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Impact statement

Although PARP inhibitors have shown sig-
nificant clinical efficacy in the treatment of
ovarian cancer, they are effective only in
tumors with homologous recombination
(HR) repair defect. Our previous study
reported that cyclin D1 silencing interfered
with RAD51 accumulation, enhanced the
therapeutic efficacy of olaparib against
BRCAT1 wild-type ovarian cancer. Here, we
found that miR-20b targets the cyclin D1
gene and induces GO/G1 cell cycle arrest in
ovarian cancer cells. MiR-20b also inter-
fered with RAD51 expression, thereby
affecting HR efficacy (indicated by
decreased y-H2AX expression) and con-
sequently sensitizing ovarian cancer cells
to olaparib. Analysis of TCGA dataset
showed that increased miR-20b expres-
sion was significantly associated with
longer progression-free survival of ovarian
cancer patients. This study suggests the
possibility to predict the prognoses of
patients with ovarian cancer using miRNAs
and indicates that PARP inhibition may be
useful to treat BRCA wild-type ovarian
cancer when miRNA-based drug delivery
systems are developed.

Abstract

We previously reported that cyclin D1 silencing interferes with RAD51 accumulation and
increases the sensitivity of BRCA1 wild-type ovarian cancer cells to olaparib. However, the
mechanisms associated with cyclin D1 overexpression in ovarian cancer are not fully under-
stood. TargetScan predicted the potential binding sites for microRNA-20b (miR-20b) and
the 3'-untranslated region of cyclin D1 mRNA; thus, we used luciferase reporter assay to
verify those binding sites. The Kaplan-Meier method and log-rank test were used to exam-
ine the relationship between miR-20b and progression-free survival of ovarian cancer
patients in The Cancer Genome Atlas (n = 367) dataset. In vitro experiments were performed
to evaluate the effects of miR-20b on cyclin D1 expression, cell cycle and response to
olaparib. A peritoneal cavity metastasis model of ovarian cancer was established to deter-
mine the effect of miR-20b on the sensitivity of olaparib. Immunohistochemistry was per-
formed to evaluate molecular mechanisms. In this work, we demonstrated that miR-20b
down-regulates cyclin D1, increases the sensitivity of ovarian cancer cells to olaparib,
reduces the expression of RAD51, and induces cell cycle arrest in GO/G1 phase. Ovarian
cancer patients with higher expression of miR-20b had significantly longer progression-free
survival. These results indicate that miR-20b may be a potential clinical indicator for the
sensitivity of ovarian cancer to olaparib and the survival of ovarian cancer patients. Our
findings suggest that miR-20b may have therapeutic value in combination with olaparib
treatment for ovarian cancer.
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Introduction

Epithelial ovarian cancer has the highest mortality rate
among all gynecological tumors. Although the initial
response to treatment (surgery plus platinum-based che-
motherapy) is usually effective, drug resistance is still a
major obstacle to successful treatment." Recently, the devel-
opment of molecular targeted therapy based on DNA
damage repair has opened a new chapter in ovarian
cancer therapy. The FDA-approved poly (ADP-ribose)
polymerase inhibitors (PARPi) are representative agents
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for DNA repair-targeted treatment and are currently used
as monotherapy for advanced ovarian cancer with germ-
line BRCA1/2 mutations.”> Although PARPis are highly
effective, they can only treat tumors with homologous
recombination (HR) defects. A large number of tumors
with de novo or acquired HR proficiency do not respond
to PARPi, which narrows the use of these drugs.’”
Therefore, the development of strategies to block HR
repair may enhance the anti-tumor effect of PARPis and
expand their application in the treatment of ovarian
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cancer. ' Our previous work demonstrated that silencing
of cyclin D1 enhanced the therapeutic efficacy of the PARPi
olaparib against BRCA1 wild-type ovarian cancer cells via
interference with the accumulation of RAD51 and arresting
the cell cycle in GO/G1 phase. In addition, overexpression
of cyclin D1 reduced the sensitivity of ovarian cancer cells
to olaparib.11 However, the mechanisms associated with
cyclin D1 overexpression in ovarian cancer have not been
fully studied.

MicroRNAs (miRNAs) repress the expression of target
genes by binding to the 3'-untranslated regions (UTR) of
the messenger RNA (mRNA). Multiple studies have shown
that miRNAs are highly dysregulated in cancer, indicating
that miRNAs may be biomarkers for predicting treatment
outcome or serve as therapeutic tools.">'*> We speculated
that cyclin D1 expression in ovarian cancer may be regulat-
ed by miRNA.

Materials and methods

Prediction for miRNAs that targeting cyclin D1 in silico

TargetScan was introduced to predict the possible miRNAs
that regulate CCND1 gene (cyclin D1 is encoded by
CCND1gene).

Luciferase reporter assay

The 3'-UTR of CCND1 includes two predicted binding sites.
Both the wild-type 3'-UTRs and the mutant 3'-UTRs (syn-
thesized by General Biosystems (Anhui) Co., Ltd) were
cloned into the pGL3-control plasmid (Promega) at Xbal/
Xbal sites directly downstream from the luciferase coding
sequence. For the luciferase reporter assay, cells were
seeded in 96-well plates 24 h before transfection at a density
of 5x10° per well. Then, cancer cells were co-transfected
with pRL-TK plasmid and miR-20b mimic or control mimic
plus the parent luciferase expression vector, wild-type or
mutant CCND1 3'-UTR plasmids using Lipofectamine 2000
(Thermo Fisher). Forty-eight hours later, the cells were sub-
jected to lysis, and the luciferase activity was tested via the
dual-luciferase assay reporter system (Promega).

Cell culture and reagents

The A2780 and SKOV3 ovarian cells and ES2 cells (BRCA1
wildtype)'* were from Prof. Yuquan Wei. The cells were
cultured according to the previous report."'> Olaparib
was purchased from Sigma-Aldrich. MiR-20b mimic, con-
trol mimic, miR-20b inhibitor, and the control inhibitor
were bought from GenePhama (Shanghai, China).
Sequences of miR-20b mimic and inhibitor were as follows:
NC mimic sense: 5-UUCUCCGAACGUGUCACGUTT-3,
antisense: 5-ACGUGACAC GUUCGGAGAATT-3’; miR-
20b-5p mimic sense: 5-CAAAGUGCUCAUAGUGCAG
GUAG-3, antisense: 5-ACCGCACUAUGAGCACUUU
GUU-3'; NC inhibitor, 5-CAGUACUUUUGU GUAGU
ACAA-3; miR-20b-5p inhibitor, 5-CUACCUGCACUA
UGAGCACUUUG-3'.

RT-PCR and Western blot analysis

The experiments were done as previously described."" The
following specific RT-PCR primers were used: hsa-miR-
20b-5p, 5'-GTCGTATCCAGTGCGTGTCGTGGAGTCGGC
AATTGCACTGGATACGACCTACCTG-3'; U6, 5-GAATT
TGCGTGTCATCCTTG-3'. The following qRT-PCR primers
were used: hsa-miR-20b-5p forward, 5-GCCAAAGTG
CTCATAGTGCA-3'and reverse,5'-CAGTGCGTGTCGTGG
AGT-3; U6 forward, 5-GCTTCGGCAGCACATATACTA
AAAT-3 and reverse, 5-CGCTTCACGAATTTGCGTGT
CAT-3'; CCND1 forward, 5'- GCGGAGGAGAACAAACA
GAT-3' and reverse, 5-GAGGGCGGATTGGA AATGA-3';
GAPDH forward, 5-GGTGTGAACCATGAGAAGTATG
A-3' and reverse, 5-GAGTCCT TCCACGATACCAAAG -3'.

Cell viability and cell cycle analysis

Cells incubated with miR-20b mimic, mimic control, miR-
20b inhibitor or the control inhibitor were cultured over-
night at 37°C. Afterwards, the cells were incubated with
different concentrations of olaparib for fivedays, and the
culture media was replaced with fresh media on the third
day. MTT reagent (Sigma) was used to evaluate cell viabil-
ity. Cell cycle study was carried out as previously
described. !

Colony-formation assay

SKOV3 and A2780 Cells were harvested 24 h after transfec-
tion with miR-20b mimic or control mimic. Transfected cells
were seeded in six-well plates (200 cells/well). The
medium was changed every threedays. After about
twoweeks, cells were fixed in 4% PFA for 10min and
stained with crystal violet (Beyotime, China) for 10 min to
count the colonies. Numbers of colonies were calculated
manually and by Image ] three times.

In vivo animal model

Female athymic nude mice (BALB/¢c, six to eight weeks old)
fed in SPF-class laboratory animal room were introduced to
develop the peritoneal cavity metastasis model of ovarian
cancer. All the animal experiments followed the protocols
of the Institutional Animal Care and Use Committee of
Sichuan University. SKOV3 ovarian cancer cells were
injected intraperitoneally according to the previous
report.'”> One week after injection, the mice were randomly
divided into four groups (n = 6): (1) control group, 100 uL of
5% glucose solution; (2) control mimic (4 ug/20 g); (3) miR-
20b mimic (4pg/20 g); (4) olaparib (50 mg/kg) + control
mimic; (5) olaparib +miR-20b mimic. All groups received
intra-abdominal injection of drug formulations. Mimic was
given every other day and olaparib was given every day for
four weeks.'® Mice were put to death following protocols,
and the tumor xenografts were collected when the treat-
ments finished.

Immunohistochemistry study

The immunohistochemistry study was carried out follow-
ing previous protocols." The slices were dewaxed in xylene
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and dehydrated with gradient ethanol. The primary anti-
bodies, namely anti-CCND1 (ab134175, Abcam), anti-
RAD51 (ab133534, Abcam), and anti-p-H2AX (ab26350;
Abcam), were added into the slides and left overnight at
4°C. After washing with the PBS, the secondary antibody
(KIHC-5, Proteintech) was added into the slides. One hour
later, the signals were magnified by 3,3’-diaminobenzidine,
and the nuclei were counterstained with hematoxylin.

Analysis of clinical data

The expression data of the level-3 miRNA isoform on the
basis of miRNA-seq across 367 stage 2-4 ovarian cancers
was obtained from The Cancer Genome Atlas (TCGA) data
portal on 20 January 2019.

Statistical analysis

The experimental data was reported as the mean £SD of
three repetitions. The two-sided Student’s t test was intro-
duced to compare results from two groups, and one-way
analysis of variance method (ANOVA) was introduced to
estimate results among multiple groups. *P < 0.05 was con-
sidered statistically significant. The statistical analyses
were done by using SPSS 20.0 and R 2.10.0. The survival
curves were analyzed using the log-rank test.

Results

CCND/1 is directly targeted by miR-20b

TargetScan 7.2 indicated that the 3’-UTR of the CCND1
mRNA contains two potential miR-20b binding sites
(Supplementary Figure S1). The putative binding sites
and the flanking sequences are highly conserved across
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mammals. To investigate whether miR-20b regulates
CCND1, the 3-UTR of CCND1 mRNA was cloned into
the pGL3 luciferase reporter vector. We co-transfected
CCND1-3-UTR-WT and the parent luciferase expression
vector into SKOV3 cells (along with miR-20b mimic or the
control miR). The co-transfection of CCND1-3'-UTR-WT
and miR-20b mimic caused 76% and 77% reduction (two
binding sites) in luciferase activity compared with the
control miRNA (P <0.001). These results suggested that
miR-20b targets CCND1. To determine whether miR-20b
regulates CCND1 via the putative binding sites, we gener-
ated a mutant construct, CCND1-3’-UTR-MT, in which the
putative miR-20b binding sites in the CCND1 3’-UTR were
mutated. SKOV3 cells were then transfected with either
miR-20b mimic or the control miRNA along with the
mutant construct. The results indicated that the deletion
of miR-20b and CCND1 binding sites eliminated the influ-
ence of miR-20b on the luciferase activity. These results
confirmed that miR-20b negatively regulates the CCND1
gene by binding to the 3'-UTR (Figure 1).

MiR-20b reduced cyclin D1 expression and induced cell
cycle arrest in ovarian cancer cells

Based on the real-time qPCR results of miR-20b expression
in three BRCA1 wild-type ovarian cancer cell lines (Figure 2
(a)), and for consistency with our previous study," SKOV3
and A2780 ovarian cancer cells were selected for experi-
ments. Ovarian cancer cells were transfected with control
mimic or miR-20b mimic. Real-time qPCR and Western
blotting indicated that overexpression of miR-20b led to
reduced expression of cyclin DI mRNA and protein in
the two cell lines. Conversely, cells treated with miR-20b
inhibitor showed higher expression of CCND1 than cells
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Figure 1. Targeting of cyclin D1 by miR-20b. (a) and (c) TargetScan predicted that two miR-20b binding sites were involved in the CCND1 3'-UTR, which are highly
conserved among various species. (b) and (d) The luciferase reporter study indicated that miR-20b directly targeted the CCND1 3’-UTR. The SKOV3 cells were

transfected with pRL-TK plasmid and control mimic or miR-20b mimic plus the parent luciferase expression vector, mutant or wild-type CCND1 3'-UTR plasmids. The
reporter’s luciferase activity was normalized to the internal renilla luciferase activity. Results shown here were mean + SD of triple experiments. ***P < 0.001. (A color

version of this figure is available in the online journal.)
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Figure 2. MiR-20b mimic or inhibitor treatment changed CCND1 expression. (a) Different expression level of miR-20b in three cell lines of ovarian cancer. (b) and (c)
ovarian cancer A2780 and SKOV3 cells were treated with control mimic, miR-20b mimic, miR-20b inhibitor or the control inhibitor for 48 h; RT-gPCR and Western blot
demonstrated the changes of CCND1 level. Results here were mean + SD (repeated 3 times). * P< 0.05, ** P< 0.01, and *** P< 0.001.

transfected with the control inhibitor (Figure 2(b) and (c)).
We further found that the miR-20b mimic induced a cell
cycle arrest in GO/G1 phase, along with a reduction of S-
phase cells. In contrast, the percentage of cells in G0/G1
phase was decreased after treatment with miR-20b inhibi-
tor (Figure 3(a) and (b)). These phenomena were consistent

with our previous study, in which we down-regulated or
up-regulated CCND1."" These results suggested that miR-
20b regulates the cell cycle through the regulation of
CCND1. A previous study reported that olaparib-treated
cells did not go through apoptosis.'” Consistent with the
previous study, the combination treatment of miR-20b
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Figure 3. MiR-20b regulated cell cycle of the olaparib-treated cells. (a) Up-regulation or down-regulation of miR-20b by transfecting mimic or inhibitor in SKOV3 cells
and 12 h later treated with olaparib at ICso concentration (15.42 uM). Five days after treatment, cell cycle analysis was conducted by flow cytometry. (b) Up-regulation
or down-regulation of miR-20b by transfecting mimic or inhibitor in A2780 cells and 12 h later incubated with olaparib at ICso concentration (65.06 uM). Five days after
treatment, cell cycle analysis was carried out by flow cytometry. Results here were mean =+ SD (repeated three times). *P< 0.05, **P< 0.01, and ***P< 0.001. (A color

version of this figure is available in the online journal.)

mimic or inhibitor with olaparib had little effect on the
number of sub-G1 cells, which suggested that the cells
did not undergo apoptosis (data not shown).

MiR-20b increased the sensitivity of ovarian cancer
cells to olaparib in vitro

SKOV3 and A2780 ovarian cancer cells were treated with
control mimic, miR-20b mimic, control inhibitor or miR-20b
inhibitor. After 12h, cells were incubated with olaparib at
different concentrations (SKOV3 cells: 0, 4, 8, 16, 32 uM, and
A2780 cells: 0, 16, 32, 64,128uM) for five days. We found that
miR-20b mimic-treated SKOV3 and A2780 cells showed
more pronounced response to olaparib than control
mimic-treated cells. In contrast, the cells treated with

miR-20b inhibitor showed resistance to olaparib compared
with control cells in the two cell lines (Figure 4(a) and (b)).
Upregulation of miR-20b markedly inhibited the growth
ability of SKOV3 and A2780 cells, as indicated by decreased
colony numbers (Supplementary Figure S2).

MiR-20b increased the sensitivity of ovarian cancer
cells to olaparib in vivo

To explore the impact of miR-20b on the sensitivity of ovar-
ian cancer cells to olaparib in vivo, we studied the efficacy of
a combination treatment comprising of miR-20b mimic and
olaparib in mice carrying ovarian cancer peritoneal xeno-
grafts. An intraperitoneal carcinomatosis model was creat-
ed in nude mice by intraperitoneal injection of SKOV3 cells.
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Figure 4. MiR-20b mimic or inhibitor treatment changed olaparib’s response in vitro. Ovarian cancer cells treated with control mimic, miR-20b mimic, miR-20b
inhibitor, or the control inhibitor were put in the 37°C incubator for one night, then incubated with olaparib for five days at different concentrations. MTT assay analyzed
the influence of miR-20b on cell viability of olaparib treated A2780 and SKOV3 cells. Results here were mean + SD (repeated three times). * P< 0.05, ** P< 0.01, and ***

P< 0.001.

The treatment groups were as follows: (1) control; (2) con-
trol mimic; (3) miR-20b mimic; (4) control mimic + olaparib;
(5) miR-20b mimic + olaparib. In comparison to mimic
control-treated mice (tumor weight=0.5640.069g), the
miR-20b mimic-treated mice (tumor weight=0.33+
0.061g) carried significantly less tumor burden (P
<0.001). Although Olaparib + control mimic mice showed
reduced tumor burden (tumor weight=0.32+0.029g)
compared with mimic control-treated mice, the combina-
tion of miR-20b mimic + olaparib led to significantly less
tumor burden (tumor weight=0.17+0.024g) compared
with olaparib + control mimic mice (P <0.01). The differ-
ence in tumor load between control mimic-treated mice
and untreated mice (tumor weight=0.56+0.125g) was
not statistically significant (Figure 5(a) and (b)). These
results showed that miR-20b may be a sensitizer of olaparib
in ovarian cancer in vivo.

We next performed real-time qPCR, Western blot and
immunohistochemistry studies to examine cyclin D1
expression in tumors. Consistent with the in vitro results,
tumors in mice treated with miR-20b mimic showed signif-
icantly lower cyclin D1 mRNA and protein expression com-
pared with control mimic-treated mice (P < 0.01). Cyclin D1
expression was significantly reduced by the combined
treatment of miR-20b mimic + olaparib, compared with
control mimic + olaparib (P <0.05) (Figure 5(c)). y-H2AX
is a marker for DNA double-strand breaks, and RAD51
plays an important role in HR-mediated DNA repair.'*"*
MiR-20b mimic-treated tumors showed reduced RADS51

expression (IHC score=0.719+£0.035) and increased
expression of y-H2AX (IHC score =1.96 +0.167) compared
with tumors in the control mimic group (RAD51 IHC score
=1.27940.246, P < 0.01; y-H2AX IHC score = 0.920 & 0.047,
P <0.05). RAD51 expression was significantly reduced in
miR-20b mimic and olaparib co-treated tumors (IHC score-
=0.307 £0.110) compared with tumors in the olapar-
ib+control mimic group (IHC score=0.837+0.107)
(P <0.01). We further found that y-H2AX expression was
substantially increased in tumors from the miR-20b mim-
ic 4 olaparib group (IHC score=6.216 £1.201) compared
with tumors in the olaparib + control mimic group (IHC
score =2.5124+0.286) (P <0.001) (Figure 6(a) and (b)).
These data suggested that miR-20b overexpression
down-regulates CCND1 in ovarian cancer in vivo, thereby
affecting DNA repair, which ultimately causes increased
sensitivity to olaparib.

miR-20b expression and progression-free survival in
ovarian cancer

We next investigated the relationship between miR-20b
expression and survival of ovarian cancer patients by ana-
lyzing the TCGA dataset, which contains 367 high-grade
serous ovarian cancer samples.”’ Increased miR-20b
expression was significantly associated with longer
progression-free survival in ovarian cancer (P=0.027)
(Figure 7).
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Figure 5. Combined treatment of miR-20b and olaparib against ovarian cancer in vivo. (a) and (b) Images of tumors inside the abdomen and tumor weight from five
groups: 5% glucose solution (control), control mimic, miR-20b mimic, control mimic + olaparib and miR-20b mimic + olaparib group, respectively. (c) RT-gPCR
analyzed CCND1 mRNA level in tumor tissue. Cyclin D1 protein level was shown by Western blot. Immunohistochemistry was done to verify CCND1 expression in
tumor tissue, scale bar =20 um. Results here were mean + SD (n=3). *P< 0.05, **P< 0.01, and ***P< 0.001. (A color version of this figure is available in the online

journal.)

Discussion

Ovarian cancer carrying methylated or mutated BRCA1 or
mutated BRCA2, account for 30% of all ovarian cancers,
exhibit abnormal HR repair, are sensitive to PARP inhibi-
tors, and show increased sensitivity to DNA-damaging
anticancer agents.”> Cyclin D1 is overexpressed in many
cancers,” including ovarian cancer. Previous studies
showed that cyclin D1 is a vital prognostic indicator for
ovarian cancer.”* Cyclin D1 plays a vital function in

regulating the cell cycle transition from G1 phase to S
phase. Another study showed that cyclin D1 plays a non-
kinase-dependent role in DNA repair and affects HR repair
through interacting with RAD51.*° Our previous work
demonstrated that downregulation of cyclin D1 expression
augmented the response of BRCA1 wild-type ovarian
cancer to olaparib by impairing DNA double-strand
break repair."! However, the mechanisms underlying
cyclin D1 overexpression in ovarian cancer have not been
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Figure 7. MiR-20b expression and ovarian cancer progression-free survival.
Progression-free survival of 367 ovarian cancer patients in TCGA dataset with
high miR-20b expression (red line) and low miR-20b expression (blue line) was
analyzed by Kaplan-Meier survival curve. (A color version of this figure is avail-
able in the online journal.)

completely investigated. miRNAs are crucial for the
expressions of many mRNAs.?® Abnormal expression of
miRNAs is often found in cancer.”” Several miRNAs play
an important role in regulating DNA repair and the sus-
ceptibility of cells to DNA-damaging drugs.”***° The rela-
tionship between miRNAs and ovarian cancer has recently

been investigated,'**"** and these studies have suggested

that miRNAs may represent possible targets or strategies
for prevention, early detection, and treatment of the dis-
ease. In this study, we performed a series of in vitro experi-
ments and showed that miR-20b targets the CCND1 gene
by binding to the 3’-UTR of the CCND1 mRNA in BRCA1
wild-type ovarian cancer cells. We found that overexpres-
sion of miR-20b increased G0/Gl1 cells and decreased S
phase cells through the downregulation of cyclin DI.
Conversely, cells in GO0/G1 phase were significantly
decreased after miR-20b inhibitor treatment, which was
consistent with the results after overexpression of
CCND1. miR-20b also inhibited the colony formation of
ovarian cancer cells. We further demonstrated that miR-
20b interfered with RAD51 accumulation, thereby affecting
HR efficacy (as indicated by decreased y-H2AX expression)
and altered the sensitivity of ovarian cancer cells to ola-
parib. Finally, TCGA data demonstrated that high miR-
20b expression was significantly associated with longer
progression-free survival of ovarian cancer patients.

The miR-106a-363 cluster encodes miR-20b and belongs
to a large family called the miR-17 family, which contains
many highly similar miRNAs.>®> miR-20b is involved in the
pathogenesis of many cancers and has been shown to inhib-
it or promote the proliferation, invasion, and metastasis of
different types of tumors.***® These studies on miR-20b
yielded controversial results, and the downstream target
genes of miR-20b were not fully examined. Our current
results suggest that miR-20b may function as a tumor sup-
pressor miRNA in ovarian cancer. Other studies reported
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that miR-20b blocks bladder cancer EJ cells in G1 phase by
targeting cyclin D1,%® enhances the sensitivity of non-small
cell lung cancer or breast cancer cells to cisplatin or
taxol,*** and works as a tumor suppressor in papillary
thyroid carcinoma.*” These results were consistent with
our findings.

The correlation between miR-20b and ovarian cancer has
never been investigated before, let alone research on miR-
20b and drug sensitivity in ovarian cancer. This report con-
firmed the potential of miR-20b combined with olaparib for
targeted therapy of cyclin D1 in ovarian cancer without
BRCA1 gene mutation. The combination therapy caused
reduced tumor load and cell viability, induced cell cycle
arrest, and blocked DNA repair in ovarian cancer cells.
Furthermore, increased expression of miR-20b was related
to the favorable progression-free survival of patients with
ovarian cancer. To the best of our knowledge, this is the first
report showing that miR-20b directly regulates CCND1
expression in ovarian cancer. Our data suggest the possi-
bility for miRNAs as markers to predict drug sensitivity
and the prognoses of patients in ovarian cancer. Our find-
ings also indicate that PARPi application may be effective
in treating BRCA wild-type tumors with the development
of a miRNA-based drug delivery system.
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