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by Regulating FOXR2 Expression via miR-1252

Shu Zhang,' Jie Cheng,"> Chenlian Quan,' Hao Wen,' Zheng Feng,'! Qin Hu,' Jun Zhu,' Yan Huang,!

and Xiaohua Wu!

!Department of Gynecological Oncology, Fudan University Shanghai Cancer Center, Shanghai 200000, China

Ovarian cancer is the malignant tumor of the female reproduc-
tive system with the highest fatality rate. Tolerance to chemo-
therapeutic drugs such as paclitaxel (PTX) occurring in the
very early stage is one of the important factors of the poor prog-
nosis of ovarian cancer. Herein, we aim to study the dysregula-
tion of a particular circular RNA (circRNA), circCELSR1
(hsa_circ_0063809), and its role in the progression and
PTX resistance of ovarian cancer. The high expression of
circCELSR1 in PTX-resistant tissues of ovarian cancer and
PTX-resistant ovarian cancer cells (SKOV3/PTX and HeyA-8/
PTX) was determined by microarray analyses and quantitative
real-time PCR. Cell Counting Kit-8 (CCK-8) assays were per-
formed to investigate the effect of circCELSR1 on PTX sensi-
tivity of ovarian cancer cells. Flow cytometer assays were used
to detect cell cycle and apoptosis of ovarian cancer cells. The
effect of circCELSR1 on ovarian cancer cells was assessed
in vitro and in vivo. The microRNA (miRNA) sponge mecha-
nism of circRNAs was demonstrated using dual-luciferase re-
porter and RNA immunoprecipitation assays. By microarray
(5 PTX-resistant ovarian cancer tissues vs 5 PTX-sensitive
ovarian cancer tissues) and qRT-PCR (36 normal ovarian tis-
sues and ovarian cancer tissues) we identified circCELSR1 to
be dramatically highly expressed in ovarian cancer samples
and correlated with PTX resistance. Compared with sensitive
cell lines, circCELSR1 was also highly expressed in PTX-resis-
tant ovarian cancer cell lines, and circCELSR1 silencing
enhanced PTX-induced cytotoxicity in ovarian cancer cells.
Meanwhile, the inhibition of circCELSR1 also caused ovarian
cancer cell Gy/G; arrest and an increase in apoptosis. In vivo
studies revealed that circCELSR1 was stably inhibited in a
xenograft mouse model and inhibited the growth of ovarian
cancer. Furthermore, we demonstrated that circCELSR1 acts
as a sponge for miR-1252 and verified that forkhead box 2
(FOXR2) is a novel target of miR-1252. In this study, we
explored the specific mechanisms of PTX resistance and tumor
progress of ovarian cancer due to circCELSR1; presented the
circCELSR1-miR-1252-FOXR2 axis and its role in ovarian
cancer drug sensitivity and progression; and suggest that
the results may provide an experimental basis for clinical
application.
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INTRODUCTION

Ovarian cancer has the second highest incidence of gynecological ma-
lignant tumors, and it is the leading cause of cancer-related mortality
in the female reproductive system.' Due to untypical early symptoms
and unreliable screening approaches, most ovarian cancer patients
are diagnosed at an advanced stage and present a poor response to
currently available therapeutic interventions, with a 5-year survival
rate of 15%-30%.” The first-line therapy for ovarian cancer includes
cytoreductive surgery and combined paclitaxel (PTX)-based chemo-
therapy." Although improvement in median survival has been
observed in recent years, tumor recurrence frequently occurs
following the development of multidrug resistance (MDR).> Resis-
tance to PTX, a frontline chemotherapeutic agent with long-term
clinical applications in the therapy of ovarian cancer, continues to
be one of the primary causes of treatment failure.” Evidence has
shown that PTX resistance is a process with multifactorial participa-
tion that may originate through a series of modifications;” however,
the mechanism responsible for chemoresistance in ovarian cancer re-
mains poorly understood. Therefore, it is imperative to identify an
effective therapeutic target that can sensitize ovarian cancer to PTX
and elucidate the molecular mechanism of drug resistance in ovarian
cancer.

Circular RNAs (circRNAs) are characterized by a covalent closed-
loop structure with no 5’ cap or 3’ polyadenylation tail, with the prop-
erty of stable structure, good conservation, tissue specificity, and
expression specificity at different developmental stages in different
species.” These unique features make circRNA a research hotspot.”
It is becoming increasingly apparent that dysregulated circRNAs
are implicated in carcinogenesis and progression of numerous can-
cers, acting as either oncogenes or tumor suppressors.'’ Moreover,
abnormality of circRNA levels has been shown to be associated

Received 24 October 2019; accepted 7 December 2019;
https://doi.org/10.1016/j.0mtn.2019.12.005.

*These authors contributed equally to this work.

Correspondence: Xiaohua Wu, Department of Gynecological Oncology, Fudan
University Shanghai Cancer Center, No. 270 Dongan Road, Shanghai 200032,
China.

E-mail: zhangtian1615@163.com

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


https://doi.org/10.1016/j.omtn.2019.12.005
mailto:zhangtian1615@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2019.12.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

. . . . 11-13
with the development of chemoresistance in various tumors.

Nonetheless, the functional role of circRNAs in PTX resistance in
ovarian cancer remains unclear. In this study, we profiled the
circRNA expression of PTX-resistant ovarian cancer tissues in order
to improve our understanding of the precise mechanisms of PTX
resistance as well as to identify potential circRNA biomarkers for
ovarian cancer patients.

Using a circRNA microarray profiling, we found the top 30
upregulated circRNAs in chemoresistant ovarian cancer samples.
Among these candidates, we found that the expression of circCELSR1
(hsa_circ_0063809) is markedly elevated both in chemoresistant
ovarian cancer tissues and cell lines. We further demonstrated that
circCELSR1 may act as a sponge of miR-1252 to upregulate the level
of forkhead box 2 (FOXR2) and therefore promote ovarian cancer
development. Our findings will provide new insights into the regula-
tory mechanisms of circCELSRI in the progression and PTX resis-
tance of ovarian cancer.

RESULTS

Profile of circRNAs in PTX-Resistant Ovarian Cancer Tissues

To analyze the expression pattern of circRNAs in PTX-resistant
ovarian cancer tissues, we identified the expression profiles of dysre-
gulated circRNAs in five pairs of PTX-sensitive ovarian cancer tissues
and PTX-resistant ovarian cancer tissues using a high-throughput
microarray assay. We found that 833 circRNAs were aberrantly
expressed with a fold change of >2.0 and p < 0.05, of which 341
circRNAs were upregulated and 492 circRNAs were downregulated.
We also explored the length distribution of circRNAs and found
that most circRNAs were shorter than 1,500 bp, consistent with pre-
vious studies. Moreover, of all 833 circRNAs disclosed in this study,
only 318 (38.18%) were overlapped with circBase (http://www.
circbase.org/) and 515 (61.82%) were newly identified. Hierarchical
clustering showed the 10 most upregulated and downregulated
circRNAs between PTX-resistant and PTX-sensitive tissues of
ovarian cancer (Figure 1A). Then, the five most upregulated
circRNAs (hsa_circ_0063809, has_circ_0001946, has_circ_0026134,
hsa_circ_0025033, and hsa_circ_0014130) were selected and vali-
dated by quantitative real-time PCR using PTX-resistant and
PTX-sensitive tissue samples. As shown in Figures 1B-1F,
except for hsa_circ_0014130, the circRNAs displayed a consistent
expression level between the microarray and quantitative real-time
PCR analyses.

Among them, we found that inhibition of circCELSR1 (hsa_circ_
0063809) reversed PTX resistance in both SKOV3/PTX and HeyA-
8/PTX cell lines, whereas the other four circRNAs showed little effect
(Figure 1G). circCELSRI is back-spliced of circularizing three exons
of CELSR1 gene (chr22:46780439-46785396), located at 22q13.31
amplicon. We first verified its existence in many circRNA databases.
According to the circBase database, circCELSRI is detected in many
types of cell lines, including H1hesc and Helas3 (http://www.circbase.
org/cgi-bin/singlerecord.cgi?id1/4hsa_circ_0063809). To investigate
the clinical significance of circCELSR1 expression in PTX sensitivity

of ovarian cancer patients, the expression of circCELSRI expression
in normal ovarian tissues and ovarian cancer tissues from PTX-resis-
tant or PTX-sensitive patients were analyzed. As shown in Figure 1H,
there was an increasing trend in circCELSRI levels from normal
ovarian tissues to PTX-sensitive ovarian cancer tissues and then to
PTX-resistant ovarian cancer tissues, and the differences among the
three groups were significant (p < 0.001). Experiments were then
performed at the cellular level. circCELSRI1 expression was distinc-
tively higher in PTX-resistant ovarian cancer cells SKOV3/PTX and
HeyA-8/PTX cells, and clearly lower in normal ovarian surface
IOSE-80 epithelial cells (Figure 1I; p < 0.01).

circCELSR1 Enhances the PTX Chemosensitivity of Ovarian
Cancer In Vitro

To further validate the expression level of circCELSR1 on PTX resis-
tance, circCELSR1 short hairpin RNA (shRNA) and circCELSR1
overexpression vector were constructed, and we performed loss-of-
function and gain-of-function studies by knocking down or overex-
pressing circCELSRI in ovarian cancer cells. First, we knocked
down the expression of both circCELSR1 and CELSR1 mRNA.
SKOV3/PTX and HeyA-8/PTX cells were transfected with three
kinds of circCELSR1 shRNA (sh-circCELSR1#1, sh-circCELSR1#2,
or sh-circCELSR1#3, respectively) or GFP lentivirus (sh-control
[CTL]), as well as the sequence only in the linear transcript (si-
CELSR1). As expected, shRNA directed against the back-spliced
sequence knocked down only the circular transcript and did not affect
the expression of linear species, and siRNA targeting the sequence in
the linear transcript knocked down only the linear transcript and did
not affect the expression of the circular transcript in SKOV3/PTX and
HeyA-8/PTX cells (Figures SIA-S1H; p < 0.01). Due to the highest
efficiency of interference, sh-circCELSR1#1 was chosen for the subse-
quent experiments. Meanwhile, we infected SKOV-3 and HeyA cells
with the circCELSRI overexpression adenovirus (circCELSR1 OE) or
control GFP adenovirus (circCELSR1 CTL). The quantitative real-
time PCR assay indicated the relative abundance of circCELSR1 in
HeyA and SKOV-3 cells infected with adenovirus (Figures S1I and
S1J; p < 0.01).

Next, we investigated the stability and localization of circCELSR1 in
SKOV3/PTX and HeyA-8/PTX cells. Total RNAs from SKOV3/
PTX and HeyA-8/PTX cells were isolated at the indicated time
points after treatment with actinomycin D, an inhibitor of tran-
scription. Then, quantitative real-time PCR was performed to
measure the levels of circCELSR1 and CELSR1 mRNA. The
results showed that the half-life of circCELSR1 exceeded 24 h,
whereas that of CELSRI mRNA was about 3 h in both SKOV3/
PTX and HeyA-8/PTX cells (Figures S2A and S2B). Furthermore,
we found that circCELSR1 was resistant to RNase R digestion (Fig-
ures S2C-S2D; p < 0.01). We then investigated the localization
of circCELSRI. Quantitative real-time PCR of RNAs from
nuclear and cytoplasmic fractions indicated that circCELSR1 was
predominantly localized in the cytoplasm of SKOV3/PTX and
HeyA-8/PTX cells (Figures S2E-S2F; p < 0.01). Collectively, the
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Figure 1. Profile of circRNAs in PTX-Resistant Ovarian Cancer Tissues

(A) circRNA microarray data of five pairs of PTX-sensitive ovarian cancer tissues and PTX-resistant ovarian cancer tissues are presented in a heatmap. (B) Relative expression
of hsa_circ_0063809 in PTX-resistant ovarian cancer. (C) Relative expression of has_circ_0001946 in PTX-resistant ovarian cancer. (D) Relative expression
of has_circ_0026134 in PTX-resistant ovarian cancer. (E) Relative expression of hsa_circ_0025033 in PTX-resistant ovarian cancer. (F) Relative expression of
hsa_circ_0014130 in PTX-resistant ovarian cancer. (G) Determination of ICs values of PTX for both resistant cell lines after inhibition of various circRNAs. (H) Relative
expression of circCELSR1 in PTX-resistant ovarian cancer and PTX-sensitive ovarian cancer. (|) Relative expression of circCELSR1 in a panel of ovarian cancer cell lines. All
tests were at least performed three times. Data are expressed as mean + SD. **p < 0.01, ***p < 0.001.
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above data suggested that circCELSR1 harbored a loop structure
and was predominantly localized in the cytoplasm.

The Cell Counting Kit-8 (CCK-8) assay showed that sh-circ-
CELSRI1#1 transfection in SKOV3/PTX and HeyA-8/PTX cells
rendered both cell lines more sensitive to PTX-mediated cytotoxicity
compared with the control group, as demonstrated by the decreased
50% inhibitory concentration (ICsp) value of PTX following circ-
CELSR1 downregulation (Figures 2A and 2B; p < 0.01). To further
evaluate whether the effect of circCELSR1 on PTX resistance was
associated with cell cycle or apoptosis, we analyzed cell cycle and
apoptosis using annexin V-allophycocyanin (APC)/DAPI double
staining and flow cytometry. The knockdown of circCELSR1 signifi-
cantly increased the percent of cells in the Go/G; phase and decreased
the percent of cells in G, and S phase of SKOV3/PTX and HeyA-8/
PTX cells in the presence of PTX (100 nM) (Figures 2C and 2D;
p < 0.01). Flow cytometry analysis results demonstrated that inhibi-
tion of circCELSR1 promoted the PTX-induced cell apoptosis of
resistant ovarian cancer cells in the presence of PTX (100 nM) (Fig-
ure 2E; p < 0.01). However, cell apoptosis assays revealed that
following overexpression of circCELSR1, the PTX-induced apoptosis
of HeyA and SKOV-3 cells was significantly decreased compared to
the control group (Figure 2F; p < 0.01). Collectively, these results indi-
cated that circCELSRI silencing enhanced PTX-induced cytotoxicity
in ovarian cancer cells.

circCELSR1 Knockdown Enhanced the Anti-Tumor Effect of PTX
in Ovarian Cancer In Vivo

To confirm the effects of circCELSRI on the chemosensitivity of
ovarian cancer cells to PTX in vivo, SKOV3/PTX cells stably in-
fected with sh-circCELSRI or sh-CTL were subcutaneously in-
jected into each mouse, followed by administration with PTX.
According to the treatment, the tumors on the mice were actually
assigned to the following groups: group 1, sh-circCELSRI-
transfected cells + PTX; group 2, sh-circCELSR1-transfected cells +
normal saline (NS); group 3, sh-negative control (NC)-transfected
cells + PTX; and group 4, sh-NC-transfected cells + NS. The results
showed that PTX treatment significantly inhibited the growth of
tumor cells when compared with control groups (group 1 versus
group 2, p < 0.01; group 3 versus group 4, p < 0.01). More impor-
tantly, with PTX treatment, tumor cells infected with sh-
circCELSR1 grew at lower levels than did controls (group 1 versus
group 3, p < 0.01), suggesting that circCELSRI1 knockdown en-
hances the PTX chemosensitivity in vivo (Figure 3A). Tendencies
in tumor weight were consistent with those in tumor volume (Fig-
ure 3B, group 1 versus group 2, p < 0.05; group 3 versus group 4,
p < 0.05; group 1 versus group 3, p < 0.01). Moreover, an immu-
nohistochemistry assay showed that the tumors treated with sh-
circCELSR1 plus PTX displayed an increased proliferation
percentage of Ki-67-positive tumor cells compared with the control
group (Figures 3C and 3D; group 1 versus group 3, p < 0.01).
Collectively, these results implicated that circCELSR1 knockdown
displayed a synergic effect with PTX in suppressing ovarian cancer
cell growth in vivo.

circCELSR1 Functioned as a Molecular Sponge of miR-1252 in
Ovarian Cancer Cells

Up to now, accumulating evidence indicated that circRNAs
exerted their functions by interacting with microRNAs (miRNAs).
Therefore, to investigate the effect of circCELSR1 on the expression
of miRNAs, the bioinformatics prediction analysis was performed
with TargetScan and miRanda databases. Based on competing
endogenous RNA (ceRNA) analysis, circCELSR1 was able to directly
bind to 27 miRNAs (Table S1); however, 4 miRNAs (miRNA-665,
miRNA-1227, miRNA-1252, and miRNA-1203) were finally selected
because they ranked highly in correspondence with the positions of
the putative binding sites in the 3’ untranslated region (3’ UTR)
of circCELSR1 (Figure 4A). To investigate these potential target
miRNAs, we designed a 3'-terminal-biotinylated circCELSRI probe
that was verified to pull down circCELSRI in ovarian cancer cells,
and overexpression of circCELSR1 enhanced the pull-down effi-
ciency (Figure 4B). The quantitative real-time PCR analysis of the
levels of the four candidate miRNAs revealed that only miR-1252
was abundantly pulled down by the circCELSR1 probe in both
SKOV3/PTX and HeyA-8/PTX cells (Figures 4C and 4D). To vali-
date the direct binding of miR-1252 and circCELSRI, we designed
biotin-labeled miR-1252 and its mutant mimics to pull down
circCELSRI in SKOV3/PTX and HeyA-8/PTX cells overexpressing
circCELSRI. Quantitative real-time PCR analysis revealed that
wild-type miR-1252 captured more circCELSR1 compared with
the mutant (Figure 4E). In order to further validate the interaction,
a circCELSR1 sequence containing the putative or mutated miR-
1252 binding site was cloned into the downstream area of the lucif-
erase reporter gene, generating wild-type (WT)-circCELSR1 or
mutant (MUT)-circCELSR1 luciferase reporter plasmids. Then, the
effect of miR-1252 on WT-circCELSR1 or MUT-circCELSRI lucif-
erase reporter systems was determined. The results showed that
miR-1252 mimic considerably reduced the luciferase activity of the
WT-circCELSR1 luciferase reporter vector compared with negative
control, while miR-1252 mimic did not pose any impact on the lucif-
erase activity of MUT-circCELSR1-transfected SKOV3/PTX and
HeyA-8/PTX cells (p < 0.01, Figure 4F). In a further RNA immuno-
precipitation (RIP) experiment, circCELSRI and miR-1252 simulta-
neously existed in the production precipitated by anti-AGO2
(p < 0.01, Figure 4G), suggesting that miR-1252 is a circCELSR1-
targeting miRNA.

The quantitative real-time PCR analysis indicated that there was a
decreasing trend in miR-1252 levels from normal ovarian tissues to
PTX-sensitive ovarian cancer tissues and then to PTX-resistant
ovarian cancer tissues, and the differences among the three groups
were significant (p < 0.01, Figure 4H). We also confirmed that the
expression of miR-1252 was obviously decreased in PTX-resistant
cells than that in PTX-sensitive cells, indicating the opposite result
to circCELSRI1 expression (p < 0.01, Figure 4I). Subsequently, the
effect of circCELSR1 on miR-1252 expression was also observed
in SKOV3/PTX and HeyA-8/PTX cells. The results manifested
that miR-1252 expression was specifically inhibited after overex-
pression of circCELSRI in PTX-sensitive ovarian cancer cells
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Figure 2. circCELSR1 Enhances the PTX Chemosensitivity of Ovarian Cancer In Vitro
(A) CCK-8 assay showed that inhibition of circCELSR1 rendered SKOV3/PTX cells sensitive to PTX. (B) CCK-8 assay showed that inhibition of circCELSR1 rendered HeyA-8/
PTX cells sensitive to PTX. (C) Flow cytometry analysis showed that inhibition of circCELSR1 significantly increased the percentage of cells in the Go/G1 phase and decreased
the percentage of cells in the G, and S phase of SKOV3/PTX cells in the presence of PTX (100 nM). (D) Flow cytometry analysis showed that inhibition of circCELSR1
significantly increased the percentage of cells in the Go/G4 phase and decreased the percentage of cells in the G, and S phase of HeyA-8/PTX cells in the presence of PTX
(100 nM). (E) Flow cytometry analysis showed that inhibition of circCELSR1 promoted cell apoptosis of resistant ovarian cancer cells in the presence of PTX (100 nM). (F) Flow
cytometry analysis showed that overexpression of circCELSR1 decreased cell apoptosis of HeyA and SKOV-3 cells in the presence of PTX (100 nM). All tests were at least
performed three times. Data are expressed as mean + SD. *p < 0.05, **p < 0.01.
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Figure 3. circCELSR1 Knockdown Enhanced the Anti-Tumor Effect of PTX in Ovarian Cancer In Vivo

(A) Volume of tumors that developed in xenografts from different groups. (B) Weights of tumors that developed in xenografts from different groups. (C) The immunohisto-
chemistry assay showed that the tumors treated with sh-circCELSR1 plus PTX displayed an increased proliferation percentage of Ki-67 positive tumor cells compared with
the control group. (D) The percentage of KI67 positive cells in xenografts from different groups. All tests were at least performed three times. Data are expressed as

mean + SD. *p < 0.05, *p < 0.01.

and evidently promoted following knockdown of circCELSR1 in
PTX-resistant ovarian cancer cells (p < 0.01, Figures S3A and
S3B). Therefore, we concluded that circCELSR1 could directly
bind to miR-1252 to suppress its expression in PTX-resistant
ovarian cancer cells.

circCELSR1 Knockdown Inhibited PTX Resistance by
Upregulating miR-1252 in PTX-Resistant Ovarian Cancer Cells
To gain insight into whether circCELSRI affected PTX resistance of
ovarian cancer cells via modulation of miR-1252, we further
performed rescue assays to confirm how miR-1252 modulated PTX
resistance. We transfected miR-1252 mimics or inhibitors into ovarian

cancer cell lines, and the proliferation curves were performed. Our
results showed that miR-1252 mimics markedly inhibit the cell growth
in PTX-resistant cells when compared with cells transfected with
miR-NC (Figure 5A; Figure S3C; p < 0.01), whereas PTX-sensitive cells
transfected with miR-1252 inhibitors grew at a dramatically higher rate
as compared with controls (Figure 5B; Figure S3D; p < 0.01).
Moreover, CCK-8 assay proved that downregulation of circCELSR1
markedly inhibits the cell growth in PTX-resistant cells, whereas
the sh-circCELSR1#1-induced decrease of cell growth was partially
restored by miR-1252 inhibition (Figures 5C-5D; p < 0.01).
Furthermore, flow cytometry analysis indicated that miR-1252 overex-
pression or sh-circCELSR1#1 knockdown dramatically aggravated
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Figure 4. circCELSR1 Functioned as a Molecular Sponge of miR-1252 in Ovarian Cancer Cells

(A) StarBase v2.0 results showing the sequence of circCELSR1 with highly conserved putative four miRNAs (miRNA-665, miRNA-1227, miRNA-1252, and miRNA-1203)
binding sites. (B) Quantitative real-time RT-PCR analysis of circCELSR1 expression in lysates of SKOV3/PTX and HeyA-8/PTX cells with circCELSR1 overexpression
following a biotinylated circMAT2B pull-down assay. (C) Expression of four candidate miRNAs was quantified by quantitative real-time PCR after the biotinylated circCELSR1
pull-down assay in SKOV3/PTX cells. miR-1252 was pulled down by circCELSR1 in SKOV3/PTX cells. (D) Expression of four candidate miRNAs was quantified by
quantitative real-time PCR after the biotinylated circCELSR1 pull-down assay in HeyA-8/PTX cells. miR-1252 was pulled down by circCELSR1 in HeyA-8/PTX cells. (E)
Biotinylated wild-type/mutant miR-1252 was transfected into SKOV3/PTX and HeyA-8/PTX cells with circCELSR1 overexpression. After streptavidin capture, circCELSR1
expression was detected by quantitative real-time PCR. (F) Luciferase activity in SKOV3/PTX and HeyA-8/PTX cells co-transfected with luciferase reporters containing
circCELSR1 sequences with wild-type or mutated miR-1252 binding sites and mimics of miR-1252 or controls. (G) circCELSR1 and miR-1252 simultaneously existed in the
production precipitated by anti-AGO2. (H) Relative expression of miR-1252 in PTX-resistant ovarian cancer and PTX-sensitive ovarian cancer. () Relative expression of miR-
1252 in a panel of ovarian cancer cell lines. All tests were at least performed three times. Data are expressed as mean + SD. “*p < 0.01, **p < 0.001.

PTX-induced apoptosis of SKOV3/PTX and HeyA-8/PTX cells;
however, sh-circCELSR1#1-triggered apoptosis was attenuated after
co-transfection with miR-1252 inhibitor (Figures 5E-5F; p < 0.01).
Taken together, these data hinted that inhibition of miR-1252 could
significantly reverse circCELSR1-mediated PTX toxicity in ovarian
cancer cells.

circCELSR1 Positively Regulated FOXR2 Expression by
Interacting with miR-1252 in PTX-Resistant Ovarian Cancer Cells
To further investigate the role and downstream mechanism with
which miR-1252 affects PTX resistance of ovarian cancer cells, bioin-
formatics tools (microRNA.org and miRBase) were used to search
for the potential targets of miR-1252 (Table SI). As displayed in
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Figure 5. circCELSR1 Knockdown Inhibited PTX Resistance by Upregulating miR-1252 in PTX-Resistant Ovarian Cancer Cells

(A) CCK-8 assay showed that miR-1252 mimics markedly inhibited the cell growth of SKOV3/PTX cells when compared with cells transfected with miR-NC. (B) CCK-8 assay
showed that miR-1252 inhibitor markedly promoted the cell growth of SKOVS cells when compared with cells transfected with miR-NC. (C) Downregulation of circCELSR1
markedly inhibits the cell growth in SKOV3/PTX cells, whereas the sh-circCELSR1#1-induced decrease of cell growth was partially restored by miR-1252 inhibition.
(D) Downregulation of circCELSR1 markedly inhibits the cell growth in HeyA-8/PTX cells, whereas the sh-circCELSR1#1-induced decrease of cell growth was partially
restored by miR-1252 inhibition. (E) The images of cell apoptosis of SKOV3/PTX and HeyA-8/PTX cells. (F) The flow cytometry analysis indicated that miR-1252 over-
expression or sh-circCELSR1#1 knockdown dramatically aggravated PTX-induced apoptosis of SKOV3/PTX and HeyA-8/PTX cells; however, sh-circCELSR1#1-triggered
apoptosis was attenuated after co-transfection with miR-1252 inhibitor. All tests were at least performed three times. Data are expressed as mean + SD. “*p < 0.01.

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 725


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

A
FOXR2 -3°UTR-Wt 5 ... AAGUAACCCAUUUUA--UCCUUCAG ..... 3’
miR-1252 3’ ..... AUUUACUUAAGUUAAAGGAAGA ..... 5
FOXR2 -3°UTR-Mut 5’ ..... AAGUAACCCAAUUUA--AGGAAGAG ..... 3’
B
@@ FOXR2-Mut
=i BB FOXR2-Wt &
= T
‘g 1.0 i:’
(0] o
@ 0.84 " -g
% 0.6 L E‘
= 0.4 2
o &
g 0.2 3
O T8
o 0.0-
& & & &
6-@" & & &
SCAI-wt SCAI-mut
D - E
*ok D S A
_ 67 - ‘gﬁ'\% \\Q’ \%Q.Q‘st
g ok & ’\QQ Q@,\Q‘
5 &V S
2% skovaprx L & §F &§
9 %k kk S X
o
A FOXR: (S S = — |
N
% .
: pacin
0-
i IS SERY- TP
< R\ o N
¢ ) © 9
s & TS

Figure 6. circCELSR1 Positively Regulated FOXR2 Expression by Interacting with miR-1252 in PTX-Resistant Ovarian Cancer Cells

(A) Bioinformatics analysis revealed that the binding sites of miR-1252 were identified in the 3’ UTR of FOXR2 mRNA. (B) Luciferase reporter assay demonstrated that miR-
1252 mimics significantly decreased the luciferase activity of FOXR2-WT in ovarian cancer cells. (C) Relative expression of FOXR2 in PTX-resistant ovarian cancer and PTX-
sensitive ovarian cancer. (D) Relative expression of FOXR2 in a panel of ovarian cancer cell lines. (E) Inhibition of the circCELSR1-mediated decrease of FOXR2
protein expression was significantly recuperated following miR-1252 inhibitors. All tests were at least performed three times. Data are expressed as mean + SD. *p < 0.01,

“**p < 0.001.

Figure 6A, binding sites of miR-1252 were identified in the 3’ UTR of
FOXR2 mRNA. In order to verify whether miR-1252 may directly
bind the FOXR2 gene, miR-1252 wild-type and mutant sequences
were constructed into the luciferase reporter gene and co-transfected
with FOXR2, and luciferase assay confirmed that miR-1252 targeted
FOXR2 and negatively regulated FOXR2 expression (Figure 6B; p <
0.01). We examined FOXR2 expression in ovarian cancer tissues
and cell lines. The results of real-time PCR analysis demonstrated
that the FOXR2 was higher in PTX-resistant ovarian cancer tissues
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compared with those in PTX-sensitive ovarian cancer tissues (Fig-
ure 6C; p < 0.01). The expression of FOXR2 was obviously increased
in PTX-resistant ovarian cancer cell lines than that in their parental
ovarian cancer cell lines (Figure 6D; p < 0.01). Furthermore, we found
that circCELSR1 knockdown or miR-1252 overexpression triggered a
substantial decline of FOXR2 protein level in SKOV3/PTX cells.
Moreover, inhibition of the circCELSR1-mediated decrease of
FOXR2 protein expression was significantly recuperated following
miR-1252 inhibitors (Figure 6E). All of these data made us draw a
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conclusion that circCELSRI1 positively regulated FOXR2 expression
by interacting with miR-1252 in PTX-resistant ovarian cancer cells.

DISCUSSION

circRNAs are a brand-new kind of non-coding RNAs, becoming a
hotspot research field.'* Recently, a handful of studies demonstrated
that several circRNAs possess miRNA binding sites, and, accordingly,
serve as ceRNAs to arrest the activity of miRNAs and ultimately regu-
late their downstream targets.'> Previous studies have found that
miRNAs and long noncoding RNAs (IncRNAs) play an important
role in the development, progression, and drug resistance of ovarian
cancer.'®'” However, biological functions of circRNAs in ovarian
cancer, especially in drug resistance, are the tip of the iceberg.

Therefore, in the present study, we screened the differentially ex-
pressed circRNAs between PTX-resistant ovarian cancer tissues and
PTX-sensitive ovarian cancer tissues using microarrays. The data
show that that the expression of circCELSR1 was significantly
increased in both PTX-resistant ovarian cancer tissues and cell lines.
Moreover, inhibition of circCELSR1 could increase the PTX sensi-
tivity of ovarian cancer cells. Mechanistically, circCELSR1 functions
as a ceRNA by sponging miR-1252 to abolish the suppressive effect
of this miRNA on its target gene FOXR2. These results suggested
that circCELSR1 may have the potential to regulate the sensitivity
of ovarian cancer cells to PTX, in turn promoting the progression
of ovarian cancer.

Emerging evidence shows that dysregulation of circRNAs plays
important roles in chemoresistance.'® In this study, we determined
that circRNA expression is associated with PTX resistance in ovarian
cancer using circRNAs microarray. We found a novel circRNA
termed circCELSR1 that was upregulated in tissue samples from pa-
tients with PTX-resistant ovarian cancer and in PTX-resistant cell
lines. Moreover, circCELSR1 was expressed at higher levels than other
candidate circRNAs in PTX-resistant ovarian cancer patients, which
meant that it may play a more important role than other circRNAs in
ovarian cancer. Based on the abovementioned studies, we conducted a
series of experiments and demonstrated that upregulated circCELSR1
could decrease the PTX sensitivity of ovarian cancer cells. We down-
regulated circCELSR1 in two PDX-resistant ovarian cancer cell lines,
SKOV3/PTX and HeyA-8/PTX. Loss-of-function experiments re-
vealed that circCELSRI silencing inhibited ovarian cancer cell prolif-
eration, induced apoptosis, and sensitized ovarian cancer cells to PTX
in vitro and in vivo.

Further investigations showed that circCELSR1 interacted with miR-
1252, and miR-1252 mimics reversed circCELSR1-mediated effects.
We verified that circCELSR1 had an endogenous sponge-like effect
on miR-1252 in ovarian cancer. First, bioinformatics prediction and
a luciferase reporter assay showed that circCELSR1 3’ UTR shares
identical miR-1252 response elements and might therefore bind
competitively to miR-1252. Second, circCELSR1 and miR-1252
simultaneously existed in the production precipitated by anti-
AGO2. Third, knockdown or overexpression of circCELSRI signifi-

cantly affected miR-1252 expression. Noncoding RNAs, including
miRNAs, IncRNAs, and circRNAs, play an important role in the evo-
lution and progression of drug resistance in cancers. We found that
the miR-1252 was significantly lower in PTX-resistant ovarian cancer
tissue and cell lines.

Furthermore, circRNAs and miRNAs can regulate different signaling
pathways through downstream mRNA. In this study, circCELSR1
binds with miR-1252 to promote the expression of FOXR2. Human
Fox genes belong to the family of winged/forkhead transcription
factors, including at least 43 members from FoxAl to Fonl.'g
FoxR2 is a more recently discovered member of the Fox transcription
factor family, first identified in 2004.°° An increasing number of
studies have found that FoxR2 was involved in the development
and progression of many human tumors.**** Our findings were
similar to the above results. FOXR2 was higher in PTX-resistant
ovarian cancer tissues and cell lines. Furthermore, we found that circ-
CELSR1 knockdown or miR-1252 overexpression triggered a sub-
stantial decline of FOXR2 protein level in SKOV3/PTX cells.
Moreover, inhibition of the circCELSR1-mediated decrease of
FOXR2 protein expression was significantly recuperated following
miR-1252 inhibitors. Taken together, the study revealed that a
circCELSR1/miR-1252/FOXR?2 axis exists in ovarian cancer.

Conclusions

In summary, our study first revealed that circCELSR1 is frequently
activated in PTX-resistant ovarian cancer tissues and cell lines and
is associated with aggressive ovarian cancer phenotypes. Additionally,
circCELSRI1 silencing suppressed ovarian cancer proliferation in both
in vitro and in vivo experiments. Mechanistically, circCELSR1
functions as a molecular sponge to downregulate miR-1252, thereby
resulting in partial abolition of the translational repression of its
target gene FOXR2 in ovarian cancer cells. In conclusion, we
identified that the circCELSR1/miR-1252/FOXR2 axis may provide
a foundation for developing novel potential therapeutic strategies
for ovarian cancer.

MATERIALS AND METHODS

Patients and Tissue Samples

Thirty-six ovarian carcinoma specimens were collected from ovarian
cancer patients receiving oophorectomies between July 2018 and
January 2019 at the Department of Gynecological Oncology, Fudan
University Shanghai Cancer Center. In all of the cases, the diagnoses
were confirmed by two experienced pathologists, which were done in
accordance with the principles laid down in the latest World Health
Organization classification. Samples were promptly frozen in liquid
nitrogen and maintained at —80°C until use. Patient samples were
divided into two groups based on the response to the first-line chemo-
therapy: treatment-sensitive patients (S, n = 20) and treatment-resis-
tant patients (R, n = 16). According to the National Comprehensive
Cancer Network (NCCN) guidelines, intrinsically treatment-resistant
tumors were regarded as those with persistent or recurrent disease
within 6 months after the initiation of first-line taxol-platinum-
based combination chemotherapy. Treatment-sensitive tumors
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were classified as those with a complete response to chemotherapy
and a platinum-free interval of 6 months. This study was approved
by the Ethics Committee of Fudan University Shanghai Cancer Cen-
ter, and written informed consent was provided by every participant
prior to surgery.

Cell Lines and Culture

Human ovarian carcinoma cell lines (SKOV3 and HeyA-8) and
a normal ovarian epithelial cell line (IOSE-80) were purchased
from ATCC (Manassas, VA, USA) and BNCC (Beijing, China),
respectively. The corresponding PTX-resistant ovarian cancer cells
SKOV3/PTX and HeyA-8/PTX cells were established from the
parental cell lines by stepwise exposure to escalating concentrations
of PTX, as previously described.”” Cells were cultured in RPMI
1640 medium (HyClone, Logan, UT, USA) with 10% (v/v) fetal
bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and
antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin) (Sigma-
Aldrich, St. Louis, MO, USA) in a 95% air/5% CO, atmosphere at
37°C. To maintain the PTX-resistant phenotype of SKOV3/PTX
and HeyA-8/PTX cells, 5 nM PTX was additionally added into the
culture medium.

circRNA Microarrays

Five pairs of PTX-sensitive ovarian cancer tissues and PTX-resistant
ovarian cancer tissues were used for circRNA microarrays. Total
RNAs were digested with RNase R (20 U/uL, Epicenter, USA) to re-
move linear RNAs and enrich circRNAs. The enriched circRNAs
were amplified and transcribed into fluorescent cRNA utilizing a
random priming method (Super RNA labeling kit; Arraystar, Rock-
ville, MD, USA). The labeled cRNAs were hybridized onto the human
circRNA array (8 x 15K, Arraystar). The slides were incubated for
17 h at 65°C in a hybridization oven (Agilent, Santa Clara, CA,
USA). circRNAs differentially expressed with statistical significance
between HCC and paired normal tissues (fold change [FC] > 2
and p < 0.05) were identified through volcano plot filtering. Hierar-
chical clustering was performed to show the distinguishable expres-
sion pattern of circRNAs among samples.

Actinomycin D and RNase R Treatment

To block transcription, 2 mg/mL actinomycin D or dimethyl sulf-
oxide (Sigma-Aldrich, St. Louis, MO, USA) as a negative control
was added into the cell culture medium. For RNase R treatment, total
RNA (2 pg) was incubated for 30 min at 37°C with or without 3 U/ng
RNase R (Epicenter Technologies, Madison, WI, USA). After treat-
ment with actinomycin D and RNase R, quantitative real-time PCR
was performed to determine the expression levels of circCELSR1
and CELSR1 mRNA.

Isolating RNAs from Nucleus and Cytoplasmic Fractions

The nuclear and cytoplasmic fractions were isolated using a PARIS kit
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s proto-
col. Briefly, cells were collected and lysed with a cell fractionation
buffer, followed by centrifugation to separate the nuclear and cyto-
plasmic fractions. The supernatant containing the cytoplasmic frac-
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tion was collected and then transferred to a fresh RNase-free tube.
The nuclear pellet was lysed with cell disruption buffer. The cyto-
plasmic fraction and nuclear lysate were mixed with 2x lysis/binding
solution and then added with 100% ethanol. The sample mixture was
drawn through a filter cartridge, followed by washing with wash solu-
tion. The RNAs of nuclear and cytoplasmic fractions were eluted with
elution solution. U6 small nuclear RNA (snRNA) and 18S rRNA were
employed as positive controls for nuclear and cytoplasmic fractions,
respectively.

Transfection

For transfections, cells at the confluence of 50%-80% were infected
with 1 x 10° recombinant lentivirus-transducing units and 6 pg/mL
Polybrene (Sigma, Shanghai, China). Stably transfected cells were
selected via treatment with 2 pg/mL puromycin for 2 weeks. Stably
transfected cells were picked via flow cytometry for subsequent assays.
Plasmid, lentivirus, miRNA inhibitor, and miRNA mimics used in this
study were purchased from GenePharma (Shanghai, China), and
pHBV 1.3 copy was purchased from Miaolingbio (Wuhan, China). Lip-
ofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was utilized for
transfection.

RNA Preparation and Quantitative Real-Time PCR

Total RNA extraction and quantification, RNA purification, and
cDNA synthesis were conducted as described previously.”' For RNase
R treatment, 2 pg of total RNA was incubated for 15 min at 37°C with
or without 3 U/ug RNase R (Epicenter Technologies, Madison, WI,
USA). To detect RNA expression, quantitative real-time PCR was
performed with PowerUp SYBR Green Master Mix (Thermo Fisher,
Waltham, MA, USA) and the Applied Biosystems StepOnePlus real-
time PCR detection system (Life Technologies, CA, USA). The rela-
tive gene expression was calculated using the 27*<*
ized to GAPDH, and the fold change of gene expression was calcu-
lated by the 22T method. Bulge-loop miRNA quantitative real-
time PCR primer sets (one reverse transcription [RT] primer and a
pair of qPCR primers for each set) specific for miR-1252 was designed
by RiboBio (Guangzhou, China). The relative expression of miR-1252
was normalized to human U6 snRNA.

method normal-

CCK-8 Assay

Cell proliferation was assessed using the CCK-8 assay (Beyotime
Biotechnology, Nantong, China). Cells (2 x 10°) were seeded into
each well of 96-well plates. 10 uL of CCK-8 solution was added to
each well at six time points. After 1.5 h of incubation at 37°C, the
absorbance at 450 nM was measured using a SpectraMax 250 spectro-
photometer (Molecular Devices, Sunnyvale, CA, USA). Experiments
were independently performed in triplicate.

Cell Cycle and Apoptosis Assay

SKOV3/PTX and HeyA-8/PTX cells were seeded into six-well plates
and treated with PTX for 48 h. To assess the cell cycle and apoptosis,
3 x 10° treated cells were seeded into six-well plates and cultured for
48 h at 37°C. The cells for cell cycle analysis were digested using
trypsin (HyClone), washed twice with phosphate-buffered saline
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(PBS), and fixed in 70% ethanol overnight at 4°C. The cells were
centrifuged at 500 x g for 5 min, washed twice with cold PBS, and
centrifuged. After treating with RNase A (0.1 mg/mL) and propidium
iodide (PL, 0.05 mg/mL) purchased from 4A Biotech (Beijing, China)
for 30 min at 37°C, cell cycle analysis was performed through fluores-
cence-activated cell sorting flow cytometry (Beckman Coulter, Palo
Alto, CA, USA). For the analysis of apoptosis, cells were trypsinized
followed by two PBS washing steps. The cells were stained using
the annexin V/PI detection kit (4A Biotech, Beijing, China) for
5 min at room temperature. The apoptotic cells were measured using
flow cytometry (Beckman Coulter). All experiments were repeated at
least three times.

Tumor Xenograft Model

Six-week-old female BALB/c athymic nude mice (n = 5 per group)
were purchased from Shanghai Experimental Animal Center
(Shanghai, China). Mice were subcutaneously injected into the back
with 1 x 10° SKOV3/PTX cells stably transfected with sh-circCELSR1
or sh-NC suspended in 100 pL of Hank’s balanced salt solution. After
6 days of injection, mice were intraperitoneally administrated with
PBS or 3 mg/kg PTX (Sigma-Aldrich) every 3 days for five cycles. Ac-
cording to the treatment, the tumors on the mice were actually as-
signed to the following groups: group 1, sh-circCELSR1-transfected
cells + PTX; group 2, sh-circCELSR1-transfected cells + NS; group 3,
sh-NC-transfected cells + PTX; and group 4, sh-NC-transfected cells +
NS. The tumor size was measured every 3 days with a caliper, and tu-
mor volume was calculated according to the formula: volume =
(length x width?)/2. All mice were sacrificed on day 21 after inocula-
tion. The resected tumor masses were harvested for subsequent
weight and quantitative real-time PCR analysis. The animal experi-
ments were approved by the Animal Care and Use Committee of
Huaihe Hospital and were performed in accordance with the Institu-
tional Guide for the Care and Use of Laboratory Animals.

Immunohistochemistry

Other tissue sections were used for immunohistochemistry staining of
Ki-67. The deparaffinized and dehydrated slides were heat-treated
with citrate buffer (pH 6.0) to retrieval antigen and washed with
3% H,0, in 1x Tris-buffered saline (TBS) to block endogenous
peroxidase activity. After that, the sections were incubated with a
Ki-67 antibody (dilution 1:200; Cell Signaling Technology) overnight
at 4°C and a biotinylated secondary antibody for another 30 min. An
avidin-biotin-peroxidase complex (Dako LSAB2 System; Dako, Pro-
duktionsvej, Denmark) was added, and the color was developed using
diaminobenzidine (DAB). Counterstaining was performed with he-
matoxylin. The sections were viewed under a BX51 system micro-
scope (Olympus, Tokyo, Japan). Images were recorded using a digital
microscope camera (DP70; Olympus).

Biotinylated RNA Pull-Down Assay

The pull-down assay was performed with biotinylated RNA as previ-
ously described. Briefly, for circCELSR1 pulled-down miRNAs, the
biotinylated-circCELSR1 probe was incubated with C-1 magnetic
beads (Life Technologies, Carlsbad, CA, USA) at 25°C for 2 h to

generate probe-coated beads. These were then incubated with soni-
cated cells at 4°C overnight, eluted with the wash buffer, and analyzed
by quantitative real-time PCR. For miR-1252 pulled-down circ-
CELSR1, cells with circCELSR1 overexpression were transfected
with biotinylated miR-1252 mimics or mutant miR-1252 using Lipo-
fectamine 3000. The cells were harvested 48 h after transfection, lysed,
sonicated, and incubated with C-1 magnetic beads (Life Technologies,
Carlsbad, CA, USA), eluted with the wash buffer, and analyzed by
quantitative real-time PCR. The biotinylated circCELSR1 probe and
biotinylated miR-1252 mimics or mutant were designed and synthe-
sized by RiboBio (Guangzhou, China).

Luciferase Reporter Assay

The circCELSR1 full fragments or its mutant containing the putative
miR-1252-binding sites in circCELSR1 was synthesized and cloned
into downstream of firefly luciferase gene in pGL3 plasmids (Prom-
ega, Fitchburg, WI, USA), named as pGL3-circCELSR1-wild-type
(WT) and pGL3-circCELSR1 mutant (MUT). Similarly, the 3’ UTR
of FOXR2 containing the predicted miR-1252-binding sites or
mutant sites was amplified by PCR and inserted into pGL3 plasmids,
named as pGL3-FOXR2-3 UTR-WT and pGL3-FOXR2-3' UTR-
MUT. SKOV3/PTX and HeyA-8/PTX cells were maintained in
96-well plates and co-transfected with circCELSR1-WT (or circ-
CELSR1-MUT) or FOXR2-WT (or FOXR2-MUT) and miR-1252
mimic, or miR-NC using Lipofectamine 3000 (Invitrogen). Luciferase
activity was measured in cell lysates 24 h after transfection using a
Dual-Luciferase reporter system (Promega, Madison, WI, USA).

RIP Assay

The RIP assay was carried out using a Magna RIP RNA-binding pro-
tein immunoprecipitation kit (Bersinbio, Guangzhou, China) accord-
ing to the manufacturer’s protocol. Huh7 cells (2 x 10”) were lysed in
complete RIP lysis buffer and the cell lysates were divided into two
equal parts and incubated with either 5 pug of human anti- Argonaute2
(AGO2) antibody (Millipore, Billerica, MA, USA) or non-specific
anti-immunoglobulin G (IgG) antibody (Millipore) with rotation at
4°C overnight. Magnetic beads were added to the cell lysates and
incubation was continued at 4°C for 1 h. The samples were then incu-
bated with proteinase K at 55°C for 1 h. The enriched RNA was ob-
tained using RNA extraction reagent (enol/chloroform/isoamylol at
125:24:1, pH of <5.0; Solarbio). The purified RNA was used to detect
the expression levels of the genes of interest by quantitative real-
time PCR.

Western Blot Assay

The lysates from cells were collected by radio immunoprecipitation
assay (RIPA) buffers (Beyotime Biotechnology, Shanghai, China)
and then boiled for 5 min at 100°C. Protein concentration was deter-
mined using the bicinchoninic acid (BCA) protein assay kit (Prom-
ega, Madison, WI, USA). The protein samples (20 png) in loading
buffer were separated on 10% SDS polyacrylamide gel electrophoresis
(PAGE) and transferred to polyvinylidene fluoride (PVDF) mem-
branes (Bio-Rad Laboratories, Hercules, CA, USA). The membranes
were blocked with 5% (w/v) non-fat milk in TBS with Tween 20
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(TBST) for 1 h and incubated with antibodies against FOXR2 (1:1,000
dilution; ab244513; Abcam, Cambridge, UK) overnight at 4°C. After
incubation with appropriately diluted horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:2,000 dilution), the immunoreac-
tive protein bands were visualized using a chemiluminescent sub-
strate (ECL kit; Amersham Biosciences, Piscataway, NJ, USA). The
density of each protein band was normalized to B-actin.

Statistical Analysis

Results are presented expressed as mean + SD (standard deviation).
Student’s t test was performed to measure the difference between
two groups, and differences between more than two groups were as-
sessed using one-way ANOVA. p < 0.05 was considered significant.
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