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Abstract

Background Increasing evidences has indicated that primary and acquired resistance of ovarian cancer (OC) to platinum
is mediated by multiple molecular and cellular factors. Understanding these mechanisms could promote the therapeutic
efficiency for patients with OC.

Methods Here, we screened the expression pattern of circRNAs in samples derived from platinum-resistant and platinum-
sensitive OC patients using RNA-sequencing (RNA-seq). The expression of hsa_circ_0010467 was validated by Sanger
sequencing, RT-qPCR, and fluorescence in situ hybridization (FISH) assays. Overexpression and knockdown experiments
were performed to explore the function of hsa_circ_0010467. The effects of hsa_circ_0010467 on enhancing platinum treat-
ment were validated in OC cells, mouse model and patient-derived organoid (PDO). RNA pull-down, RNA immunoprecipi-
tation (RIP), and dual-luciferase reporter assays were performed to investigate the interaction between hsa_circ_0010467
and proteins.

Results Increased expression of hsa_circ_0010467 is observed in platinum-resistant OC cells, tissues and serum exosomes,
which is positively correlated with advanced tumor stage and poor prognosis of OC patients. Hsa_circ_0010467 is found to
maintain the platinum resistance via inducing tumor cell stemness, and silencing hsa_circ_0010467 substantially increases
the efficacy of platinum treatment on inhibiting OC cell proliferation. Further investigation reveals that hsa_circ_0010467
acts as a miR-637 sponge to mediate the repressive effect of miR-637 on leukemia inhibitory factor (LIF) and activates the
LIF/STAT3 signaling pathway. We further discover that AUF1 could promote the biogenesis of hsa_circ_0010467 in OC.
Conclusion Our study uncovers the mechanism that hsa_circ_0010467 mediates the platinum resistance of OC through
AUFl1/hsa_circ_0010467/miR-637/LIF/STAT3 axis, and provides potential targets for the treatment of platinum-resistant
OC patients.
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Introduction

Ovarian cancer (OC) is considered to be one of the most
lethal gynaecologic malignancies worldwide [1]. The
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when tumor has spread to the peritoneal cavity and upper
abdominal organs [2], which substantially reduces the
chance to cure this malignancy. The most active therapeu-
tic agents against OC are cytoreductive surgery followed
by platinum-based chemotherapy. Recurrence of cancer
after initial platinum-based chemotherapy is very common
in OC patients, which is mainly due to the development of
platinum resistance [3]. Thus, understanding the molecular
basis of OC platinum resistance and developing new effec-
tive therapies are urgent.

Circular RNAs (circRNAs), which are a newly discov-
ered class of noncoding RNAs, are generated from unique
back-splicing of pre-mRNAs that form covalently closed
transcripts [4]. With the development and utilization of
deep RNA sequencing and related computational algo-
rithms, circRNAs have been demonstrated to be wide-
spread in human transcriptome. Accumulating studies
have shown that circRNAs are aberrantly expressed in
tumors and play critical roles in cancer growth, metastasis,
stemness and resistance to anti-tumor therapy [5-8]. Given
their unique biological structure and functions, identifica-
tion of circRNAs with high specificity and sensitivity will
provide opportunities for the early diagnosis, clinical treat-
ment, and prognosis monitoring of patients with OC [9].
To date, several OC-related circRNAs have been reported.
For example, the ectopic expression of circMUC16 in OC
tissues strikingly facilitated invasion and metastasis of
OC cells in vitro and in vivo via binding to miR-199a-5p
and upregulating the expression of Beclinl and RUNXI.
In turn, RUNXI1 elevated the expression of circMUC16
by promoting its transcription [10]. More recently, Zhang
et al. revealed that circPLEKHM3 functioned as a tumor
suppressor in OC cells and inhibited cell growth, migra-
tion and epithelial-mesenchymal transition (EMT) by tar-
geting the miR-9/BRCA1/DNAJB6/KLF4/AKT]1 axis [11].
CircCdrlas was demonstrated to increase the sensitivity
of OC cells to cisplatin by regulating the miR-1270/SCAI
signaling pathway [12]. However, further exploration is
needed to elucidate the underlying mechanisms how cir-
cRNAs mediate the platinum resistance of OC patients.

In the present study, we comparatively analyzed the
expression profile of circRNAs in platinum-resistant
and platinum-sensitive OC tissues, and found that hsa_
circ_0010467 was up-regulated in platinum-resistant OC
and positively related to advanced tumor stage and poor
prognosis. We found that hsa_circ_0010467 mediated can-
cer stemness and maintained platinum resistance by spong-
ing miR-637, thereby activating the LIF/STAT3 signaling
pathway. Moreover, AUF1 could regulate the biogenesis
of hsa_circ_0010467. Our findings provided insights into
the mechanism of maintaining platinum resistance of OC
cancer cells.
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Materials and methods
Collections of ovarian tissues

The OC tissues and serum samples were obtained from
the Department of Gynecologic Oncology, Fudan Uni-
versity Shanghai Cancer Center (FUSCC). This study
was approved by the Clinical Research Ethics Commit-
tee of Fudan University Shanghai Cancer Center. Written
informed consents were obtained from all patients. This
study was conducted in accordance with the ethical guide-
lines of the Declaration of Helsinki. Three pathologists
confirmed the pathological diagnosis of epithelial OC.
Patients who initially respond to platinum-based chemo-
therapy and subsequently relapse > 6 months after initial
treatment are classified as “platinum sensitive”. Patients
who relapse within 6 months of completing platinum-
based therapy are classified as “platinum resistant” and
typically have low response rates to subsequent chemo-
therapy. In addition, patients with RO excision (n=67)
were collected in this study. The median platinum free
interval (PFI) of patients with platinum sensitive recurrent
ovarian cancer is 16.2 months, and the PFI of patients with
platinum resistant recurrent ovarian cancer is 3.5 months.
The clinical and pathological characteristics of OC
patients were provided in Supplementary Table S1.

RNA sequencing and circRNA identification

RNA sequencing (RNA-seq) was performed according to
the manufacturer’s instructions [13]. Briefly, total RNA
was extracted by the Trizol reagent (Invitrogen, Carlsbad,
CA, USA) from platinum-resistant and platinum-sensitive
OC tissues. Detailed clinical and pathological charac-
teristics of patients whose samples were used for RNA
sequencing were provided in Supplementary Table S2. The
RbioMinus Eukaryote kit (Qiagen, Valencia, CA, USA)
was used to remove ribosome RNAs (rRNA) from the total
RNA samples. The rRNA-depleted RNA samples were
fragmented and subject to cDNA synthesis with random
hexamer primers. Then, the End-It DNA End Repair kit
was used to repair the ends, an A was added to the repaired
3" ends, and adapter sequences were ligated with cDNA
fragments. Finally, purified RNA libraries were subject to
a HiSeq 3000 sequencer (Illumina, San Diego, CA, USA).
All raw RNA-seq data were deposited in the Gene Expres-
sion Omnibus (GEO) database with the accession number
of GSE214302.

Raw RNA-seq reads were first trimmed by the Trimmo-
matic software (version 0.39) [14] to remove adapters and
low-quality reads. Trimmed reads were then mapped to
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the human reference genome (GRCh38) by using HISAT2
(version 2.2.1) [15]. Unmapped reads were then extracted
from alignments by SAMtools [16]. These unmapped
reads were utilized to call back-splicing junctions that
form circRNAs. To obtain reliable circRNA candidates,
four different algorithms were employed to identify cir-
cRNAs, including find_circ [17], circRNA_finder [18],
CIRI2 [19], and CIRCexplorer2 [20]. In each sample, cir-
cRNAs that were detected by at least two methods with > 2
back-splicing reads were kept for following analysis. For
each circRNA, an average number of back-splicing reads
in all detectable tools were calculated as the raw expres-
sion level in certain samples. Raw expression levels were
normalized by the total reads in each sample. These cir-
cRNAs were annotated with their host genes through coor-
dinate intersection by using the BEDTools software [21].
In addition, raw counts of circRNAs were utilized to per-
formed differential expression analysis by using DESeq?2
[22]. CircRNAs with fold change > 1.5 and FDR < 0.05
were considered as significantly differentially expressed.
Gene-level expression were calculated by the StringTie
program (version 2.1.4) [23] and normalized to the unit of
Transcripts per kilobase Per Million mapped reads (TPM).

Gene set enrichment analysis

The genes in hsa_circ_0010467 knockdown and control
samples were ranked by normalized expression levels.
Ranked genes were subject to the gene set enrichment
analysis (GSEA) to identify enriched hallmark biological
processes. The GSAE analysis was performed by the clus-
terProfiler R package [24]. The gene sets of 50 hallmarks
were retrieved from the Molecular Signature Database
(MSigDB) database [25].

Cell culture

SKOV3 and A2780 cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). The HEK293T cell line was obtained from the Chi-
nese Academy of Sciences (Shanghai, China). Cell lines
were authenticated by short tandem repeat (SRT) profil-
ing. Mycoplasma contamination was regularly examined
using the Lookout Mycoplasma PCR Detection Kit (Sigma
Aldrich, USA). To establish ovarian cancer cells resistant
to cisplatin (DDP) (Selleck, Houston, TX, USA), SKOV3
and A2780 underwent continuous stepwise exposure to
increasing concentrations of cisplatin to create the cispl-
atin-resistant cell lines, SKOV3-DDP and A2780-DDP.

Plasmid construction, RNAi and cell transfection

The siRNAs that target hsa_circ_0010467 splicing sites were
designed and synthesized by RiboBio (RiboBio Biotechnol-
ogy, Guangzhou, China). Transfection of plasmids, siRNA,
or miRNA mimics or inhibitors (RiboBio Biotechnology,
Guangzhou, China) was performed using Oligofectamine
transfection reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. The sequences of
siRNAs against specific targets are listed in Supplemental
Table S3. The shRNAs targeting hsa_circ_0010467, AUF1
and EIF4A3 were synthesized by TSINGKE (Shanghai,
China), and were cloned into a vector (lenti-gRNA-puro).
To construct hsa_circ_0010467 overexpression vector, the
full length of human hsa_circ_0010467 was inserted into the
pLCDH-ciR vector (Geenseed Biotech, Guangzhou, China),
which contained a front and back circular frame, whereas the
mock vector with no hsa_circ_0010467 sequence was used
as a control. To construct LIF overexpression vector, the
open reading frame (ORF) of human LIF was inserted into
the PCDH-3 X Flag vector. Stable cell lines were screened
by administration of puromycin (Yeasen Biotech, Shanghai,
China). The plasmids were transfected into ovarian cancer
cells using HieffTrans™ Liposomal Transfection Reagent
(Yeasen Biotech, Shanghai, China) according to the man-
ufacturer’s instructions. The primers used for cloning are
listed in Supplementary Table S4.

Nuclear and cytoplasmic extraction

Nuclear and cytoplasmic fractions were separated by a
PARIS™ cytoplasmic and nuclear extraction kit (Life Tech-
nologies, MA, USA) following the manufacturer’s instruc-
tions. B-actin and U2 were used as cytoplasmic and nuclear
positive controls, respectively.

Cell proliferation, colony formation, EdAU
and spheroid formation assays

Cell proliferation was evaluated by Cell Counting Kit 8
(CCK-8), EdU, and colony formation assays. Briefly, ovarian
cancer cells were plated at 1 x 10° cells per well in 96-well
plates and incubated overnight in DMEM medium supple-
mented with 10% FBS. Then, 10 ul CCK-8 was added to
the test well and incubated for 2 h. Absorbance was then
measured at a wavelength of 450 nm. For EdU assay, cells
were treated with or without cisplatin for 24 h and then
incubated with EdU (10 uM) before fixation. Cellular DNA
staining using Hoechst 33342 (Beyotime, Shanghai, China).
Cell proliferation was detected under a fluorescence micro-
scope. In colony formation assay, OC cells were seeded at
1 x 10? cells/well in 6-well plates and cultured in DMEM
medium supplemented with 10% FBS for two weeks. Colony
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formation was determined by counting the number of stained
colonies by crystal violet. CSCs self-renewal ability was
evaluated by spheroid formation assay. In brief, 1x 10
cells/well were seeded in ultra-low attachment 6-well culture
plates (Corning, NY, USA). Spontaneously generated sphe-
roids were cultured in serum-free DMEM/F12 medium sup-
plemented with 2% B-27 supplement (Invitrogen, Carlsbad,
CA, USA), 20 ng/mL basic fibroblast growth factor (FGF,
Peprotech, Rocky Hill, NJ, USA), and 20 ng/mL epidermal
growth factor (EGF, Peprotech, Rocky Hill, NJ, USA). After
two weeks, the spheroids were photographed with a fluores-
cence microscope and collected by gentle centrifugation for
western blotting or RT-qPCR analysis. For the drug sensi-
tivity assay, OC cells were seeded in 96-well plates (5 x 10°
cells/well) for 24 h, and the cells were treated with cisplatin
at the indicated doses for 48 h. After incubation with 10 pl
CCK-8 at 37 °C for 2 h, the absorbance was then measured
at a wavelength of 450 nm.

Establishment of patient-derived organoids

Patient-derived organoids (PDOs) were established from
specimens that were collected by platinum-resistant OC
ascites. Organoids were established as previously described
with appropriate adjustments [26]. Ascites effusion samples
were centrifuged at 1,500 r.p.m. for 3 min, and the super-
natant was removed. Then these samples were treated with
2 ml red blood cell lysis buffer for 5 min at room tempera-
ture. If ascites contained a small amount of solid tissue, fil-
trate was first filtered with 100 pm filter membrane to collect
filtrate, and then centrifuged. Afterwards, erythrocyte lysis
and 10 ml AJDF*** (Advanced DMEM/F12 containing
1 X Glutamax, 10 mM HEPES and antibiotics) were added
and suspension was centrifuged at 1,000 r.p.m. The prepared
cells were coated in Matrigel (Corning, NY, USA), supplied
with ovarian cancer organoid growth medium (Yeasen Bio-
technology, Shanghai, China) every 3 to 4 days, and incu-
bated at 5% CO,. Phase-contrast images were taken using
CKX41 (Olympus, Japan). Detailed clinical characteristics
of OC patients where PDOs were derived were provided in
Supplementary Table S5.

Dual luciferase reporter assay

Wild-type and mutant hsa_circ_0010467 and LIF fragments
(hsa_circ_0010467-Mut or LIF-Mut) were synthesized and
cloned into dual luciferase reporter plasmids (Promega,
USA) containing the psiCheck2 promoter. After OC cells
were inoculated into a 24-well plate and cultured for 24 h,
they were co-transfected with the wild-type or mutant
reporter gene plasmids and overexpression or silencing plas-
mid mimics. After 48 h, luciferase activities were measured
using the Dual-Luciferase Reporter Assay System (Promega,
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USA). The primers used for cloning were provided in Sup-
plementary Table S4.

RNA pull-down assay

A2780-DDP and SKOV3-DDP cells were harvested and
lysed, and M280 streptavidin Dynabeads (Invitrogen, USA)
were incubated with the biotinylated-hsa_circ_0010467
probe (RiboBio Biotechnology, Guangzhou, China) at room
temperature for 2 h to generate probe-coated beads. The cell
lysates were then incubated with the probe/bead complexes
at 4 °C overnight. Subsequently, the RNA complexes bound
to the beads were eluted and extracted with Trizol reagent
(Invitrogen, Carlsbad, CA, USA) for RT-qPCR analysis. The
biotinylated-hsa_circ_0010467 probe used for RNA pull-
down assay were provided in Supplementary Table S3.

RNA immunoprecipitation

The RNA immunoprecipitation (RIP) assay was conducted
using a Magna RIP Kit (Millipore, Billerica, MA, USA) in
accordance with the manufacturer’s instructions. The anti-
bodies for the RIP assays included Flag, AUF1, and IgG
(Cell Signaling Technology, Danvers, MA, USA). Informa-
tion of these antibodies is listed in Supplementary Table S6.

Western blot analysis

Proteins were subject to SDS-PAGE and transferred to the
nitrocellulose membranes (GE, CT, USA). After being
blocked by non-fat milk, the membrane was incubated with
primary antibodies followed by the incubation of the second-
ary antibodies. The band density was analyzed using ImageJ
and compared with the internal control. Information of used
antibodies is listed in Supplementary Table S6.

Animal experiments

Four-week-old female BALB/c nude mice were purchased
from the SLAC (Shanghai, China) and housed under patho-
gen-free conditions. A2780-DDP cells (5 x 10°%) were subcu-
taneously injected into the dorsal flank of each mouse, and
the tumor volume and weight of mice were monitored and
recorded. Four weeks after injection, the mice were sacri-
ficed. Tumor volume was calculated according to the for-
mula: volume = (width® x length)/2. For in vivo drug experi-
ments, two weeks after cells injection, DDP or 5% glucose
solution was administered by intraperitoneal (ip) injection at
the dose of 5 mg/kg. All animal experiments were allowed in
the light of NIH Guidelines for the Care and Use of Labora-
tory Animals and approved by the Animal Care Committee
of Fudan University.
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Statistical analysis

Each experiment was repeated at least three times. Statisti-
cal analysis was performed using GraphPad Prism 8.0 soft-
ware, and P <0.05 was considered statistically significant
(‘P<0.05, "P<0.01, ""P<0.001, and ""P<0.0001). The
experimental data was expressed as the means + SEM val-
ues. Two-sided Student’s t-test was used to evaluate differ-
ences between two groups, and one-way analysis of variance
(ANOVA) was used to evaluate differences among multiple
groups.

Results

Hsa_circ_0010467 is upregulated
in platinum-resistant OC tissues

To identify circRNAs that play crucial roles in maintain-
ing the platinum resistance of OC, we performed RNA-
seq in tissues derived from platinum-resistant (n=38) and
platinum-sensitive (n=10) OC patients (see Methods).
We performed hierarchical clustering of all samples with
the expression profile of variable mRNAs, the platinum-
sensitive and platinum-resistant samples were clustered
together, respectively (Supplementary Figure S1A). We
further performed DEG analysis between samples derived
from platinum-resistant and platinum-sensitive OC patients
(Supplementary Table S7). These DEGs were enriched in
RNA processing and epigenetic regulation-related biological
processes (Supplementary Figure S1B). In total, 53 circR-
NAs showed downregulation and 16 circRNAs were upregu-
lated in platinum-resistant OC samples (Fig. 1A and Supple-
mentary Table S8). We then established cisplatin-resistant
A2780 and SKOV3 cell lines (A2780-DDP, SKOV3-DDP)
(Supplementary Figure S2A) to further validate reliable
candidate circRNAs. The expression of top 5 up-regulated
circRNAs in resistant tissues (named hsa_circ_0010467,
hsa_circ_0002782, hsa_circ_0004220, hsa_circ_0069227,
and hsa_circ_0000067 in the circBase database [27]) were
compared between platinum-resistant OC cells and the
parental cells (Supplementary Figure S2B). The expression
changes of these circRNAs were consistent with those in the
RNA-seq data (Supplementary Figure S2C). Among these
circRNAs, hsa_circ_0010467 showed the largest fold change
in resistant tissues or cells (Supplementary Figure S2C), and
hsa_circ_0010467 knockdown exhibited the largest effect of
cell proliferation inhibition under cisplatin treatment (Sup-
plementary Figure S2D and S2E). Hsa_circ_0010467 was
generated from the tail-to-end splicing of exon 9, 10, 11, 12,
and 13 of the EIF4G3 gene (Fig. 1B). Hsa_circ_0010467 is
1,430 nt long and owns it unique junction (between exon 9
and 13), which was further validated by Sanger sequencing

in A2780-DDP cells (Fig. 1B). Hsa_circ_0010467 was
the predominant circRNA compared to hsa_circ_0010466
(a circRNA derived from exon 12 and 13 of EIF4G3) and
hsa_circ_0007214 (a circRNA derived from exon 10, 11,
12, and 13 of EIF4G3) in OC cells (Supplementary Figure
S2F). Hsa_circ_0010467 was further validated by RT-qPCR
using convergent and divergent primers, wherein divergent
primers generated a specific divergent band from cDNA
but not gDNA (Fig. 1C). Furthermore, hsa_circ_0010467
showed significantly higher stability than linear EIF4G3
mRNA after treatment of RNaseR (Fig. 1D) and actino-
mycin D (Supplementary Figure S3A) in A2780-DDP and
SKOV3-DDP cells. To determine the intracellular distribu-
tion of hsa_circ_0010467, we performed fluorescence in situ
hybridization (FISH) and the nucleocytoplasmic fractiona-
tion experiment, and found that hsa_circ_0010467 distrib-
uted in both the nucleus and cytoplasm of the A2780-DDP
and SKOV3-DDP cells (Fig. 1E and F). Hsa_circ_0010467
showed the highest expression levels in cisplatin-resistant
cells (A2780-DDP and SKOV3-DDP cells) across 12 OC
cell lines (Fig. 1G), whereas linear EIF4G3 mRNA was
remarkably down-regulated in cisplatin-induced resist-
ant cell lines (Fig. 1H). These results indicated that hsa_
circ_0010467 might play important roles in the induction
and maintenance of cisplatin resistance in OC cells.

To investigate the clinical relevance of hsa_
circ_0010467 in OC, we further examined the expression
of hsa_circ_0010467 and its association with the clinico-
pathological characteristics of OC patients (Supplemen-
tary Table S1). Hsa_circ_0010467 was significantly up-
regulated in platinum-resistant patients in two different
OC cohorts (Fig. 11 and Supplementary Figure S3B). OC
patients with high level of hsa_circ_0010467 exhibited
shorter overall survival time (Fig. 1J) and advanced tumor
stage (Fig. 1K). We further examined that expression of
hsa_circ_0010467 and EIF4G3 mRNA in primary tumors
from 7 OC patients with platinum-resistant relapse and 7
OC patients with platinum-sensitive relapse. Our analysis
found that hsa_circ_0010467 was significantly upregulated
in platinum-resistant relapsed OC (P =0.027), but showed
no remarkable change in platinum-sensitive relapsed OC
(P=0.077) tissues (Fig. 1L). The linear EIF4G3 mRNA
showed no significant changes in neither platinum-resist-
ant nor platinum-sensitive relapsed OC tissues (Supple-
mentary Figure S3C). Exosomes in human circulating
systems, which contains a variety of molecules (including
DNA, RNA, proteins, lipids, and metabolites), have been
widely used in liquid biopsy for early screening, diag-
nosis, and treatment of tumors [28—-30]. We next exam-
ined the expression level of hsa_circ_0010467 in plasma
exosomes of platinum-resistant and platinum-sensitive OC
patients. Plasma exosomes of those patients were exacted
and assessed by western blotting and transmission electron
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microscopy (TEM) (Supplementary Figure S3D and S3E).
Plasma exosomal hsa_circ_0010467 levels in the platinum-
resistant remarkably increased, compared to those in the
platinum-sensitive OC patients (Fig. 1M). Taken together,
these results demonstrated that hsa_circ_0010467 was fre-
quently up-regulated in platinum-resistant OC and could
be a candidate plasma marker for predicting the prognosis
and platinum resistance development of OC patients.
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Hsa_circ_0010467 promotes the proliferation of OC
cells and self-renewal maintenance of ovarian CSC

To further explore the influence of hsa_circ_0010467 on
OC cells, two shRNAs targeting the junction sites were
designed (Fig. 2A and Supplementary Table S4). RT-qPCR
results showed that hsa_circ_0010467 overexpression or
knockdown specifically targeted hsa_circ_0010467 but not
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«Fig.1 The transcriptional characterization and clinical significance
of hsa_circ_0010467 in OC cells and tissues. A Volcano plot show-
ing the differences of circRNAs between samples derived from plat-
inum-resistant (n=8) and platinum-sensitive (n=10) OC patients.
B Information about the exonic structure and Sanger sequencing
validation of back-splicing junction of hsa_circ_0010467. C RT-
qPCR products generated with divergent and convergent primers
showing the circularization of hsa_circ_0010467. cDNA, comple-
mentary DNA. gDNA, genomic DNA. D RT-qPCR analysis of the
expression of hsa_circ_0010467 and EIF4G3 mRNA in A2780-
DDP/SKOV3-DDP cells after treatment with RNase R. E FISH
analysis of hsa_circ_0010467. Nuclei are stained with DAPI. F
Nucleocytoplasmic fractionation experiment showing the distribu-
tion of hsa_circ_0010467 in cytoplasm and nucleus. G The RT-
qPCR quantification of hsa_circ_0010467 expression level in OC
cell lines and platinum-resistant OC cell lines. H RT-qPCR analy-
sis of hsa_circ_0010467 and EIF4G3 mRNA expression levels in
A2780/SKOV3 and A2780-DDP/SKOV3-DDP cells. I Comparison
of hsa_circ_0010467 levels between platinum-resistant (n=30) and
platinum-sensitive (n=37) OC tissues. J Kaplan—-Meier analysis of
the association between hsa_circ_0010467 levels and overall sur-
vival of 110 OC patients. Expression levels of hsa_circ_0010467 are
divided into high and low subgroups according to the median relative
RNA abundance. K Association analysis between hsa_circ_0010467
levels and tumor stages. L RT-qPCR analysis of hsa_circ_0010467
expression in the primary tumor tissues of 7 OC patients with plat-
inum-resistant relapse and 7 OC patients with platinum-sensitive
relapse. M RT-qPCR analysis of hsa_circ_0010467 levels in plasma
EVs of platinum-resistant (n=21) and platinum-sensitive (n=12)
OC patients. The data are presented as the means+SEM of at least
three independent experiments. *P <0.05, **P <0.01, ***P <0.001,
*#EEP <0.0001

EIF4G3 mRNA in A2780-DDP, SKOV3-DDP, and parental
cell lines transfected with the hsa_circ_0010467 overexpres-
sion or RNAi vectors (Fig. 2B and C). Knockdown of hsa_
circ_0010467 notably suppressed the proliferation ability
of A2780-DDP, SKOV3-DDP, and SKOV3 cells (Fig. 2D
and Supplementary Figure S4A), whereas overexpression
of hsa_circ_0010467 led to an increase of cell proliferation
(Fig. 2E and Supplementary Figure S4B). Our EdU assays
further demonstrated that hsa_circ_0010467 promoted the
cell proliferative ability of OC cells (Supplementary Figure
S4C-F).

It has been well known that the cancer stem cells (CSCs)
is one of the major factors that decrease the sensitivity of
cancer cells to the chemotherapeutic drug cisplatin [31, 32].
To further explore how hsa_circ_0010467 affects platinum
resistance of OC patients, we then investigated the effect
of hsa_circ_0010467 on ovarian CSCs. We found that hsa_
circ_0010467 depletion in A2780-DDP, SKOV3-DDP, and
SKOV3 cells significantly decreased the ability of spheroid
formation (Fig. 2F). In addition, hsa_circ_0010467 overex-
pression could rescue the number of spheroids (Fig. 2G).
Moreover, the downregulation of hsa_circ_0010467
decreased the expression of ALDHIA, OCT4 and SOX2
(Fig. 2H and Supplementary Figure S4G), which were
associated with ovarian CSCs signatures [33-35], whereas
these markers were increased upon hsa_circ_0010467

overexpression (Fig. 21 and Supplementary Figure S4H).
We further determined the percentage of aldehyde dehy-
drogenase 1 (ALDH-1)-positive cells, a hallmark of stem
cells, between A2780-DDP cells expressing control and
PLCDH-hsa_circ_0010467 by fluorescence-activated cell
sorting. Hsa_circ_0010467 overexpression was found to
significantly increase ALDH-positive cells from 38.3% to
75.5% in A2780-DDP cells (Fig. 2J and Supplementary Fig-
ure S41). In addition, the sihsa_circ_0010467-1 and sihsa_
circ_0010467-2 were transfected into A2780-DDP and
SKOV3-DDP cells, which showed no effect on the expres-
sion of EIF4G3 (Supplementary Figure S5A). Further col-
ony formation, CCKS8, EdU, and spheroid formation assays
demonstrated that hsa_circ_0010467 knockdown inhibited
the proliferation and CSC self-renewal ability of A2780-
DDP and SKOV3-DDP cells (Supplementary Figure S5B-
E). Altogether, these results indicated that hsa_circ_0010467
was required to maintain cell viability and CSC population
in OC.

Hsa_circ_0010467 regulates the sensitivity of OC
cells to cisplatin

To further clarify the function of hsa_circ_0010467 in cis-
platin resistance, we overexpressed hsa_circ_0010467 in
OC cisplatin-resistant cell lines with a hsa_circ_0010467
plasmid or silenced hsa_circ_0010467 with two shRNAs
or two siRNAs without altering EIF4G3 expression. The
upregulation of hsa_circ_0010467 increased the half-
maximal inhibitory concentration (IC50) of cisplatin in
A2780-DDP and SKOV3-DDP cells (Fig. 3A). Conversely,
silencing hsa_circ_0010467 abrogated hsa_circ_0010467-
induced cisplatin resistance in OC cisplatin-resistant cell
lines (Fig. 3B and Supplementary Figure S5F). Colony
formation assays showed that hsa_circ_0010467-silencing
cells had a lower survival rate than the control after expo-
sure to cisplatin (Fig. 3C and D). To further examine the
critical role of hsa_circ_0010467 in platinum resistance,
tumor ascite samples obtained from consenting platinum-
resistant OC patients who underwent drainage of ascites
effusion (Supplementary Table S5). Platinum-resistant OC
PDOs were successfully established from appropriate OC
tissues. Briefly, these tissues were suspended in basement
membrane extract (BME), plated and supplemented with
medium for organoid derivation (Fig. 3E). To compare
these organoids to their corresponding tumor tissue, we
performed hematoxylin and eosin (H&E) staining and
evaluated expression of OC protein biomarkers, such as
paired box gene 8 (PAXS) [26, 36]. Histological compari-
son of HGSOC organoids and their corresponding tumors
showed that PAXS8 positively stained both organoids and
the tumor cells within the tissue (Supplementary Figure
S6A). The OC organoids were infected with lentiviruses
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«Fig.2 Hsa_circ_0010467 promotes the proliferation of OC cells and
OC CSC self-renewal maintenance. A The construction of two dif-
ferent shRNAs that target the hsa_circ_0010467 junction site. B The
expression of hsa_circ_0010467 and EIF4G3 mRNA in A2780-DDP/
SKOV3-DDP/SKOV3 cells are analyzed by RT-qPCR after transfec-
tion with the two shRNAs or the control shRNA. (C) The levels of
hsa_circ_0010467 and EIF4G3 mRNA in A2780-DDP/SKOV3-DDP/
A2780 cells are analyzed by RT-qPCR after stable transfection with
the hsa_circ_0010467 overexpression vector (hsa_circ_0010467) or
the control vector (p)LCDH). D Downregulation of hsa_circ_0010467
significantly inhibits the proliferation of A2780-DDP/SKOV3-DDP/
SKOV3 cells. E Ectopic upregulation of hsa_circ_0010467 pro-
motes the proliferation of A2780-DDP/SKOV3-DDP/A2780 cells. F
Knockdown of hsa_circ_0010467 decreases the capacity of spheroid
formation in A2780-DDP/SKOV3-DDP/SKOV3 cells. G Overexpres-
sion of hsa_circ_0010467 rescues the spheroid formation reduced
by hsa_circ_0010467 knockdown. H Hsa_circ_0010467 knockdown
decreases the expression of CSC markers in protein levels. I Overex-
pression of hsa_circ_0010467 rescues the expression of CSC markers
in protein levels that are reduced by hsa_circ_0010467 knockdown.
The proteins of ALDHIA, OCT4, and SOX2 are isolated from sphe-
roids for Western blotting. J Representative FACS analysis show-
ing the ALDHI1" cell populations in hsa_circ_0010467 overexpres-
sion and control A2780-DDP cells. The data are presented as the
means+SEM of at least three independent experiments. *P <0.05,
*#P<0.01, #*¥P<0.001, ****P <0.0001

carrying shRNAs targeting hsa_circ_0010467 to achieve
specific knockdown (Supplementary Figure S6B). We also
use a lentivirus vector with GFP (pLV3-U6-MCS-shRNA-
EF1a-CopGFP-Puro) (P29436, Miaoling Biology, Wuhan)
to verify the successful establishment of the knockdown
system (Supplementary Figure S6C). Upon cisplatin treat-
ment, fewer organoids formed in the hsa_circ_0010467
knockdown group than that in the control (Fig. 3F and
Supplementary Figure S6D), and their sizes were much
smaller as well (Supplementary Figure S6E). Next, we
further confirmed the role of hsa_circ_0010467 in cispl-
atin resistance in ovarian xenograft tumor models (Sup-
plementary Figure S6F). A2780-DDP cells were subcuta-
neously injected into the dorsal flank of nude mice with or
without knockdown hsa_circ_0010467. When the tumor
diameter reached 3 mm, the mice received 5 treatments
of intraperitoneal injection of 5 mg/kg cisplatin or PBS.
Our results showed that silencing hsa_circ_0010467 could
inhibit tumor growth, as demonstrated by the size and
weight of tumors in the knockdown group compared with
those in the control group, and the hsa_circ_0010467-
sh6 + cisplatin group showed the highest antitumor capa-
bility (Fig. 3G, H and I). We also found that the number of
apoptotic cells significantly increased, while that of Ki67-
positive cells decreased in mice treated with control + cis-
platin, hsa_circ_0010467-sh6 + GS or hsa_circ_0010467-
sh6 + cisplatin alone (Supplementary Figure S6G). This
observation was more obvious in the hsa_circ_0010467-
sh6 + cisplatin group than in the hsa_circ_0010467-
sh6 + GS or control 4+ cisplatin group (Supplementary

Figure S6G), indicating the synergistic antitumor capa-
bility of hsa_circ_0010467-sh6 and cisplatin. Our results
showed that hsa_circ_0010467 was essential for sustaining
cisplatin resistance and that silencing hsa_circ_0010467
substantially increased the anti-tumor efficacy of cisplatin
by reducing tumor cell proliferation.

Hsa_circ_0010467 enhances the activation of STAT3

To further investigate how hsa_circ_0010467 exerted its
function in sustaining cisplatin resistance, we performed
RNA-seq following hsa_circ_0010467 knockdown to
detect gene expression changes in A2780-DDP cells. Inte-
grative gene set enrichment analysis (GSEA) of RNA-seq
data was then conducted. We noticed that several genes
in oncogenic signaling pathways, including MYC, JAK/
STAT3, TNFa/NF-kB, and E2F, were remarkably sup-
pressed with hsa_circ_0010467 depletion (Fig. 4A and
B). Our analysis also revealed the significant enrich-
ment of pluripotency of stem cell, TNF, TGF-beta, and
Hippo signaling pathways in hsa_circ_0010467-silencing
A2780-DDP cells (Fig. 4C). JAK/STAT3 had been found
to regulate cancer stemness [37-39], which also played an
important role in sustaining drug resistance. Therefore,
we focused on altered genes in the JAK/STAT3 signal-
ing pathway. The mRNA levels of the STAT3 downstream
effectors were further examined by RT-qPCR analyses,
after the transfection of hsa_circ_0010467 siRNA or siNC,
or infection by lentivirus PLCDH-hsa_circ_0010467
or PLCDH-Vector in A2780-DDP/SKOV3-DDP cells.
The results showed that LIF was the most significantly
downregulated gene in hsa_circ_0010467-silencing cells
(Fig. 4D). The transcription factor STAT3 was the primary
signaling molecule in the JAK/STAT3 pathway, and the
activation of STAT3 was associated with CSCs [37]. The
knockdown of hsa_circ_0010467 drastically reduced the
level of phospho-STAT3 (Tyr705) (pSTAT3), but not the
whole levels of STAT3, suggesting that hsa_circ_0010467
mediate the phosphorylation and activation of STAT3
(Fig. 4E).

Next, we investigated whether hsa_circ_0010467
affected the cancer stemness. It has been demonstrated
that the expression of SOX2, KLF4, OCT4, NANOG, and
ALDHI1A are associated with OC CSC signatures [39, 40].
Our RNA-seq analysis revealed that hsa_circ_0010467
knockdown affected the expression of KLF4 (Fig. 4F).
We further confirmed that hsa_circ_0010467 knockdown
reduced the expression of SOX2, KLF4, OCT4, NANOG,
and ALDHI1A in A2780-DDP/SKOV3-DDP cells (Fig. 4G).
Taken together, these findings illustrated that the abnormal
expression of hsa_circ_0010467 mediated cancer prolifera-
tion and cancer stemness by promoting STAT3 activation.
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Fig.3 Hsa_circ_0010467 regulates the sensitivity of OC cells to
cisplatin in vivo and in vitro. Stable hsa_circ_0010467 knockdown
(A) or hsa_circ_0010467 overexpression (B) in A2780-DDP and
SKOV3-DDP cells that are treated with cisplatin of different con-
centrations for 48 h, and cell viability is measured by the CCK8
assay. Colony formation assays show that shRNA-mediated deple-
tion of hsa_circ_0010467 leads to cell number changes in response
to cisplatin treatment in A2780-DDP (C) and SKOV3-DDP cells
(D) that are treated with different concentrations of cisplatin (0, 20,
and 40 uM) or cisplatin (0, 10, and 20 uM) for 2 weeks, and colonies
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Time(Days)

were visualized by crystal violet staining. E Schematic illustrating
the establishment and subsequent treatments of the platinum-resistant
OC patient-derived organoids (PDOs). F Downregulation of hsa_
circ_0010467 significantly inhibited the proliferation of platinum-
resistant OC PDOs. G The image of xenograft tumors derived from
sacrificed mice in subcutaneous xenograft model. In vivo analysis of
tumor weights (H) and volumes (I) in mice with indicated treatment.
n=06 tumors, two-sided Student’s t-test. The data are presented as the
mean =+ SEM, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001
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Fig.4 Hsa_circ_0010467 modulates OC cell proliferation and cancer
stemness by promoting IL6/JAK/STAT3 signaling pathway. A Bar
plots showing enriched GSEA pathways by differentially expressed
genes (sihsa_circ_0010467/siNC, absolute fold change>1.5)

A2780-DDP cells. X-axis indicates GSEA pathways and Y-axis rep-
resents statistical significance of the enrichment. B GSEA analysis
shows that the MYC, JAK/STAT3, TNFo/NF-«xB, and E2F signal-
ing pathway related genes were significantly enriched in A2780-
DDP cells with hsa_circ_0010467 knockdown. C Bubble chart
showing the top enriched KEGG pathways of downregulated genes
(sihsa_circ_0010467-mix/siNC, fold change>1.5) in A2780-DDP
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cells. D JAK/STAT3 signaling pathway-related genes are detected by
RT-qPCR. E Western blot analysis of pSTAT3 and STAT3 in A2780-
DDP, SKOV3-DDP, and primary platinum-resistant patients’ cells
with hsa_circ_0010467 knockdown. The bottom panel showing the
statistical analysis of pSTAT3 and STAT3 expression (n=3). F The
RNA-seq reads around the KLF4 loci. G RT-qPCR analysis of the
mRNA expression of SOX2, KLF4, OCT4, NANOG, and ALDHIA
in A2780-DDP and SKOV3-DDP spheroids with hsa_circ_0010467
knockdown or overexpression. The data are presented as the
means +SEM of at least three independent experiments. *P <0.05,
**P <0.01, ***P <0.001, ****P <0.0001
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Hsa_circ_0010467 directly binds to miR-637
and acts as a competitive endogenous RNA

Given its preferential localization in the cytoplasm and lack
of potential open reading frame (ORF), we hypothesized
that hsa_circ_0010467 could serve as a miRNA sponge to
compete with endogenous RNAs. We screened potential
miRNA targets by employing the circbank [41], circAtlas
[42], and circinteractome [43] tools, which identified four
miRNA candidates, including miR-637, miR-578, miR-
767-5p, and miR-892b (Fig. 5SA and B). To identify whether
these miRNAs could bind to hsa_circ_0010467, biotinylated
hsa_circ_0010467 probes targeting the junction site and
scrambled oligo probes were designed and applied to per-
form RNA pull-down assay in A2780-DDP/SKOV3-DDP
cells (Fig. 5C). The enrichments of miR-637 in the hsa_
circ_0010467 pulldown fraction were significantly higher
than those of the other miRNAs (Fig. 5D). Furthermore,
RNA immunoprecipitation (RIP) was performed to observe
whether hsa_circ_0010467 could bind to miR-637 (Fig. SE).
The RIP results showed higher levels of miR-637 and hsa_
circ_0010467 in the Flag antibody group than those in the
IgG control group (Fig. 5F). Next, we performed dual-lucif-
erase reporter assays via co-transfecting luciferase reporter
vectors psicheck2-hsa_circ_0010467 and miRNA mimics in
HEK?293T cells. Compared to the negative control group or
three miRNAs (miR-578, miR-767-5p and miR-892b), the
luciferase activity of hsa_circ_0010467 decreased by 50%
in the miR-637 mimics group (Fig. 5G). Moreover, after
mutating the binding sites of miR-637 in hsa_circ_0010467
(Fig. 5H), we found that miR-637 did not induce any sig-
nificant change in luciferase activity of hsa_circ_0010467
Mut (Fig. 51). Furthermore, we found that miR-637 expres-
sion was significantly decreased after hsa_circ_0010467
overexpression, whereas hsa_circ_0010467 knockdown led
to increased miR-637 expression in A2780-DDP/SKOV3-
DDP cells (Fig. 5J). Pearson correlation analysis revealed
that the expression of hsa_circ_0010467 was reversely cor-
related with the level of miR-637 in OC tissues (Fig. 5K).
Together, our results suggested that hsa_circ_0010467 could
directly bind to miR-637 and acted as a sponge of miR-637.

LIF is a direct target of miR-637 and stimulates
LIF-STAT3 pathway

LIF had been shown to be a target gene of miR-637, which
subsequently activated the JAK/STAT3 pathway to promote
tumor progression via regulating STAT3 tyrosine 705 phos-
phorylation [44-47]. To further validate this in platinum
resistant OC cells, the miR-637 mimic or miR-637 inhibi-
tor was transfected into A2780-DDP cells. Overexpression
of miR-637 decreased the protein and mRNA expression
level of LIF, while downregulation of miR-637 increased
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the protein and mRNA expression level of LIF (Fig. 6A and
B). Then, plasmids containing the wild-type sequence (LIF-
WT) or the mutant binding site sequence (LIF-Mut) were
constructed (Fig. 6C) and co-transfected with the miR-637
mimic or NC mimic into HEK293T cells for a dual lucif-
erase reporter assay. The results showed that overexpression
of miR-637 significantly reduced the luciferase activity of
the vector containing LIF-WT but did not reduce the lucif-
erase activity of the empty vector or the vector containing
LIF-Mut (Fig. 6D). Pearson correlation analysis showed
that the expression of LIF was negatively correlated with
the level of miR-637 in OC tissues (Fig. 6E). These results
demonstrated that LIF was the direct target gene of miR-637.

Subsequently, the expression of LIF was further evalu-
ated in A2780-DDP/SKOV3-DDP cells after knockdown
of hsa_circ_0010467. The results showed that downregula-
tion of hsa_circ_0010467 led to a decrease in the expres-
sion of LIF (Fig. 6F, G and H). Moreover, knockdown of
hsa_circ_0010467 decreased the protein expression level
of LIF, inhibiting STAT3 tyrosine 705 phosphorylation
(Fig. 6]). In addition, the expression of LIF was examined in
OC tissues and normal ovarian tissues by RT-qPCR. It was
found that LIF was significantly upregulated in OC tissues
compared to normal tissues, and upregulated in resistant OC
tissues compared to platinum-sensitive OC tissues (Fig. 6J).
Analysis using GEPIA2 [48] (http://gepia2.cancer-pku.cn)
showed that LIF was significantly upregulated in tumor tis-
sues compared with normal ovarian tissues in the TCGA
OC cohort (Fig. 6K). Pearson correlation analysis showed
that the expression of LIF was positively correlated with
the level of hsa_circ_0010467 (Fig. 6L) in OC tissues. In
summary, these results demonstrated that hsa_circ_0010467
could function as a sponge of miR-637 to activate the LIF/
STAT?3 pathway.

Hsa_circ_0010467 sustains cisplatin resistance
through miR-637/LIF/STAT3

To further investigate whether hsa_circ_0010467 played
its biological role via the hsa_circ_0010467/miR-637/
LIF/STAT3 axis, a series of rescue experiments were
executed in A2780-DDP/SKOV3-DDP cells after co-
transfection of miR-637 mimic or miR-637 inhibitor with
hsa_circ_0010467 or sihsa_circ_0010467-mix. The results
of colony formation, spheroid formation, and EdU assays
showed that the miR-637 inhibitor reversed the altera-
tion in the biological behaviors of OC cells induced by
hsa_circ_0010467 knockdown (Fig. 7A-D). Conversely,
the miR-637 mimic offset the alteration in the biologi-
cal behaviors of OC cells induced by overexpression of
hsa_circ_0010467 (Fig. 7A-D). The downregulation of
hsa_circ_0010467 decreased LIF protein expression and
the miR-637 inhibitor rescued protein expression, while
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G The four miRNAs are validated through a luciferase reporter gene
assay. H A schematic diagram showing the binding site of miR-637. I
Hsa_circ_0010467-WT or hsa_circ_0010467-Mut and miR-637 mim-
ics were co-transfected into HEK293T cells, and a luciferase reporter
gene assay is utilized to evaluate luciferase activity. J Expression of
miR-637 in A2780-DDP/SKOV3-DDP cells with hsa_circ_0010467
knockdown or overexpression is determined by RT-qPCR analy-
sis. K The expression correlation between hsa_circ_0010467 and
miR-637 in the FUSCC2 OC cohort. The data are presented as the
means +SEM of at least three independent experiments. *P <0.05,
**P<0.01, ***¥P <0.001, ****P <0.0001
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Fig.6 Hsa_circ_0010467 elevates LIF expression and stimulates
LIF-STAT3 pathway by sponging miR-637 in OC. A The relative
mRNA expression of LIF after transfection with miR-637 mimic,
miR-637 inhibitor, or control. B The protein expression of LIF after
transfection with miR-637 mimic, miR-637 inhibitor or control. The
right panel showing the statistical analysis of LIF expression (n=3).
C A schematic diagram showing the binding sites of miR-637 in LIF
3" UTR. D LIF-WT or LIF-Mut and miR-637 mimics were co-trans-
fected into HEK293T cells, and a luciferase reporter gene assay is
utilized to evaluate luciferase activity. E Pearson correlation analysis
of LIF and miR-637 expression in OC tissues. F The relative expres-
sion of hsa_circ_0010467 and EIF4G3 in A2780-DDP and SKOV3-
DDP cell lines with hsa_circ_0010467 knockdown or control. G RT-
qPCR results showing the relative expression of LIF after silencing

@ Springer

Relative Expression Level of
hsa_circ_0010467

(num(T)=426; num(N)=88)

hsa_circ_0010467. H The RNA-seq reads around the LIF loci, and a
significantly downregulated peak is observed after hsa_circ_0010467
knockdown. I Western blot results showing the relative protein levels
of LIF and downstream LIF-STAT3 pathway-related molecules are
measured in A2780-DDP and SKOV3-DDP cells after silencing hsa_
circ_0010467. The right panel showing the statistical analysis of LIF,
pSTAT3, and STAT3 expression (n=3). J RT-qPCR results showing
the relative expression of LIF in the platinum-resistant, platinum-
sensitive OC tissues, and normal ovarian tissues. K LIF is signifi-
cantly upregulated in the TCGA ovarian cancer cohort. L The expres-
sion correlation between LIF and hsa_circ_0010467 in the FUSCC2
OC cohort. The data are presented as the means+SEM of at least
three independent experiments. *P <0.05, **P <0.01, ***P <0.001,
*EEP <(0.0001
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Fig. 7 Hsa_circ_0010467 sustains cisplatin resistance and CSC self-
renewal ability through miR-637/LIF. The cell viability and spherois
formation capacity of A2780-DDP/SKOV3-DDP cells are detected
after transfection or co-transfection with indicated vectors, siRNAs,
miRNAs or inhibitors by colony formation assays (A), spheroid for-
mation assays (B), and EdU assays (C and D), respectively. E The
relative protein levels of LIF and downstream LIF/STAT3 pathway-
related molecules that are measured in A2780-DDP/SKOV3-DDP
cells after transfection or co-transfection with indicated vectors,
siRNAs, miRNA mimics or inhibitors by Western blot. The right
panel showing the statistical analysis for protein expression of LIF,

upregulation of hsa_circ_0010467 and transfection with
the miR-637 mimic caused the opposite effects (Fig. 7E
and Supplementary Figure S7A). Additionally, western
blot analysis also confirmed that the miR-637 inhibitor and

0

T T T T T T 1
0 125 25 5 10
Cisplatin(uM)

pSTAT3, STAT3, ALDHIA, OCT4, and SOX2 in A2780-DDP/
SKOV3-DDP cells (n=3). F A2780-DDP cells transfected with
PLCDH, hsa_circ_0010467, or hsa_circ_0010467 + miR-637 mimic
are treated with cisplatin at different concentrations for 48 h, and cell
viability is measured by CCKS8 assays. G SKOV3-DDP cells trans-
fected with siNC, sihsa_circ_0010467, or sihsa_circ_0010467 + miR-
637 inhibitor are treated with different concentrations of cisplatin for
48 h, and cell viability is evaluated by CCK-8 assays. The data are
presented as the means+SEM of at least three independent experi-
ments. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001

mimic reversed the alterations in cancer stemness-related
protein levels caused by hsa_circ_0010467 silencing or
overexpression (Fig. 7E and Supplementary Figure S7A).
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To further determine whether hsa_circ_0010467
regulated the chemosensitivity of OC through the hsa_
circ_0010467/miR-637/LIF/STAT3 axis, a series of gain-
of-function assays were conducted. After co-transfection of
miR-637 mimic or miR-637 inhibitor with hsa_circ_0010467
or sihsa_circ_0010467-mix, cisplatin was used for the treat-
ment of the A2780-DDP/SKOV3-DDP cells. The effects of
the hsa_circ_0010467 on proliferation were reversed by co-
transfection with the miR-637 mimic or miR-637 inhibitor
(Supplementary Figure S7B-E). The result of drug sensitiv-
ity assays also confirmed that miR-637 mimic reversed the
promotion in the cisplatin resistance of OC cells caused by
hsa_circ_0010467 overexpression, and miR-637 inhibitor
offset the promotion in cisplatin-sensitive OC cells induced
by hsa_circ_0010467 knockdown (Fig. 7F, G and Supple-
mentary Figure S7F, S7G). Moreover, colony formation and
spheroid formation assays also confirmed that LIF overex-
pression offset the inhibition in the biological behaviors of
OC cells induced by hsa_circ_0010467 knockdown (Sup-
plementary Figure S8A-C). Cryptotanshinone is an inhibi-
tor of JAK/STAT3 and significantly inhibits the STAT3
Tyr705 phosphorylation and the dimerization of STAT3
[49, 50]. We used cryptotanshinone to treat OC cells with
hsa_circ_0010467 overexpression. The expression level of
STAT3 Tyr705 phosphorylation was reduced and verified by
western blot analysis (Supplementary Figure S8D). Colony
formation and spheroid formation assays also confirmed that
cryptotanshinone reversed the promotion in the proliferation
ability of OC cells caused by hsa_circ_0010467 overexpres-
sion (Supplementary Figure S8E and S8F). Colivelin is a
brain penetrant neuroprotective peptide and a potent acti-
vator of STAT3, suppresses neuronal death by activating
STAT?3 in vitro [51, 52]. We used colivelin to treat OC cells
with hsa_circ_0010467 knockdown. The expression level
of STAT3 Tyr705 phosphorylation was increased and veri-
fied by western blot analysis (Supplementary Figure S8G).
Colony formation and spheroid formation assays also con-
firmed that colivelin offset the inhibition in the biological
behaviors of OC cells induced by hsa_circ_0010467 knock-
down (Supplementary Figure S8H and S8I). Conclusively,
hsa_circ_0010467 was demonstrated to sustain cisplatin
resistance in OC cells by acting as a ceRNA, which indi-
rectly upregulated the expression of miR-637, LIF, and acti-
vated the LIF/STAT3 pathway.

AUF1 mediates the generation of hsa_circ_0010467

We further sought to define the molecular mechanism
underlying driving hsa_circ_0010467 up-regulation in
platinum-resistant OC. To this end, we first used the online
tool circinteractome (https://circinteractome.nia.nih.gov)
to identify splicing-associated factors that bind to flanking
regions of hsa_circ_0010467. The results suggested that
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two candidate RNA binding proteins, AUF1 and EIF4A3,
contribute to hsa_circ_0010467 cyclization (Fig. 8A). We
observed that the expression of hsa_circ_0010467 was sig-
nificantly down-regulated when AUF1 but not EIF4A3 was
silenced (Fig. 8B). Both RIP assay using AUF1 antibody
and RT-qPCR analysis indicated that AUF1 protein bound
hsa_circ_0010467 (Fig. 8C and D). Notably, AUF1 protein
expression was significantly increased in platinum-resistant
OC tissues (Fig. 8E). Pearson correlation analysis showed
that the expression of AUF1 was positively correlated with
that of hsa_circ_0010467 in OC tissues (Fig. 8E). Recently,
AUF1 had been reported to regulate circMALAT1 biogen-
esis and was upregulated in liver cancer stem cells, which
contributed to the maintenance of liver cancer stem cells
[53]. Then, we isolated patient-derived primary tumor cells
(PDC) from platinum-resistant patients’ ascites and obtained
spheroids by suspension culture. Interestingly, both hsa_
circ_0010467 mRNA expression and AUF1 protein expres-
sion were significantly increased in spheroids (Fig. 8F and
Supplementary Figure S9A). When AUF1 was knocked
down in OC cells by two shRNAs, the ability of spheroid
formation of OC cells was inhibited (Supplementary Figure
S9B). Furthermore, we had successfully constructed PDOs
with AUF1 knockdown, and fewer organoids formed in the
AUF1 knockdown group than that in the control, and their
sizes were much smaller as well (Supplementary Figure
S9C and S9D). In summary, these data indicated that the
mechanism of hsa_circ_0010467 mediated by AUF1 to pro-
mote cancer stemness and cisplatin resistance of OC through
hsa_circ_0010467/miR-637/LIF/STAT?3 axis (Fig. 8G).

Discussion

Although numerous improved management strategies are
available in clinical practice, cancer-related mortality rate of
OC remains high, which is largely due to platinum resistance
that is a formidable challenge in OC therapy. With the devel-
opment of high-throughput sequencing techniques, a signifi-
cant portion of circRNAs that are closely related to tumor
resistance have been identified. For instance, upregulation
of circFARP1 in cancer-associated fibroblasts contributed to
tumor cell stemness, gemcitabine resistance, and ultimately
leads to poor survival of pancreatic cancer patients [44].
In vivo experiments demonstrated that silencing circPARD3
inhibited tumorigenicity and enhanced chemosensitivity
of laryngeal squamous cell carcinoma cells by enhancing
autophagy [54]. Overexpression of circPRKARI1B sup-
presses the sensitivity of osteosarcoma cells to cisplatin
through sponging miR-361-3p to modulate the expression of
frizzled class receptor 4 (FZD4) [55]. However, few studies
have investigated the role of circRNAsS in platinum-resistant
OC. In the present study, we found that hsa_circ_0010467
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was highly expressed in platinum-resistant OC tissues and
a higher expression level of hsa_circ_0010467 was associ-
ated with more advanced tumor stage and poor OC patient
prognosis. Our experiments in cells, PDOs and mouse mod-
els demonstrated that downregulation of hsa_circ_0010467
increases the sensitivity of OC cells to cisplatin.

Our results showed that hsa_circ_0010467 was upreg-
ulated in cisplatin-resistant cell lines, while its cognate
EIF4G3 mRNA was downregulated. We found that AUF1,
an RNA binding protein, participated in the biogenesis
of hsa_circ_0010467, and AUF1 was up-regulated in
platinum-resistant ovarian cancer, suggesting that tran-
scriptome alterations mediated by abnormal RBPs during
cancer activation and progression may give rise to onco-
gene activation in a way that does not rely on genomic or
epigenomic variations. It is possible that EIF4G3 mRNA
might be regulated by miRNAs targeting the 3’ UTR of
the mRNA [56]. Further research is needed to completely
elucidate transcriptional regulation, processing, and turno-
ver of the transcriptional output of this locus. We next
explored the molecular mechanism of hsa_circ_0010467
in OC chemotherapeutic resistance. First, candidate miR-
NAs with sequences complementary to hsa_circ_0010467
were screened through computational analysis, and it was
found that miR-637 expression was also negatively regu-
lated by hsa_circ_0010467 in OC tissues. Furthermore,
RNA pulldown, RIP and dual luciferase reporter assays
proved a direct interaction between hsa_circ_0010467
and miR-637. MiR-637 had been confirmed to be a tumor
suppressor in a variety of cancers [45, 57, 58]. Overex-
pression of miR-637 dramatically inhibited cell growth
and induced the apoptosis of hepatocellular carcinoma
(HCC) cells [45]. Decreased miR-637 was an unfavorable
progression indicator for glioma patients and promoted
glioma cell growth, migration and invasion [57]. Wang
et al. found that blockage of miR-637 promoted viability,
proliferation, migration and invasion capacity of colo-
rectal cancer cells, suggesting miR-637 played a tumor
suppressor role in colorectal cancer [58]. Consistently,
we found that overexpression of miR-637 mimicked the
effect of hsa_circ_0010467 knockdown in cell prolifera-
tion, cancer stemness and chemotherapeutic resistance of
OC. Moreover, the effects caused by miR-637 could also
be counteracted by hsa_circ_0010467 overexpression.
It has been well established that miRNAs regulate gene
expression by binding to the complementary sequences in
3" UTRs of target genes. Our data revealed that miR-637
was able to directly target the 3’ UTR of LIF, resulting
in the down regulation of LIF at the post-transcriptional
level. Moreover, there was a negative correlation between
miR-637 and LIF mRNA in OC tissues. Thus, we hypoth-
esized that LIF might be one of the important targets of
miR-637, in agreement with a previous study [45], which
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reported that miR-637 overexpression negatively regulated
STATS3 tyrosine 705 phosphorylation by suppressing LIF
expression. Recently, STAT3 activation has been found to
be frequently correlated with cancer stemness and chem-
oresistance [37, 38, 59]. In addition to its direct effects,
we found that miR-637 also decreased phosphorylation
levels of STAT?3 tyrosine 705, and subsequently repressed
the transcriptional expression of SOX2, KLF4, OCT4,
NANOG, and ALDHI1A, which were associated with
OC CSCs signatures. In this study, we found that STAT3
activation was inhibited by miR-637 that downregulated
LIF expression, which upregulated the expression of OC
CSCs signatures, thereby induced cancer stemness and
chemoresistance. These could also be observed by silenc-
ing hsa_circ_0010467. Conversely, these effects induced
by miR-637 could also be rescued by hsa_circ_0010467
overexpression. Furthermore, a positive relationship was
observed between hsa_circ_0010467 expression and LIF
mRNA in OC tissues. Thus, hsa_circ_0010467 promoted
OC progression and chemoresistance through modulating
the miR-637/LIF/STAT?3 axis.

Previous study had identified AUF1 as a core contributor
to circMALATI formation [53]. In this study, AUFI can
modulate the biogenesis of hsa_circ_0010467 by combin-
ing the upstream region of EIF4G3 pre-mRNA. In addition,
AUF1 protein expression was up-regulated in platinum-
resistant tissues and spheroids, and its protein expression
was positively correlated with hsa_circ_0010467 mRNA.
Primary cytoreductive surgery (PCS) followed by plati-
num-based chemotherapy remains the standard treatment
for patients with advanced OC, but lacks appropriate bio-
markers and targets to deal with platinum resistance. To test
whether hsa_circ_0010467 could be used as a chemother-
apy predictor, several cohorts of OC patients who received
platinum-based treatment were enrolled. Our results showed
that hsa_circ_0010467 was highly expressed in platinum-
resistance patients’ tissues and plasma exosomes, and its
high expression correlated with poor survival, which also
significantly increased in platinum-resistant relapse but not
platinum-sensitive relapse patients. These results revealed
that hsa_circ_0010467 was an appropriate prognostic fac-
tor for platinum-resistant patients. In summary, our findings
suggest that upregulated hsa_circ_0010467 was necessary
for the maintenance of platinum resistance, and silencing
hsa_circ_0010467 substantially increased the efficacy of
platinum-induced cell death. In summary, our study reveals
that hsa_circ_0010467 sequesters miR-637 by acting as a
miRNA sponge, thereby competitively activating the LIF/
STAT3 pathway and inducing platinum resistance. This
study also provides evidence that hsa_circ_0010467 could
be a promising biomarker for prognostic prediction in OC
patients treated with platinum-based chemotherapy.
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