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Abstract

Cancer cells actively promote their tumorigenic behavior by
reprogramming gene expression. Loading intraluminal vesicles
with specific miRNAs and releasing them into the tumor micro-
environment as exosomes is one mechanism of reprogramming
whose regulation remains to be elucidated. Here, we report that
miR-6126 is ubiquitously released in high abundance from both
chemosensitive and chemoresistant ovarian cancer cells via exo-
somes. Overexpression of miR-6126 was confirmed in healthy
ovarian tissue compared with ovarian cancer patient samples and
correlated with better overall survival in patients with high-grade
serous ovarian cancer. miR-6126 acted as a tumor suppressor by
directly targeting integrin- 1, a key regulator of cancer cell metas-
tasis. miR-6126 mimic treatment of cancer cells resulted in

Introduction

Exosomes are nano-sized vesicles shed from living cells, ini-
tially considered a mechanism for discarding cell debris (1). A
significant body of evidence has demonstrated that these vesicles
can transfer their contents to and modify the phenotype of host
cells (2), thereby acting as intracellular communication devices
(3). Increasing evidence supports multiple roles for exosomes,
such as promoting or suppressing tumorigenesis. Tumor-derived
exosomes can promote tumor immunoevasion through induc-
tion of T-cell apoptosis (4). Exosomes isolated from bladder
cancer cell lines exhibited dose- and time-dependent inhibition
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increased miR-6126 and decreased integrin-B1 mRNA levels in
the exosome. Functional analysis showed that treatment of endo-
thelial cells with miR-6126 mimic significantly reduced tube
formation as well as invasion and migration capacities of ovarian
cancer cells in vitro. Administration of miR-6126 mimic in an
orthotopic mouse model of ovarian cancer elicited a relative
reduction in tumor growth, proliferating cells, and microvessel
density. miR-6126 inhibition promoted oncogenic behavior by
leading ovarian cancer cells to release more exosomes. Our find-
ings provide new insights into the role of exosomal miRNA-
mediated tumor progression and suggest a new therapeutic
approach to disrupt oncogenic phenotypes in tumors. Cancer Res;
76(24); 7194-207. ©2016 AACR.

of apoptosis by upregulation of Bcl-2 and cyclin D1 proteins (5).
Exosomes can contribute to cancer growth by enhancing anti-
apoptotic and other oncogenic pathways such as angiogenesis,
invasion, and metastasis (6-38). In contrast, tumor cells have been
shown to release exosomes containing tumor antigens that then
induce antitumor immune responses (9-13). Hence, the func-
tions of the exosomes most likely depend on the cargo and their
regulation.

Noncoding RNAs such as microRNA (miRNA) have been
reported to exert tumor suppressor or oncogenic functions
(14-17). Circulating miRNAs in serum can be used as diagnostic
markers for various cancer types (18-20). Extensive miRNA
profiling of circulating exosomes from body fluids of patients
with cancer showed that many exosomal proteins or miRNAs are
also involved in various cancers such as those of the breast,
prostate, and ovary (21-24).

There are 2 potentially nonexclusive hypotheses regarding how
exosome-mediated miRNA transfer contributes to cancer. Malig-
nant cells use exosomes as vehicles to release (i) their tumor
suppressor miRNAs or (ii) oncogenic miRNAs—to maintain and
protect the oncogenic potential of the cancer cells. Our purpose
was to elucidate the function of exosomal miRNAs and shed light
on their role in tumor/microenvironment homeostasis.

In the current study, using miRNA expression profiling of
chemosensitive and chemoresistant ovarian cancer cell lines, we
identified miR-6126 as a novel tumor suppressor that cells discard
via exosomes. We discovered that ectopic expression of miR-6126
inhibits many oncogenic functions of ovarian cancer cells, such as
proliferation, invasion, migration, and angiogenesis. Identifica-
tion of increased levels of miR-6126 in the exosomes released by
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ovarian cancer cell lines in our study conforms to the hypothesis
that malignant cells release their tumor suppressor miRNAs via
exosomes into the extracellular environment to maintain and
promote tumorigenesis at the intracellular level.

Materials and Methods

Cell lines and patient samples

RPMI medium supplemented with 10% FBS and 100 IU/mL
penicillin/streptomycin was used as the culture medium for the
HeyA8, SKOV3-ip1, and A2780 ovarian cancer cell lines. Taxane-
resistant HeyA8-MDR and SKOV3-TR ovarian cancer cell lines
were maintained in RPMI medium supplemented with 10% FBS
and 1% penicillin/streptomycin with added paclitaxel (300 ng/mL
for HeyA8-MDR and 150 ng/mL for SKOV3-TR). The A2780-CP20
ovarian cancer cell line was developed and maintained as previ-
ously described (25). The immortalized human endothelial
RF-24 (EC-RF24) cell line was maintained in minimal essential
medium (MEM) supplemented with 10% FBS, 1% MEM vita-
mins, 1% 1-glutamine, 1% sodium pyruvate, and 1% nonessential
amino acids. All cells were maintained at 37°C with 5% CO, and
95% air and screened for mycoplasma using a MycoAlert myco-
plasma detection kit (Lonza Rockland) as described by the man-
ufacturer. All experiments were conducted when cells were 70% to
80% confluent. All cell lines were kindly provided by Dr. Anil K.
Sood [The University of Texas MD Anderson Cancer Center
(MDACC), Houston, TX]. They were all expanded, cryopreserved,
and used within 6 months of recovery from cryopreservation. The
authentication of all cell lines was done by the Characterized Cell
Line Core Facility at MDACC.

Samples of ovarian tumors (n = 19) and normal ovarian surface
epithelium (n = 6) from human donors were obtained from
Saitama Medical University (Saitama, Japan) and MDACC. Each
patient's cancer was staged according to the International Feder-
ation of Gynecology and Obstetrics surgical staging system. Sup-
plementary Table S1 includes stage, grade, and histology of the
tumors. Normal samples are normal ovarian surface epithelium
or normal fallopian tube epithelium. Finally, patient data and
mRNA and miRNA expression values for 129 late-stage high-grade
serous ovarian cancers profiled with Illumina arrays (E-MTAB-
386) were obtained from the GEO information system (26).

Extraction of exosomes from cell culture media

All ovarian cancer cell lines (HeyA8, HeyA8-MDR, SKOV3-ip1,
SKOV3-TR, A2780, A2780-CP20) were plated in cell culture
medium containing 10% FBS and cultured for 24 hours to
70% confluence. The medium from each culture was replaced
with 10% exosome-depleted FBS and cells were grown for 24
hours more. The medium from each culture was then subjected to
centrifugation at 2,000 x g for 30 minutes to remove cell debris.
The resulting cell-free medium was combined with a half volume
of total exosome isolation reagent (Invitrogen) and mixed well by
subjecting to vortexing until a homogenous solution was formed.
The samples were incubated at 4°C overnight and then subjected
to centrifugation at 10,000 x gat 4°C for 1 hour. The supernatants
were aspirated, and the exosome pellets were resuspended in PBS
buffer and stored at —20°C.

Western blotting

Cell lysates were subjected to centrifugation, and the super-
natants were collected and their protein concentration deter-
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mined by using the BCA protein assay (Pierce). Protein samples
were subjected to electrophoresis on polyacrylamide gels
(Bio-Rad) and then transferred to polyvinylidene fluoride mem-
branes (Bio-Rad). Membranes were blocked, rinsed, and incu-
bated with primary antibodies against p-PI3Ky,ss, p-AKTs473,
AKT, VEGFR2, MMP2, p-c-RAFs;500, P-c-RA s289/296/301, C-RAF,
integrin-B1, t-paxillin, and p-paxillin v;,5 (Cell Signaling Tech-
nology). After overnight incubation at 4°C, membranes were
washed and incubated with their corresponding secondary anti-
body conjugated with horseradish peroxidase. Protein bands were
detected with an enhanced chemiluminescence detection kit (GE
Healthcare). B-Actin was used as the loading control.

miRNA transfection

Ovarian cancer cells were plated at a density of 8 x 10* cells per
well in 6-well plates. The next day, cells were transfected with 50
nmol/L control miRNA mimic or miR-6126 mirVana mimic (Life
Technologies) for 48 hours using HiPerFect transfection reagent
(Qiagen). Invasion, wound healing, tube formation, and EdU
assays that were performed following miRNA transfection are
explained in Supplementary Methods.

miRNA microarray and gene expression analysis

RNAs from exosomes were isolated by using the miRCURY
Exosome Isolation Kit (Exiqon). RNA samples were quantified by
using a NanoDrop spectrophotometer (Thermo Scientific), and
quality was assessed on a Bioanalyzer (Agilent Genomics).
Hybridization and scanning of the samples were performed by
the Noncoding RNA Program at the Center for Targeted Therapy,
MDACGC, using 4.0 miRNA Affymetrix chips. Microarray data were
submitted to GEO database (GSE76449). The microarray data
were validated by quantitative RT-PCR (qRT-PCR). Processing of
the microarray data and qRT-PCR are explained in Supplementary
Methods.

Reverse-phase protein array

Reverse-phase protein array (RPPA) was performed by the MD
Anderson RPPA Core Facility. Experimental details are described
in Supplementary Methods.

Animal studies

Female athymic nude mice were injected intraperitoneally with
HeyAS8 cells (1 x 10° cells/mouse) and then randomly assigned to
1 of 2 treatment groups: control miRNA mimic or miR-6126
mimic. miRNAs were incorporated into DOPC liposomes, and
mice were injected with miRNA (200 pg/kg/mouse) twice weekly
starting 1 week after tumor inoculation. Mice were killed when
moribund or 5 weeks after initial injection of tumor cells. His-
tologic staining of their tissues was performed by the MD Ander-
son Histology Core facility. The animal experiments were con-
ducted in accordance with American Association for Laboratory
Animal Science regulations and with the approval of the Institu-
tional Animal Care and Use Committee of MDACC.

Immunohistochemistry

Unstained sections of mouse tissue were deparaffinized and
rehydrated. Antigen retrieval was performed using Dako antigen
retrieval solution (Dako North America). Endogenous peroxidase
was blocked using 3% hydrogen peroxide. Tissues were incubated
with primary antibodies against Ki67 (Thermo/Lab Vision Corp.)

Cancer Res; 76(24) December 15, 2016

220z ¥snbny 9z uo ysenb Aq ypd v61 /181211 2/v6\ Li2/9L/4Pd-01011E/S81190UBD/610"S|BUINO[IOBE//:d)Y WO pOpeojumoq

7195



Kanlikilicer et al.

and CD31 (Abcam) overnight at 4°C. Next day, a goat anti-rabbit
horseradish peroxidase secondary antibody (Jackson Immuno-
Research Laboratories) diluted in blocking solution was added
and the samples were incubated for 1 hour at room temperature.
Slides were developed with DAB substrate (Vector Laboratories,
Inc.) and counterstained with Gill no. 3 hematoxylin solution.
Positive (DAB-stained) cells were counted in 5 random fields per
slide.

Statistical analysis

Quantitative data are presented as the means + SD of 3
independent experiments. Quantitative data for different groups
were compared by the Student ¢ test, and P < 0.05 was considered
significant. The normality of the distribution was tested by using
the Shapiro-Wilk test. The Fisher exact test was used to identify the
significance of differences in identified molecular and cellular
functions.

Survival analyses were performed in R (version 3.0.1; http:///
www.I-project.org/). Patients were grouped into percentiles
according to mRNA/miRNA expression. The log-rank test was
employed to determine the association between mRNA/miRNA
expression and overall survival, and the Kaplan-Meier method
was used to generate survival curves. Cutoff points to significantly
divide (log-rank test: P < 0.05) the samples into low/high mRNA/
miRNA groups were determined, and the optimal cutoffs were
chosen as the minimum Pvalues: 0.3 for ITGBI (ILMN_1723467)
and 0.61 for miR-6126. We also fixed the ITGBI and miR-6126
cutoff levels, which split the cohort into 4 groups corresponding
to low/high gene and low/high miRNA expression. We contrasted
the 2 groups with a negative association: high ITGBI1/low
miR-6126 expression with low ITGB1/high miR-6126 expression.
The Spearman rank-order correlation test was applied to measure
the strength of the association between ITGB1 and miR-6126.

Results

miR-6126 is differentially expressed in ovarian cancer
exosomes and ovarian cancer cell lines

To identify the oncogenic and tumor suppressor miRNAs
differentially expressed in exosomes and their cells of origin, we
first isolated miRNAs from exosomes that were characterized by
atomic force microscopy and transmission electron microscopy
(Supplementary Fig. S1A and S1B). We then performed compre-
hensive miRNA expression profiling of 3 pairs of chemotherapy-
sensitive and -resistant ovarian cancer cell lines (SKOV3-ip1 and
Skov3-TR, HeyA8 and HeyA8-MDR, A2780 and A2780-CP20)
using the Affymetrix miRNA 4.0 array. After background adjust-
ment and quantile normalization were applied, one-way ANOVA
was performed to identify human mature miRNAs that were
significantly differentially expressed in the exosomes and their
cells of origin. Differences in miRNA expression levels were
considered significant at P < 0.05 and fold change >2 or «2.

In all exosomes derived from the sensitive ovarian cancer cells
(HeyA8, SKOV3-ip1, A2780), miR-6126 expression levels were
significantly higher than those in their cells of origin, whereas
miR-92a-1-5p, miR-30c-5p, and let 7d- 5p expression levels were
significantly lower in the exosomes than in their cells of origin
(Fig. 1A). For exosomes derived from the resistant ovarian
cancer cells (HeyA8-MDR, SKOV3-TR, A2780-CP20), 11 mature
human miRNAs (miR-122-5p, miR-4459, miR-4484, miR-4487,
miR-4530, miR-1246, miR-1268a, miR-6126, miR-6769b,
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miR-7107-5p, and miR-7150) were significantly upregulated,
whereas 3 miRNAs (miR-125a-5p, miR-4485, and miR-30c-
5p) were significantly downregulated (Fig. 1A) compared with
their cells of origin. We identified one miRNA, miR-6126, as
significantly enriched (P < 0.05, fold change > 2) in all the
exosomes derived from all 6 ovarian cancer cells as compared
with their cells of origin (Fig. 1B).

Next, we performed Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway analysis for the mRNA targets of these
miRNAs to find enriched pathways. mRNA targets of miRNAs of
interest were obtained using TargetScan database (version 7.0,
www.targetscan.org). The most enriched pathways were sorted by
the z-scores (Fig. 1C). For the sensitive ovarian cancer cells, the
many significantly enriched cancer-related pathways for mRNAs
that were targeted by upregulated miRNAs included microRNAs
in cancer, Notch signaling, cell cycle, p53 signaling, and MAPK
signaling, whereas for mRNAs targeted by downregulated miR-
NAs, the significantly enriched pathways were related to PPAR
signaling, fatty acid metabolism, and biosynthesis of amino acids.
For the resistant ovarian cancer cells, the enriched tumor-related
pathways for mRNAs targeted by upregulated miRNAs included
PPAR signaling and those for the mRNAs targeted by down-
regulated miRNAs included TNF signaling and NF-xB signaling.

The expression levels of miR-6126, which was upregulated in
all exosomes from 6 different ovarian cancer cell lines (Supple-
mentary Table S2), were validated by qPCR (Fig. 2A). We also
compared the expression levels of miR-6126 in ovarian cancer cell
line-derived exosomes with those derived from normal ovarian
epithelial ovarian cell lines (HIO180) by qPCR and found that the
exosomes from A2780-CP20, HeyA8, HeyA8-MDR, and SKOV3-
ip1 cell lines expressed more miR-6126 than the exosomes from
HIO180 (Fig. 2B). The increased expression of miR-6126 in those
exosomes prompted us to investigate the role of miR-6126 in
cancer because the miRNA data suggested that miR-6126 may
play a major role in ovarian cancer cell survival, invasion, micro-
environment, and tumorigenesis.

To further define the potential effect of miR-6126 in patients
with ovarian cancer, we analyzed all available data to determine
the correlation of miR-6126 with patient survival. In the ArrayEx-
press data, expression of miR-6126 in the tumor was inversely
correlated with tumor progression in patients with ovarian cancer
(Fig. 2C). The 50% survival rates of patients with high miR-6126
expression and those with low expression differed by almost 18
months. We also measured miR-6126 expression levels in patient
tumor samples (n = 19) by qRT-PCR and compared them with
levels in normal tissues (n = 6). Normal samples are normal
ovarian surface epithelium or normal fallopian tube epithelium.
miR-6126 expression levels were significantly lower in tumors
than in normal tissues (Fig. 2D).

PI3K/AKT signaling is altered by ectopic expression of
miR-6126

We performed RPPA to define the proteomic effect of miR-6126
in HeyA8 ovarian cancer cells. Cells were transfected with either
control miRNA mimic or miR-6126 mimic for 48 hours, and cell
lysates were processed for RPPA analysis. The canonical pathway
analysis showed that multiple pathways related to cancer signal-
ing were altered upon miR-6126 transfection in the HeyA8 cells
(Fig. 3A). The PI3K/AKT signaling and PTEN signaling pathways
were the top 2 most significantly enriched pathways in the dataset.
Correspondingly, our immunoblotting results in miR-6126-
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Figure 1.

Analysis of microRNAs in cancer exosomes and their cells of origin. A, Common miRNAs were significantly differentially expressed between exosomes and their cell
of origin for chemosensitive parental ovarian cancer cells (top) and chemoresistant ovarian cancer cells (bottom). FC, fold change. B, z-scores of miR-6126
(Supplementary Table S3) in six different cancer exosomes and their cells of origin. The rows represent individual ovarian cancer cell lines, and the columns
represent the cellular compartments of miR-6126 expression. Negative z-scores are shown in green, positive z-scores in red. C, KEGG pathway analysis of the
target mRNAs of significantly differentially regulated miRNAs is common for both sensitive ovarian cancer cells (top; HeyA8, SKOV3-ipl, A2780) and resistant
ovarian cancer cells (bottom; HeyA8-MDR, SKOV3-TR, A2780-CP20). OC, ovarian cancer.

transfected HeyA8 cells showed decreases in p-PI3K (Y458), PI3Kand AKTin theresistant HeyA8-MDR cells and in SKOV3-ip1
whereas PTEN levels did not change (data not shown). Transfec-  and SKOV3-TR cells (Fig. 3C). Further analysis of the PI3K/AKT
tion with miR-6126 mimic reduced the levels of phosphorylated  signaling pathway in RPPA data showed reductions in c-RAF
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miR-6126 expression in exosomes from cancer cells and in patient tissue. A, gPCR validation of miR-6126 expression in exosomes and cells of origin for
all cancer cell lines used in the microarray experiment. B, Comparison of miR-6126 expression in exosomes derived from ovarian cancer cells and in
exosomes derived from immortalized normal human ovarian surface epithelial cells (HIO180) by gPCR. C, Low expression of miR-6126 was associated
with shorter survival in patients with ovarian cancer, as shown by Kaplan-Meier analysis of miR-6126 expression data extracted from the ArrayExpress
database (P < 0.05). Cutoff points to significantly split (log-rank test: P < 0.05) the samples into low/high mRNA/miRNA groups were recorded. The minimum
P values were chosen as cutoffs to optimally separate the patients in high/low groups. The cutoff for ITGB1 (ILMN_1723467) was 0.3 and for miR-6126
was 0.61. D, miR-6126 expression in normal ovarian tissues (n = 6) and ovarian tumors (n = 19) from patients. *, P < 0.05; **, P < 0.07; ***, P < 0.007;

P < 0.0001.

protein levels in HeyA8 (Fig. 3B), suggesting the role of miR-6126
in cell growth. Our Western blotting results showed that levels of
p-c-RAF (S8259,5289/296/301) were dramatically decreased by
ectopic expression of miR-6126 in drug-resistant ovarian cancer
cells (HeyA8-MDR and SKOV3-TR) upon miR-6126 ectopic
expression (Fig. 3C) but were altered only slightly or not at
drug-sensitive HeyA8 and SKOV3-ip1 cells, respectively. These
data suggest that chemoresistant cell lines are more sensitive to
miR-6126 treatment than chemosensitive cells.

Ectopic expression of miR-6126 impairs ovarian cancer cell
metastasis and proliferation in vitro

The presence of PI3K/AKT signaling and VEGF signaling
within the significantly enriched canonical signaling pathways
guided us to look at the effect of miR-6126 on cell motility,
invasion, and angiogenesis. Ovarian cancer cells were trans-
fected with miR-6126 mimic (50 nmol/L) to induce miR-6126

7198 Cancer Res; 76(24) December 15, 2016

overexpression in ovarian cancer cells, control miRNA mimic
was used as a control (Supplementary Fig. S2). First, the
potential role of miR-6126 in cancer metastasis was explored
via wound-healing and invasion assays. In the wound-healing
assay, which measured the involvement of miR-6126 in medi-
ating ovarian cancer cell motility, cells transfected with miR-
6126 mimic migrated a significantly shorter distance than cells
transfected with control miRNA mimic (Fig. 4A). To determine
the effect of miR-6126 on HeyA8 and HeyA8-MDR cell inva-
siveness, we used the Transwell Matrigel invasion assay system.
Percentages of invading cells were 62.4% lower for HeyA8 cells
and 56.7% lower for HeyA8-MDR cells than for control cells
(Fig. 4B). The effect of miR-6126 on DNA replication was tested
by EdAU cell proliferation assay. HeyA8 cells transfected with
miR-6126 mimic or control mimic for 72 hours were incubated
with EQU for 2 hours and their EAU incorporation determined
by flow cytometry. EQU incorporation was significantly lower in
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Figure 3.

Proteomic effect of miR-6126 in ovarian cancer cells. A, Ingenuity Pathway Analysis of the canonical pathways most enriched in the proteins significantly
altered by ectopic expression of miR-6126 in HeyA8 cells; the y-axis indicates the —log;o (P value) of each enriched pathway. The Fisher exact test was used
to calculate P value. B, PI3K/AKT signaling pathway. Gray, proteins downregulated by miR-6126 transfection in ovarian cancer cells. C, Immunoblotting

for PIZK/AKT signaling proteins in HeyA8, HeyA8-MDR, SKOV3-ip1, and SKOV3-TR ovarian cancer cells transfected with control miRNA or miR-6126 or no
transfection (NT).

miR-6126-transfected cells than in the control miRNA group, We next examined the effect of miR-6126 on angiogenesis, a
indicating that miR-6126 has an antiproliferative effect hallmark of invasive tumor growth and metastasis, by performing
(Fig. 4C). an in vitro tube formation assay. After incubation on Matrigel for
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miR-6126 suppressed migration, invasion, and tube formation of HeyA8 and HeyA8-MDR ovarian cancer cells in vitro. A, Representative images of in vitro wound-
healing assay of HeyA8 ovarian cancer cells. Cells were seeded onto 6-well plates and either not transfected (NT) or transfected with control miRNA mimic

or miR-6126 mimic. Wound repair was monitored for 24 hours and visualized under microscopy. Images were taken immediately after the scratch was made
(t = 0 hours) and after 12 and 20 hours. All images shown are representative of three independent experiments; data are presented as mean =4 SD of at

least three experimental groups. B, HeyA8 cells and HeyA8-MDR cells were transfected with control miRNA mimic or miR-6126 mimic. Cells were incubated
for 24 hours and invasion was assessed by the Transwell assay. All images shown are representative of three independent experiments; data are presented as
mean = SD of at least three experimental groups. C, /n vitro EdU proliferation assay results for HeyA8 cells transfected with control miRNA mimic or miR-6126
mimic. The transfected cells were incubated 72 hours later with EdU-containing medium for 2 hours, and EdU incorporation was measured by flow cytometry.
Data are presented as mean =+ SD of at least three experimental groups. D, miR-6126 suppressed tube formation in EC-RF24 cells in vitro. Transfected
EC-RF24 cells were transferred to 8-well culture slides coated with Matrigel (200 uL/well). After 24 hours, the nodes in each culture were counted. All

images shown are representative of three independent experiments; data are presented as mean + SD of at least three experimental groups. E, Western blot
analysis showing levels of angiogenesis-related proteins in HeyA8, HeyA8-MDR, SKOV3-ip1, and SKOV3-TR ovarian cancer cells transfected with control
mMiRNA mimic or miR-6126 mimic. p-STAT3 was probed on the same membrane used in Fig. 3C for p-PI3K for each corresponding cell line (HeyA8, HeyA8-MDR, and
SKOV3-ip1). The same B-actin was used in the top and bottom panels of SKOV3-TR. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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24 hours, immortalized human endothelial EC-RF24 cells trans-
fected with 50 nmol/L miR-6126 mimic exhibited significantly
fewer nodes than untreated cells or cells transfected with control
miRNA (Fig. 4D), indicating that miR-6126 inhibits in wvitro
angiogenesis. We also analyzed the effects of miR-6126 on levels
of angiogenic proteins (VEGFR2, MMP2, p-STAT3) in ovarian
cancer cells (Fig. 4E). Levels of VEGFR2 were lower in the miR-
6126-transfected groups than in the control miRNA-transfected
groups of HeyA8-MDR, SKOV3-ip1, and SKOV3-TR cells. Like-
wise, p-STAT3 levels were lower in the miR-6126-transfected
HeyA8, SKOV3-ip1, and SKOV3-TR cells, whereas MMP2 levels
were lower in the miR-6126-transfected HeyA8 and SKOV3-TR
cells. Overall, these data indicate that miR-6126 regulates cell
migration, invasion, and angiogenesis, which constitute the
major steps of metastasis, as well as cell proliferation.

Integrin-B1 a direct target of miR-6126

To determine the mechanism of action for the tumor-suppres-
sing activity of miR-6126, we further examined the proteins
involved in PI3K/AKT signaling by computational prediction
algorithms and BLAST alignment on their 3’-untranslated regions
(UTR). This analysis identified integrin-f1 as a direct target of
miR-6126. An 8-base pairing between the ITGBI transcript and
the miR-6126 sequence was found (Fig. 5A). To confirm this
targeting, we first performed immunoblotting for the integrin-f1
protein in HeyA8, HeyA8-MDR, SKOV3-ip1, and SKOV3-TR cells
following transfection with miR-6126 mimic (Fig. 5B, Supple-
mentary Fig. S3A). Expression of the integrin-f 1 protein was lower
in the miR-6126-transfected cells than in the control mimic-
transfected cells in all 4 cell types. To determine whether miR-
6126 alters integrin-f1 downstream effectors, we examined the
effect of miR-6126 transfection on paxillin phosphorylation,
which is critical in migration and invasion. miR-6126 transfection
inhibited p-paxillin at the tyrosine 118 site in HeyA8-MDR (Fig.
5B), SKOV3-ip1, and SKOV3-TR cells (Supplementary Fig. S3A),
whereas there was no difference in HeyA8 cells.

We analyzed the alterations of ITGBI induced by miR-6126
overexpression at the transcriptional level and found that miRNA
mimic transfection reduced ITGB1 transcript levels significantly in
HeyA8 and HeyA8-MDR cells (Fig. 5C) and in SKOV3-TR cells
(Supplementary Fig. S3B). To further confirm that miR-6126
targets ITGB1, we used a luciferase reporter assay in which HEK
cells were cotransfected with the miR-6126 mimic and with a
construct containing ITGBI, either wild-type or with multiple
mutated nucleotides on the miR-6126-binding sites. Cells trans-
fected with the mutant ITGB1 construct had no significant reduc-
tion in luciferase activity, whereas cells transfected with the wild-
type ITGBI construct had 18.7% less luciferase activity (Fig. 5D).
These results together indicate that miR-6126 targets integrin-f1
in ovarian cancer cells.

Low integrin-B1 and high miR-6126 co-expression result in
longer survival

We examined the probability of survival in patients with known
ITGB1 and miR-6126 expression levels (ArrayExpress, E-MTAB-
3806). Patients were grouped into percentiles according to mRNA/
miRNA expression. The log-rank test was used to determine the
association between mRNA/miRNA expression and overall sur-
vival, and the Kaplan-Meier method was used to generate survival
curves. Among 129 patients with late-stage high-grade serous
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ovarian cancer, 90 had a high tumoral level of ITGB1 expression
and 39 had alow level of ITGB1 expression (Fig. 5E). A high ITGB1
level was associated with shorter patient survival. As miR-6126
targets ITGB1, we examined the correlation between ITGBI and
miR-6126 expression and found a significant negative correlation
(r = —0.24, P < 0.05; Fig. 5F). We then split the cohort into 4
groups by setting ITGB1 and miR-6126 cutoff levels correspond-
ing to low/high mRNA and low/high miRNA expression: low/
low, low/high, high/low, and high/high. We then contrasted the 2
groups with a negative association: low/high and high/low.
Survival analysis for the combined ITGB1/miR6126 expression
showed that the difference in survival between these 2 groups was
significantly greater than the difference between the groups con-
sidered solely on the expression of ITGB1 or miR-6126 alone (Fig.
5G). When we compared the patients with low ITGB1 and high
miR-6126 expression with patients with high ITGBI and low miR-
6126 expression, there was a 2-year difference between their 50%
survival rates.

Reduced expression of miR-6126 leads to more exosome release

Because there is a correlation between the amount of exosome
released and oncogenesis, we examined the effect of miR-6126
inhibition on exosome release by ovarian cancer cells. SKOV3-ip1
cells were transfected with a control miRNA inhibitor or a miR-
6126 inhibitor at a final concentration of 100 nmol/L. The
medium in each culture was replaced 24 hours after transfection
with exosome-depleted medium. Cell supernatants were collect-
ed after 48 hours and exosomes were isolated using exosome
isolation reagent (Invitrogen). Exosomes were quantified by
Nanosight. Our results show that SKOV3-ip1 cells released more
exosomes upon miR-6126 inhibition; exosome counts were high-
est (7.05e+008/mL) for miR-6126 inhibitor-treated cells (Fig.
6A). Cells treated with control miRNA inhibitor released
4.8e+008 exosomes/mL. There were significant differences
between cells treated with miR-6126 inhibitor and those not
treated or treated with control miRNA inhibitor. However, we
observed no significant difference between cells treated with miR-
6126 mimic or control miRNA mimic (P> 0.05). All samples had
amodal + SD particle diameter of approximately 100 to 120 nm
(Fig. 6B). In addition, exosome concentration (particles/mL) by
size (nm) was found to be similar for all groups (Supplementary
Fig. S4).

Next, we analyzed miR-6126 levels in those vesicles released
from SKOV3-ip1 ovarian cancer cells. When we transfected the
cells with miR-6126 mimic, exosomes release almost 70-fold
more miR-6126 compared with control miRNA mimic-trans-
fected group (Fig. 6C). In addition, those exosomes express
significantly lower levels of ITGB1 mRNA, attributable to the
inhibition of ITGB1 by mimic miR-6126 (Fig. 6D). When we use
miR-6126 inhibitor, we did not observe any significant change in
miR-6126 levels in exosomes (Fig. 6C). Moreover, we also com-
pared the basal levels of ITGB1 in exosomes released from SKOV3-
ip1 ovarian cancer cells and HIO180 ovarian surface epithelial
noncancerous cells, we found significantly higher levels of ITGB1
in cancer exosomes (Fig. 6D). HeyA8, SKOV3-TR, A2780, and
A2780-CP20 ovarian cancer cells also express significantly higher
ITGB1 levels in their exosomes than in HIO180 exosomes (Sup-
plementary Fig. S5). Altogether, these results suggest that elimi-
nation of miR-6126 via cancer exosomes can be a mechanism to
block ITGB1 inhibition by miR-6126 in cells.
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Figure 5.

Integrin-B1is a direct target of miR-6126. A, Predicted binding site for miR-6126 in the 3’-UTR of the integrin-B1gene /TGBI. B, Western blot analysis showed the effects
of miR-6126 transfection on levels of integrin B-1 protein in HeyA8 and HeyA8-MDR cells. NT, not transfected. Proteins were probed on the same membrane
used in Fig. 4E for VEGFR2 and MMP2 proteins for each corresponding cell line (HeyA8 and HeyA8-MDR). C, Expression levels of /TGBT were determined by gPCR in
HeyA8 and HeyA8-MDR cells transfected with miR-6126 mimic. D, Firefly luciferase activity in HEK cells cotransfected with a wild-type (WT) or mutant /TGBT
transcript and with control miRNA mimic or miR-6126 mimic. Data were normalized to Renilla luciferase activity. Data are presented as mean 4 SD of two
biological replicates and three technical replicates. E, Association of overall survival (OS) in patients with ovarian cancer with /TGB7 expression. F, miR-6126
expression was negatively correlated with /TGBT expression. G, Combination of ITGB1/miR6126 gave a better separation than /TGBI alone or miR-6126 alone for
predicting overall survival. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure 6.

Exosome release is regulated by miR-6126 in SKOV3-ip1 ovarian cancer cells. A, Treatment with miR-6126 inhibitor led to increased exosome release in SKOV3-ip1
ovarian cancer cells. SKOV3-ip1 cells were transfected with miRNA mimics [control (CTL) or miR-6126] or miRNA inhibitors at a final concentration of

100 nmol/L. After 24 hours, the medium was replaced by exosome-depleted medium. After another 48 hours, supernatants were collected and exosomes were
isolated using exosome isolation reagent. Particles per milliliter were quantified by Nanosight. Data are presented as mean + SD of at least two experimental
groups. NT, not transfected. B, Modal + SD particle diameter (left) did not differ significantly for exosomes released from cells transfected with control inhibitor/

mimic or miR-6126 inhibitor/mimic or negative controls (P > 0.05). C, miR-6126 expression level in exosomes that were isolated from CTL miRNA- or
miR-6126-transfected or not transfected SKOV3-ip1 cells. D, ITGB1 mRNA expression levels in exosomes that were isolated from CTL miRNA- or miR-6126-
transfected or not transfected SKOV3-ip1 cells. ITGBT mRNA levels were compared in exosomes isolated from HIO180 (normal) or SKOV3-ip1 ovarian cancer cells.

*, P<0.05 ", P< 0.0l

miR-6126 inhibits cancer cell proliferation and tumor growth
in vivo

We assessed the therapeutic efficacy of miR-6126 in an intra-
peritoneal orthotopic HeyA8 model of ovarian cancer in female
athymic nude mice. For in vivo systemic administration, miR-6126
mimic and control miRNA mimic were incorporated into DOPC

www.aacrjournals.org

nanoliposomes. Liposomes were injected via tail vein twice a
week for 5 weeks. Tumor weights in the miR-6126 mimic-treated
group were significantly smaller than those in the control miRNA
mimic-treated group (Fig. 7A). No overt toxicity was observed for
any treatment group, as indicated by stability of mouse body
weight during the therapy (Fig. 7B). We found significantly lower
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integrin-B1 levels in tumors treated with miR-6126 mimic than
control miRNA mimic-treated group (P < 0.02, P < 0.0016;
Supplementary Fig. S6). We quantified markers of cell prolifer-
ation (Ki67) and angiogenesis (CD31) in tumors by immuno-
histochemistry. miR-6126 treatment led to significant decreases in
the numbers of Ki67-positive cells and CD31-positive cells (Fig.
7C). These data support our in vitro findings indicating that miR-
6126 inhibits proliferation and angiogenesis in ovarian cancer in
vitro and in vivo.

Discussion

Our results demonstrate that miR-6126 was the only miRNA
consistently overexpressed in all cancer exosomes released from

A

the 3 different paired ovarian cancer cell lines studied and further
show that miR-6126 functions as a regulator of integrin-f1.
Higher levels of miR-6126 were associated with longer survival
and prognosis in patients with ovarian cancer, suggesting that
miR-6126 works as a tumor suppressor in this disease. Our results
also show that ectopic expression of miR-6126 resulted in anti-
tumor activity and decreased cell proliferation in ovarian cancer
cells in vivo and in vitro.

The composition of exosomes can be distinct from that of their
cells of origin in terms of mRNA, miRNA, and protein contents
(27, 28). We found many miRNAs whose expression was signif-
icantly higher or lower in ovarian cancer-derived exosomes than
in their cells of origin. In an exosomal proteomics study, Hushino
and colleagues showed that tumor exosomes are selectively
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Figure 7.

miR-6126 mimic treatment reduced tumor growth and vasculature in HeyA8 mouse model. A, Left, sizes of tumors obtained from representative mice treated with
liposomes containing control mMiRNA mimic or miR-6126 mimic are shown. Right, tumor weights for groups treated with control miRNA mimic or miR-6126
mimic were significantly different (P < 0.05, Mann-Whitney-Wilcoxon test). The normality of the distribution was tested by the Shapiro-Wilk test. B, Mouse body
weights for the groups treated with control miRNA or miR-6126 at the end of the treatment period (P = 0.857). C, Immunohistochemical staining of markers
of proliferating cells (Ki67) and tumor vessel endothelial cells (CD31) in tumors from mice treated with control miRNA mimic or miR-6126 mimic. *, P < 0.05.
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loaded by a distinct set of integrins to mediate organ-specific
tropism (29). Although how these molecules sort into exosomes
has not been fully elucidated, Villarroya-Beltri and colleagues
recently proposed sequence motifs present in miRNAs that con-
trol their localization into exosomes (30). Heterogeneous nuclear
ribonucleoprotein A2B1 binds to these motifs via SUMOylation
and mediates the sorting of miRNAs into exosomes. However, the
mechanism that explains oncogenic versus suppressor-type
molecular sorting into exosomes remains to be elucidated.

The machinery for miRNA excretion via exosomes, most likely
the identification of short sequence motifs by certain proteins, is
abundant in the cytoplasm as shown for cytoplasmic ribonucleo-
proteins (30), whereas miRNA regulation by transcription may
require many proteins and transcription factors. In addition,
many studies suggest other complex factors such as regulatory
feedback loops that transcriptionally regulates miRNAs (31, 32).
Because of the genetic instability in cancer cells, feedback mech-
anism may be impaired. Therefore, cancer cells may excrete tumor
suppressor miRNAs through exosomes. While exosomes as excre-
tion mechanism may be more efficient way for cells to discard
unwanted genetic material, transcriptional regulation of miRNAs
requires integrated machinery of proteins and other factors. Thus,
this might be the reason why cells secrete unwanted miRNAs via
exosomes rather than shutting off their transcription.

Exosome-mediated signaling in cancer has been widely studied
to elucidate the involvement of exosomes in cancer progression
(33-35). As miRNA-mediated posttranscriptional regulation is
capable of inducing or inhibiting cancer cell proliferation, metas-
tasis, and progression, the identification of miRNAs in exosomes
is important for our understanding of the signaling mechanism of
the host cell. Let-7 levels have been shown to be higher in
metastatic gastric cancer cell exosomes than in their nonmetastatic
counterparts, suggesting that cancer cells promote their oncogenic
characteristics by discarding the Let-7 family (15). Another tumor
suppressor miRNA, miR-23b, has also been shown to be removed
from cancer cells by exosomal pathways to sustain metastatic
cascades (16). In another study, oncogenic miR-21 expression was
found to be upregulated in exosomes isolated from the serum of
patients with esophageal squamous cell cancer, which suggests
that miR-21 may serve as a cancer biomarker (36). Our current
results highlight the fact that ovarian cancer cells discard specific
tumor suppressor miRNAs (as seen by the higher levels of miR-
6126 in the exosomes released by ovarian cancer cell lines in our
study) and thereby promote their metastatic behavior, confirming
the hypothesis that malignant cells release their tumor suppressor
miRNAs via exosomes into the extracellular environment to
maintain and promote tumorigenesis at the intracellular level.

We showed that miR-6126 regulates integrin-f1 as a direct
target in ovarian cancer cells. Integrin-1 receptors are associated
with increased invasiveness in many cancers (37-39) and induce
cell proliferation and survival (40). PI3K/Akt signaling, the most
frequently altered pathway in many cancers (41, 42), was inhib-
ited by miR-6126 and was associated with integrin-f1 protein
inhibition. Activation of PI3K/Akt signals has been known to play
major roles in migration (43), invasion (44), angiogenesis (45),
and proliferation (46). Altered PI3K/AKT signaling and decreased
levels of matrix metalloproteinases and VEGF receptor associated
with miR-6126 indicate that miR-6126 may prevent extracellular
matrix degradation and suppress invasiveness. Correspondingly,
in vitro functional assays showed that ectopic expression of
miR-6126 reduced invasion, migration, and tube formation.

www.aacrjournals.org
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Integrins are proposed as the initiators of the premetastatic
niche by directing organ-specific colonization at the host cells of
the distant organs (29). This is why it is not surprising that we
found higher levels of integrin-31 mRNA in exosomes released
from ovarian cancer cell than in the normal ovarian exosomes. In
addition, ectopic expression of miR-6126 in cancer cells leads
them to release significantly higher miR-6126 in exosomes, which
in turn results in lower integrin-31 mRNA levels in exosomes.
Taken together, these findings suggest a mechanistic approach in
which the elimination of miRNA-6126 via exosomes not only
promotes oncogenic behavior of the cancer cell but also leads to
concurrent downregulation of integrin-31 mRNA, providing can-
cer cells to be loaded with more integrin-31 mRNAs into exo-
somes, which ultimately mediates metastasis.

Previous studies showed that miRNA-mediated signaling could
regulate cancer progression and drug resistance (47). Treatment of
drug-resistant non-small cell lung cancer cells with miR-197
mimic sensitized them to chemotherapy. In our study, the effects
of miR-6126 on expression levels of proteins involved in cell
growth signaling, such as p-c-RAF or p-AKT, were stronger in
paclitaxel-resistant (SKOV3-TR) and multidrug-resistant (HeyA8-
MDR) cancer cell-derived exosomes than in their sensitive coun-
terparts, indicating the potential role of miR-6126 in chemosen-
sitivity. This observation also may indicate that resistant cell
lines are more susceptible to miR-6126-mediated genetic
reprogramming.

Cancer cells release more exosomes into the microenvironment
than healthier cells (48). Riches and colleagues showed that breast
cancer cells released about 50% more exosomes than a human
mammary epithelial cell line (49). In a previous study, the
number of exosomes isolated from ovarian cancer patient sera
was 5-fold higher than that from patients with benign disease
(50). Together with our finding that inhibition of tumor sup-
pressor miR-6126 led to an increased release of exosomes in
ovarian cancer, these results suggest that the increase in exosome
production is associated with an oncogenic response of the cancer
cells. Moreover, high expression of miR-6126 in exosomes sug-
gests that cancer cells prevent contribution of specific miRNAs to
exosome regulation through sorting these miRNAs into the exo-
somes in excess amounts.

Our study provides evidence that different types of ovarian
cancer cells bearing different type of mutations and displaying
different resistance mechanisms release the same tumor-suppres-
sing miR-6126 to the microenvironment in exosomes. These
findings show that the exosome-mediated release of tumor sup-
pressor miR-6126 is a potential therapeutic target in ovarian
cancer treatment.
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