cells with miRNA mim-
ics and wild-type of or the miRNA-binding-site
mutant-type of linear hsa_circ_00200093 plasmid.
The luciferase activity was significantly decreased in
the circ-WT +miR-107 group nor other groups, sug-
gesting that hsa_circ_0020093 could bind to miR-107
(Fig. 5D-F). Next, we used TargetScan, miRTarbase
and miRDB to predict the potential mRNA regulated
by miR-107 and intersected these data with our RNA
sequencing results (Fig. 5G, Online Resource 1, Supple-
mentary Tables 6 and 7), finally 19 candidate mRNAs
were identified. After examining the mRNA levels of
these mRNAs in GEPIA database, 6 of the 19 mRNAs
were found to be downregulated in OC tissues (BAZ2A,
MAP3K7, OGT, PIK3R1, LATS2, DICERI). How-
ever, LATS2 was the only up-regulated one in hsa_
circ_0020093-overexpressing cells (Fig. 5H-I), while
its low level caused by miR-107 could be rescued by

Fig. 3 hsa_circ_0020093 directly binds to LRPPRC protein. A RT-gPCR analysis of hsa_circ_0020093 expression in nuclei- and cytoplasm-extracted
RNA. B Fluorescence in situ hybridization (FISH) analysis of hsa_circ_0020093 (red) localization in SKOV3 and OVCAR3 cells. Nuclei were stained
with DAPI. Scale Bar: 10 um. C The silver staining results of the proteins pulled down by hsa_circ_0020093-specific probe and control probe. D
The top 20 potential binding proteins of hsa_circ_0020093 identified by mass spectrometry analysis of the differential silver-stained bands. E
Western blot analysis of LRPPRC following RNA pull-down confirmed the interaction between hsa_circ_0020093 and LRPPRC. F LRPPRC RIP

assay proved the enrichment of hsa_circ_0020093 in LRPPRC-bound RNA. P value was calculated by two-tailed Student’s t-test. G Combined
Immunofluorescence (IF) and FISH staining were performed to detect the localization of hsa_circ_0020093 (red) and LRPPRC (green). TOM20
(purple) represents mitochondria localization. Scale Bar: 10 um. H LRPPRC protein levels in OC and adjacent normal tissues from the CPTAC
database are shown. I-J Overall survival and recurrence-free survival analysis of EOC patients with high or low expression of LRPPRC (n=22 in each
group). The significance of the differences between the survival probability was calculated by log-rank test. **P < 0.01; ***P < 0.001
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Table 2 Correlation between IHC score of LRPPRC and
clinicopathologic factors of OC patients

Parameter LRPPRC LRPPRC P value
(Low, (High,
n=22) n=22)
Age <50 6 8 0517
>50 16 14
FIGO Stage Il 17 7 0.002"
151% 5 15
Grade Low (G1,G2) 3 4 0.5
High (G3) 19 18
Lymphatic metastasis  No 18 14 0.176
Yes 4 8
Peritoneal implanta- ~ No 15 7 0.016"
tion
Yes 7 15
CA125 (U/mL) <35 7 6 0.741
>35 15 16

The bold numbers refer to the P value statistically significant, ** indicates that
P<0.01

overexpression of hsa_circ_0020093 (Fig. 5]). Together,
the results demonstrated that hsa_circ_0020093
could act as miR-107 sponges to upregulate LATS2
expression.

The interplay between hsa_circ_0020093, miR-107,
LRPPRC and YAP

Apart from being the mitochondria regulator, Li et al.
also found that the downregulation of LRPPRC could
increase P-YAP and YAP abundance [34]. LATS2 was
also known as the upstream kinase of YAP, whose
upregulation is associated with the phosphorylation
and inactivation of YAP [35]. The possibility of LRP-
PRC/LATS2 axis was first excluded as there was no
detectable change of LATS2 upon LRPPRC-silencing
(Online Resource 2, Supplementary Fig. 4). Consistent
with Li’s finding, silencing of LRPPRC increased both
the protein level of YAP and P-YAP (Fig. 6A), while
hsa_circ_0020093-overexpression only increased the
protein level of P-YAP (Fig. 6B). This is possibly the
results of excessively increased p-YAP by both path-
ways. The inactivation of YAP was confirmed by the
decreased expression of YAP-targeted mRNAs CTGF
[36], MYC [37], BIRCS [38], MCM3 [39], and CAVINI
[40] after silencing LRPPRC or overexpressing hsa_
circ_0020093 in SKOV3 cells (Fig. 6C-D). Moreover,
IHC staining confirmed a higher P-YAP positive rate
in xenograft tumors formed by hsa_circ_0020093-
overexpressed SKOV3 cells, while YAP positive rate
remained unchanged (Fig. 6E-F). The increased
P-YAP level and decreased YAP-downstream mRNAs
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in hsa_circ_0020093-overexpressing and LRPPRC-
silencing OC cells indicated that hsa_circ_0020093
might control YAP activity via synergistically sponging
miR-107 and inhibiting LRPPRC.

Discussion

One circRNA may possess hundreds or thousands of
miRNA binding sites, whether they can bind and sponge
the specific miRNAs in specific tissues may be strictly
regulated. Accumulating evidence has demonstrated that
one single circRNA could sponge different miRNAs in
the same tissues or cell lines, for example, in OC cells,
CDR1as could sponge miR-135b-5p [41], miR-1299 [42],
and miR-1270 [43], and circITCH could sponge miR-145
[44] or miR-106a [45]. According to recent studies, hsa_
circ_0020093 could also sponge miR-378a-3p and miR-
152-5p in OC cells [8, 9], miR-141-3p and miR-103a-3p
in endometrial carcinoma cells [46, 47] as well as miR-
338-3p, miR-181-5p, miR-23b and miR-153-3p in chon-
drocyte [48-51].

Due to the lack of high throughput technology for the
identification and verification of all miRNAs that are
sponged by the specific circRNA, our study chose miR-
107 and miR-181-5p for further analysis based on the
candidate miRNAs’ abundance and their reported func-
tion in OC. We did not exclude other miRNAs that may
be sponged by hsa_circ_0020093 in OC. Indeed, miR-107
shares the same binding sites with miR-103a-3p, pro-
viding the probability of the interaction between hsa_
circ_0020093 and miR-103a-3p in OC cells. Although
with limitations, our study provided experimental evi-
dence that hsa_circ_0020093 sponged miR-107 in OC
cells and expanded the miRNA pools that are sponged by
hsa_circ_0020093 in OC cells.

The peri-nuclear enriched signal of the probe for
hsa_circ_0020093 lets us re-think the function of hsa_
circ_0020093 where we found hsa_circ_0020093 also
binds and co-localizes with the mitochondria protein
LRPPRC, and thus modulates the mitochondria mRNA
expression and mitochondria abundance in OC cells,
which is consistent with the reported LRPPRC func-
tions [24, 25]. Our study first provides the experimental
evidence that hsa_circ_0020093 also sponges the mito-
chondria protein LRPPRC, revealing the mechanism of
action of cytoplastic localized circRNAs. Unfortunately,
we haven't analyzed the change of energy metabolism
after silencing of LRPPRC or overexpressing of hsa_
circ_0020093, which needs to be further clarified in the
future.
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Fig. 4 hsa_circ_0020093 regulates mitochondrial mRNA expression and mitochondria abundance at least partially by inhibiting LRPPRC activity.
A RT-gPCR analysis of the abundance of 13 mitochondrial mRNAs following co-transfection of hsa_circ_0020093-overexpressing or control

and LRPPRC-overexpressing or pcDNA (control) plasmids. P value was calculated by one-way ANOVA. B The morphology and abundance

of mitochondria were observed under transmission electron microscopy. Scale bar: 5 um, 2 um and 500 nm respectively. C The mitochondria
number per cell in SKOV3 cells with stable transfection of control and hsa_circ_0020093. P value was calculated by two-tailed Student’s t-test.

*P<0.05;**P<0.01

The role of the mitochondria protein LRPPRC in OC
has not yet been explored before. Our study first dem-
onstrated that the LRPPRC protein level was negatively
correlated with OC prognosis and its depletion impaired
the cell viability and enhanced apoptosis of OC induced
by cisplatin. Meanwhile, we also preliminarily studied

(See figure on next page.)

the interplay between hsa_circ_0020093, miR-107/
LATS2, LRPPRC and their common downstream target,
YAP, providing new evidence for our understanding of
the complex regulatory network within OC. However,
whether their interplay is also involved in the energy
metabolism of OC cells still needs to be verified.

Fig.5 hsa_circ_0020093 acts as miR-107 sponge to regulate LATS2 expression. A AGO2 RIP assay was executed in SKOV3 cells. B Venn diagram

of the predicted target miRNAs of hsa_circ_0020093 identified from GSE47481, TargetScan, RegRNA and Starbase. C Differential expression

of overlapped miRNAs across normal and high-grade serous ovarian cancer (HGSOC) samples in GSE47841. D Schematic illustration of hsa_
circ_0020093-WT and hsa_circ_0020093-MUT luciferase reporter vectors. E-F The relative luciferase activities were detected in 293 T cells

after co-transfection with hsa_circ_0020093-WT or hsa_circ_0020093-MUT and mimics or miRNG, respectively. G Venn diagram of the predicted
target genes of miR-107 identified from RNA-seq data and three tools (TargetScan, miRTarbase, miRDB). H RT-qPCR detection of the expression

of upregulated mRNAs in hsa_circ_0020093-overexpressed OC cells. | Western blot analysis of LATS2 protein level after hsa_circ_0020093
overexpression in OC cells. J Western blot analysis of LATS2 protein level after co-transfection of hsa_circ_0020093 or control and miR-107 or miRNC,
respectively, in OC cells. P values were calculated by two-tailed Student’s t test. ns, not significant; *P < 0.05; **P< 0.01; ***P<0.001
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In summary, our data demonstrate that overexpres- sponging miR-107 and LRPPRC. We also unlocked
sion of hsa_circ_0020093 exerts tumor inhibitory effect  the oncogenic role of LRPPRC in OC and preliminar-
by impairing OC cells proliferation, migration and inva-  ily analyzed the interplay between hsa_circ_0020093,
sion, enhancing cisplatin-mediated apoptosis through miR_107 and LRPPRC in OC (Fig. 7).
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Fig. 6 Both hsa_circ_0020093 and LRPPRC regulates YAP activity. A Western blot analysis of P-YAP and YAP expression in LRPPRC-silencing

and control OC cells. B Western blot analysis of P-YAP and YAP expression in hsa_circ_0020093-overexpressing and control OC cells. C RT-gPCR
analysis of the expression of YAP-targeted mRNAs in LRPPRC-silencing and control SKOV3 cells. D RT-gPCR analysis of the expression YAP-targeted
mRNAs in hsa_circ_0020093-overexpressing and control SKOV3 cells. E P-YAP and YAP protein level in xenograft tumors formed by control or hsa_
circ_0020093 stably overexpressed SKOV3 cells were manifested by IHC staining. Scale Bar: 100 um. F The IHC score of P-YAP and YAP in xenograft
tumors formed by control or hsa_circ_0020093 stably overexpressed SKOV3 cells. P values were calculated by two-tailed Student’s t-test. ns:

not significant; *P < 0.05; **P < 0.01; ***P<0.001

Schematic illustrating the main finding of this study:
hsa_circ_0020093 potentially controls YAP activity via
synergistically sponging miR-107 as well as LRPPRC
and regulates mitochondria-mediated signaling path-
way by inhibiting LRPPRC.

Conclusions

Taken together, we identified a tumor suppressive cir-
cRNA, hsa_circ_0020093, whose expression is negatively
correlated with the FIGO stage, abdominal implanta-
tion, and CA125 level of OC patients. We found that
hsa_circ_0020093 could simultaneously sponge the
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Fig. 7 The schematic diagram shows the mechanism of hsa_circ_0020093 regulating OC progression

mitochondria protein LRPPRC and miR_107 to regulate
their downstream signaling pathways. Indicating that
hsa_circ_0020093 can act as a promising prognostic bio-
marker and new therapeutic target for OC.
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