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Abstract

Epithelial ovarian cancer (EOC) is the most lethal of the gynecological malignancies. Ex-
ploring the molecular mechanisms and major factors of invasion and metastasis could
have great significance for the treatment and prognosis of EOC. Studies have demonstrat-
ed that microRNA 106b (miR-106b) may be a promising therapeutic target for inhibiting
breast cancer bone metastasis, but the role of miR-106b in EOC is largely unknown. In this
work, miRNA-106b expression was quantified in various ovarian tissues and tumors. Ovari-
an carcinoma cell lines were transfected with miR-106b, after which, cell phenotype and ex-
pression of relevant molecules was assayed. Dual-luciferase reporter assays and
xenograft mouse models were also used to investigate miR-106b and its target gene. MiR-
106b mRNA expression was found to be significantly higher in normal ovarian tissues and
benign tumors than in ovarian carcinomas and borderline tumors (p< 0.01), and was nega-
tively associated with differentiation (Well vs. Por & Mod) and the International Federation
of Gynecology and Obstetrics (FIGO) staging (stage I/ll vs. stage IlI/IV) in ovarian carcino-
ma (p< 0.05). MiR-106b transfection reduced cell proliferation; promoted G1 or S arrest
and apoptosis (p< 0.05); suppressed cell migration and invasion (p< 0.05); reduced Ras
homolog gene family member C (RhoC), P70 ribosomal S6 kinase (P70S6K), Bcl-xL, Ma-
trix metallopeptidase 2 (MMP2), MMP9 mRNA and protein expression; and induced p53
expression (p< 0.05). Dual-luciferase reporter assays indicated that miR-106b directly tar-
gets RhoC by binding its 3’UTR. MiR-106b transfection also suppressed tumor develop-
ment and RhoC expression in vivo in xenograft mouse models. This is the first
demonstration that miR-106b may inhibit tumorigenesis and progression of EOC by target-
ing RhoC. The involvement of miR-106b-mediated RhoC downregulation in EOC aggres-
sion may give extended insights into molecular mechanisms underlying cancer
aggression. Approaches aimed at overexpressing miR-106b may serve as promising ther-
apeutic strategies for treating EOC patients.
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Introduction

Opvarian cancer is the most lethal of the gynecological malignancies, but relatively little is
known about the molecular genetics of its initiation and progression. The primary genetic al-
terations associated with epithelial ovarian cancer, which accounts for 90% of ovarian cancer,
remain to be identified [1]. Recurrence and metastasis seriously affect the prognosis of ovarian
cancer; the 5 year survival rate for all stages of the disease has been estimated to be 35-38%.
Due to this high mortality rate, exploring the molecular mechanisms of ovarian epithelial carci-
noma initiation and development, and identifying the major factors of invasion and metastasis,
could have great significance for treatment and prognosis.

MicroRNAs are non-coding single-stranded RNAs of ~22 nucleotides in length that consti-
tute a novel class of gene regulators. They negatively regulate gene expression at the post-tran-
scriptional level by binding to imperfect complementary sites in the 3’-UTR (untranslated
region) of their target messenger RNA transcripts [2]. The binding of miRNAs to target mRNAs
leads to translational repression, or decreases the stability of the mRNA. MiRNAs control various
biological processes including cell differentiation, cell proliferation, apoptosis, drug resistance
and fat metabolism [3-4]. MiR-106D is transcribed from the miR-106b-25 cluster located on
chromosome 7. It has been reported that miR-106b-25 cluster might play a vital role in the path-
ogenesis of renal fibrosis. They found that expression of miR-106b during TGF-B1-induced EMT
was inhibited by Sal B (Salvianolic acid B) in vitro; miR-106b attenuates EMT in renal fibrosis via
inhibitory effects on TGF-p type II receptor expression and the TGF- signaling pathway [5].
Khuu C et al. Found that high levels of miRNAs encoded by the miR-106a-363 cluster may con-
tribute to inhibition of proliferation by decreasing expression of several sibling miRNAs encoded
by miR-17-92 or by the miR-106b-25 cluster [6]. Sampath D et al. showed that low expression of
miR106b may offer chronic lymphocytic leukemia (CLL) cells a mechanism whereby the apopto-
tic potential of p73 is repressed. Chemotherapeutic drugs that activate miR106b could potentially
circumvent the resistance associated with p53 dysfunction in CLL [7]. Ni X]J et al. found that
MIiR-106b levels in orthotopic tumor tissue showed a negative correlation with MMP2 (matrix
metalloproteinase 2) expression and breast cancer bone metastasis [8]. Thus, miR-106b may play
vital role in many cancers through diverse mechanisms. However, the targets of miR-106b in epi-
thelial ovarian cancer have not yet been determined and were therefore investigated in this study.

Materials and Methods

Cell line culture and transfection procedure

Ovarian cancer cell lines OVCAR3, HO8910-PM (highly invasive HO8910) were obtained
from the American Type Culture Collection (ATCC), SKOV3/DDP (cisplatin-resistant
SKOV3) was purchased from Tumor Cell Bank of the Chinese Academy of Medical Science
(Peking, China), and they were all serous cystic adenocarcinoma cells. Cells were cultured in
RPMI-1640 medium containing 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
solution (100 U/mL penicillin and 100 pg/mL streptomycin). Cells were maintained at 37°C in
a humidified atmosphere containing 5% CO,. MiR-106b mimics or non-targeting control
mimic (Mock) were transiently transfected into the three ovarian cell lines using Lipofectamine
2000, following the manufacturer’s protocol. The miR-106b-5P homo target sequence was: 5'-
UAA AGU GCU GAC AGU GCA GAU-3’.

Cell proliferation assay

Cells were seeded in 96-well plates at 2.0x10> cells per well, transfected with miR-106b or
mock mimic and further incubated for 0, 24, 48 or 72 h. Cell proliferation was evaluated using
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Cell Counting Kit-8 (CCK-8) (Dojindo, Tokyo, Japan) according to the manufacturer's instruc-
tions. 10 uL. CCK-8 was added to each well for 4 h, after which optical density values (OD)
were measured at 450 nm.

Cell cycle analysis

Cell cycle analysis was performed after 72h incubation. Cells were collected, washed with PBS
and fixed with 75% ice-cold ethanol, then treated with 250ug/mL RNase at 37°C for 30 min.
Propidium iodide (PI, KeyGen, Nanjing, China) was added to a final concentration of 50ug/
mL for 30 minutes in the dark. Immdiatelly, flow cytometry was used to examine PI signal.

Flow cytometric apoptosis assay

Flow cytometry was performed to detect phosphatidylserine externalization as an endpoint in-
dicator of early apoptosis, using cells stained with PI and FITC-labeled Annexin V (KeyGen,
Nanjing, China) according to the manufacturer's protocol. Briefly, after incubation for 72 h,
cells were washed with PBS twice and harvested, resuspended in 1xbinding buffer at a concen-
tration of 1x10° cells/mL. All the cells were incubated with 200 uL binding buffer (containing
10 uL Annexin V-FITC) in the dark for 15min at room temperature and then 300pL binding
buffer (containing 5 pL PI) were added to each tube. Flow cytometry was performed within 1 h.

Wound healing assay and cell invasion assay

Wound healing assay was performed to investigate cell migration ability in vitro. Briefly, cells
transfected with or without miR-106b mimic were cultured in six-well plates; linear wounds
were created using a 200 uL pipette tip. Cells were photographed and the wound area was mea-
sured by Image J software (National Institutes of Health, Bethesda, MD, USA) after 0, 12, 24,
48, and 72h incubation (n = 3). Wound healing rate was calculated as: [(the area of the original
wound—the area of the actual wound at different times) / the area of original wound], express-
ed as a percentage.

In addition, transwell assay was performed to evaluate cell mobility. Transwell chambers of
6.5 mm (BD Bioscience, San Jose, CA, USA) were placed in 24-well culture plates which sepa-
rated the plates into upper and lower chambers. 40 pL of 8 mg/mL Matrigel (Becton-Dickinson
Labware, Bedford, MA, USA) was placed on the upper surface to simulate a matrix barrier for
the invasion assay. 600 pL RPMI-1640 with 10% FBS was in the lower chamber while 200 pL
RPMI-1640 containing 5x10* cells was placed in the upper chamber. After incubation for 72 h,
cells that had migrated through the membrane were fixed stained with 0.1% crystal violet
for measurement.

Subjects

Human clinical samples were collected from surgical specimens from the Department of Gy-
necology, The First Affiliated Hospital of China Medical University (Shenyang, Liaoning,
China), between 2003 and 2011. Samples were including normal ovarian tissue, ovarian epi-
thelial benign tumors (serous and mucinous cystadenocarcinoma), borderline tumors, prima-
ry carcinoma and metastatic omentum. All specimens were histopathologically diagnosed on
the basis of the 2009 FIGO staging system. Samples were frozen immediately and preserved at
-80°C. The samples were obtained from patients who never underwent chemotherapy, radio-
therapy or adjuvant treatment before surgery. Each of the patients participating this study
obtained written informed consent, and this study was approved by the China Medical Uni-
versity Ethics Committee.
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Real-time reverse transcriptase PCR

Total RNA of all the samples and cell lines were extracted using TRIzol (Takara, Shiga, Japan)
following the manufacturer’s instructions. Using avian myeloblastosis virus transcriptase and
random primers (Takara, Shiga, Japan), total RNA (2ug) was reversely transcribed. The cDNA
obtained was performed to undergoing real-time PCR amplification in 20uL reactions using
the SYBR Premix Ex Taq II kit (Takara, Shiga, Japan). The oligonucleotide primers for PCR
came from GenBank sequences and the threshod (ddCt) values were calculated after normali-
zation to GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

Western blotting

Equal amount of total proteins (60pg) was separated with sodium dodecyl sulfate-polyacryl-
amide gels, transferred to Hybond membranes (Amersham, Munich, Germany). The mem-
branes were incubated for 1h with 5% skimmed milk in Tris-buffered saline with Tween 20
(TBST). Immunobloting was performed by incubating with antibodies against p53, P70S6K,
RhoC, Bcl-xL, MMP2, or MMP?9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight.
After rinsed with TBST, the membrane was incubated with anti-mouse, anti-rabbit, or anti-
goat IgG antibodies (1:1000; Dako, Carpinteria, CA, USA) for 2h. Immunoreactive bands were
detected with X-ray film (ImageQuant LAS 4000, Fujifilm, Tokyo, Japan) and ECL Plus detec-
tion reagents (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Dual-luciferase reporter assay

Based on the human RhoC mRNA sequence in GeneBank, a pair of annealing oligonucleotides,
which contained the putative binding site for miR-106b, were designed and synthesized by San-
gon Biotech (Shanghai, China). The double-stranded annealing products were inserted down-
stream of the firefly luciferase reporter in the pmirGLO Dual-luciferase miRNA target
expression vector (Promega, USA). A pair of mutant annealing oligonucleotides containing a
mutant sequence in the seeding region of miR-106b was also cloned into the same region of the
vector. HEK 293T cells were plated in 24-well plates for 24 h, then co-transfected with 50 nM
of miRNA-106b mimic, or the mock miRNA, and 600 ng dual-luciferase vector, which con-
tained either wild-type or mutant RhoC-3’-UTR. 48 h after transfection, luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (Promega). Both renilla luciferase
activity and firefly luciferase activity were measured, and relative luciferase activity was nor-
malized to the renilla luciferase activity. Each experiment was repeated at least three times.

In vivo xenografts

Female BALB/C nude mice, aged 5 weeks, were purchased from Beijing HFK Bioscience Co.,
Ltd (Beijing, China) for tumorigenicity assays. The animals were randomly divided into two
groups (five mice per group) and maintained in a specific pathogen-free environment with a
daily 12 h light/12 h dark cycle, at 2242°C. Skin tumor xenografts in the nude mice were estab-
lished by subcutaneous injection of 200 uL PBS containing 5x10° exponential-growth
OVCARS3 cells, with or without miR-106b transfection. Tumor volume was measured every
three days and calculated according to the formula: TV (mm3) = length x width2 x 0.5. At
week 9 after tumor induction, all the mice were sacrificed by CO2 inhalation, since the maxi-
mum tumor volume of 1.0 cm3 was established to minimize other influence factors. All animal
manipulations were performed following the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and were approved by the China Medical University Animal
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Care and Use Committee (Shenyang, Liaoning, China). Our in vivo studies in accordance with
the ARRIVE guidelines (S1 Table).

Immunofluorescent staining

Immunofluorescent staining was performed following a standard protocol (Santa Cruz Bio-
technology). Briefly, a 5 um frozen section from each sample was fixed in acetone at 4°C over-
night. After washing with PBS for three times, sections were blocked with 1% bovine serum
albumin (BSA) for 30 min and incubated overnight at 4°C with mouse anti-human RhoC pri-
mary antibody (1:50). Following PBS washing, the sections were incubated with anti-mouse
immunoglobulin G (IgG)-FITC (1:100, Santa Cruz Biotechnology, CA, USA) for 2 h at room
temperature in the dark, then washed again with PBS. Nuclei were stained with DAPI (1 pg/
mL, Sigma-Aldrich) for 30 min at room tempreture. Coverslips were mounted with SlowFade
Gold Antifade Reagent (Invitrogen, Carlsbad, CA, USA) and all the sections were imaged using
a laser confocal microscope (Olympus, Tokyo, Japan).

Statistical analysis

SPSS 17.0 software (SPSS, Chicago, IL, USA) was employed and data was performed as
means + SEM and compared using the Mann—Whitney U test or paired samples t-test. P
value < 0.05 indicated statistically significant.

Results

Correlation of miR-106b mRNA expression with pathogenesis and
aggression of ovarian carcinoma

MiR-106b was quantified in normal ovarian tissue, benign and borderline tumors, and primary
carcinoma using real-time PCR. Its expression was found to be significantly higher in normal
ovarian tissues and benign tumors than in ovarian carcinomas and borderline tumors (Fig 1A,
p < 0.01), and was negatively associated with FIGO stage (stage I/II vs. stage III/IV, Fig 1B,

p < 0.05) and differentiation (Well vs. Por & Mod, Fig 1C, p < 0.01) in ovarian carcinoma.

Effects of miR-106b transfection on phenotype in ovarian carcinoma
cells in vitro

OVCAR3, HO8910-PM and SKOV3/DDP cell lines were used for miR-106b transfection.
After transfection, the cells exhibited significantly slower growth than mock-transfected (i.e.
control) cells (Fig 2A, p < 0.05), based on the CCK-8 assay. Propidium iodide (PI) staining and
flow cytometry revealed significant induction of G; or S arrest in miR-106b transfectants (Fig
2B, p < 0.05). MiR-106b transfection induced significantly higher levels of apoptosis (Fig 2C,

p < 0.05), indicated by annexin V—fluorescein isothiocyanate (FITC) staining. Reduced cell
migration in the wound healing assay (Fig 3A, p < 0.05) and reduced invasion in the transwell
invasion assay (Fig 3B, p < 0.05) were also observed following miR-106b transfection in com-
parison with mock-transfected cells.

Effects of miR-106b transfection on genotype in ovarian carcinoma cells
invitro
The seed region we predicted in the 3’-UTR of RhoC was investigated as a target of miR-106b

(Fig 4A). Dual-luciferase reporter assays indicated that miR-106b directly targets RhoC by
binding its 3’UTR (Fig 4B). RT-PCR and Western blotting showed that miR-106b transfection
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Fig 1. Correlation of miR-106b mRNA expression with ovarian carcinoma pathogenesis and aggression. (A) MiR-106b mRNA expression was
significantly lower in ovarian carcinomas and borderline tumors than in normal ovarian tissues and benign tumors and lower in metastatic omentum than in
primary ovarian carcinomas. MiR-106b mRNA expression was negatively associated in ovarian carcinoma with (B) International Federation of Gynecology
and Obstetrics (FIGO) stage (stage I/l vs. stage Ill/IV), (C) differentiation (well vs. poor and moderate).

doi:10.1371/journal.pone.0125714.g001

reduced mRNA and protein expression of RhoC, P70S6K, Bcl-xL, MMP2 and MMP?9, but in-
duced p53 expression (Fig 4C and 4D, p < 0.05).

In vivo, miR-106b inhibits tumor growth

The volumes of tumor xenografts in nude mice treated with miR-106b were smaller than those
in the control mice (Pgay 10 < 0.05 vs. control; Pgeviation of tumor xenograft volume (Dv) < 0.01 vs.
control, Fig 5A). The growth of the tumor xenograft in miR-106b treated mice was slower than
in the control group from day 7, and the DV from around 2 weeks (Fig 5B and 5C).

In vivo, miR-106b downregulates RhoC expression in tumor xenografts

Immunofluorescent staining analysis indicated that RhoC expression in the tumor xenografts
of nude mice treated with miR-106b was decreased compared with that in the tumor xenografts
of mice treated with saline (the control group) (Fig 6).
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doi:10.1371/journal.pone.0125714.9002
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doi:10.1371/journal.pone.0125714.9005

Discussion

MicroRNAs are promising in methods for cancer treatment and to affect tumor development.
MiRNAs contribute to the regulation of their target genes by base-pairing to the 3’UTR of a tar-
get mRNA, which results in either mRNA degradation or translation inhibition [9-10]. Defi-
ciency in miRNA expression may contribute to tumor development [11-15]. Studies also show
that miRNAs are promising diagnostic and prognostic molecular biomarkers in cancers [16-
17]. The results in this study show that miR-106b mRNA expression was significantly lower in
ovarian carcinomas and borderline tumors than in benign tumors and normal ovaries. The
same result was found in metastatic omentum relative to ovarian carcinomas. MiR-106b
mRNA expression was nagatively associated with differentiation (Well vs. Por & Mod) and
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FIGO stage (stage I/II vs. stage III/IV) in ovarian carcinoma. These findings indicate that miR-
106b might affect ovarian epithelial carcinogenesis and its subsequent progression.

We found that after miR-106 transfection, ovarian cancer cells exhibited significantly slower
growth than mock-transfected cells, as well as significantly enhanced G, or S arrest and apo-
ptosis. These data indicate that miR-106 might inhibit the aggression of ovarian carcinoma
cells. Additionally, miR-106 transfection decreased P70S6K and Bcl-xL expression, but in-
creased the expression of p53 at both mRNA and protein levels. p70S6K/p85S6K is a down-
stream effector of the PI3K/Akt/mTOR signal transduction pathway. It phosphorylates the S6
protein of the 40S ribosomal subunit and thus functions in protein synthesis and cell growth.
Studies have shown that the p14ARF-MDM2-p53 pathway (p53 pathway) and p70S6K/
p85S6K pathway work at the G,/S checkpoint, suggesting that miR-106b might reduce cell pro-
liferation and induce G; or S arrest through targeting P70S6K and P53, and induce apoptosis
by downregulating the transcription and translation of the anti-apoptotic gene Bcl-xL. Micro-
RNA 106b-5P overexpression also reduced RhoC, MMP2 and MMP9 mRNA and protein ex-
pression. According to the literature, these molecules are involved in the regulation, invasion
and metastasis [18-25] of cancer cells.

Ras homolog gene family member C (RhoC) is a small G protein/guanosine triphosphatase
which closely linked to tumor growth, metastasis, invasion and progression or adverse progno-
sis in various malignancies such as head and neck, cervical and gastric cancers [26-30]. Our
previous work showed that RhoC could promote the invasion and metastasis of ovarian cancer
by affecting VEGF, MMP-9 and ROCK [31]. We also found that after RhoC knockdown, there
was reduced mRNA or protein expression of Bcl-xL, survivin and phosphorylated P70S6 kinase
(p-p70s6Kk) [32]. In this work, we show that the 3>-UTR of RhoC is a direct target of miR-106b.
In addition, dual-luciferase reporter assays indicated that the relative firefly luciferase activity
(normalized with Renilla luciferase) on co-transfection with miR-106b and RhoC was
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significantly lower than for transfection with RhoC alone, and higher than for miR-106b-trans-
fection-only cells. Taken together, our results suggest that miR-106b may inhibit cell prolifera-
tion, induce cell apoptosis, and inhibit cell invasion by modulating the expression of various
genes through targeting RhoC.

Furthermore, our tumor xenograft studies in vivo showed that miR-106b transfection inhib-
its tumor growth of ovarian epithelial carcinoma. Immunofluorescent staining analysis indicat-
ed that RhoC expression was decreased in tumor xenografts of mice treated with miR-106b
compared to tumor xenografts of saline treated mice. These are further indications that miR-
106b might suppress tumor proliferation and metastasis by targeting RhoC.

In conclusion, we demonstrate that miR-106b may inhibit ovarian epithelial carcinoma tu-
morigenesis and progression, by targeting RhoC. The involvement of miR-106b-mediated
RhoC downregulation in EOC aggression may provide wider insight into the molecular mecha-
nisms underlying cancer aggression. Approaches aimed at overexpressing miR-106b may serve
as promising therapeutic strategies to treat EOC patients.
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