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Background: Emerging proof suggests that microRNA (miRNA) malfunction is correlated
to the generation and development of multiple malignancies. It has been proven that miRNA
(miR)-139 represses a variety of malignancies. However, the understanding of its impact on
ovarian cancer (OC) is insufficient. We aimed to investigate the expression and function of
miR-139 in OC.

Methods: The expression of mir-139 was detected and recorded, and the relationship of mir-
139 remaining OC cells was explored. At the same time, we studied the correlation between
ATP7A and mir-139 by the luciferase reporter test, Western blot, and quantitative real-time
reverse transcription PCR.

Results: The expression of miR-139 was remarkably downregulated in OC specimens.
Furthermore, excessive miR-139 expression noticeably inhibited the migration, colony gen-
eration, proliferation, and invasion of OC cells. In addition, excessive miR-139 expression
remarkably repressed the death and the expression of proteins related to cell death in OC
cells, as well as inhibited the shedding of exosomes. According to the luciferase reporter test,
Western blot, and quantitative real-time reverse transcription PCR, miR-139 directly targeted
ATP7A. Furthermore, the expression of ATP7A was found to be negatively related to miR-
139 levels in OC specimens. It was revealed via a rescue experiment that excessive ATP7A
expression counteracted the repressive effect of miR-139 in OC cells.

Conclusion: It was revealed via an in vivo study that miR-139 remarkably inhibited the
growth of malignancies by downregulating ATP7A in nude mice. miR-139 represses the
development of malignancies in OC by directly targeting ATP7A, offering an innovative
approach for molecular therapy of OC.
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Introduction
Ovarian cancer (OC) has a high mortality rate worldwide.! Despite huge progress in
OC therapy, the 5-year overall survival for OC patients is 35% to 38%, which can
be mainly attributed to diagnosis at terminal stage, frequent metastasis, and the fast
generation of chemoresistance.” > Consequently, elucidating the etiology of the
illness and discovering crucial agents that can assist in the diagnosis and innovative
therapy of OC are necessary.

MicroRNAs (miRNAs) are a group of small endogenous RNAs without coding
functions that consist of 18 to 22 nucleotides and inhibit the expression of target genes
via direct binding with the 3"untranslated regions (3'-UTRs) of their mRNA, thereby
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downregulating gene expression both at the mRNA and
protein levels.® Previous research has proven that miRNAs
contribute to the modulation of multiple malignancies and
thus offer promising treatment options.” ” It has been demon-
strated that some miRNAs can malfunction, such as miR-98-
5p, miR-92, miR-141, and miR-93-5p, and result in the
generation and development of OC.'®"* It was revealed
that miR-139, which modulates various cellular processes
including invasion, cell cycle, proliferation, and vessel gen-
eration, malfunctions in some kinds of malignancies.'*!”
Emerging proofs about colorectal cancer, hepatocellular car-
cinoma, bladder cancer, non-small cell lung cancer, breast
cancer, oral tongue squamous cell carcinoma, and esophageal
squamous cell carcinoma have indicated that miR-139 sup-
presses malignancies and is thus commonly downregulated
in malignancies.'*'%2?

Through mediating Wnt/B-catenin signaling pathway,
miR-139 is involved in the cell growth and metastasis of
bladder cancer cells.'? By direct targeting NOB1, miR-139
can induce the cell apoptosis and inhibit the metastasis of
cervical cancer cells.'® In glioblastoma multiforme, miR-
139 can hinder the cell migration and invasion of cancer
cells through targeting ZEB1/2.

Copper-transporting ATPases are intracellular transpor-
ters that maintain cellular copper homeostasis. Dysregulated
expression of ATP7A in ovarian cancer cells can alter the
amount of cellular copper, which could then impact the
activities of other transporters that import or export platinum
derivatives. Increased expression of ATP7A in ovarian can-
cer cells predicts short survival for patients treated with
platinum derivatives and suggests a role for ATP7A in OC.
Whether miR-139 regulated ATP7A in ovarian cancer cells,
thus to affect the cell proliferation and apoptosis? This
remains to be studied. Consequently, our research aimed to
explore miR-139 expression in clinical OC specimens and
OC cell lines to elucidate its molecular mechanism and
impact on OC development and metastasis.

Materials And Methods

Clinical Specimens

Biopsy specimens of OC and surrounding non-malignant
tissues were obtained from 31 patients treated at our hos-
pital. The surrounding tissues were 3 cm away from the
malignancy fringe with no obvious malignant cells, as
assessed by an expert pathologist. All specimens were
immediately frozen at —80°C after surgery using liquid
nitrogen. No patients had undergone radiation therapy or

chemotherapy prior to surgery. Fully informed consent
was acquired from every participant, which won approval
from Research Ethics Committee of our hospital.

Cell Culture And Transfection
Human OC cell lines HO-8910 and SKOV3 were purchased
from Tumor Cell Bank of the Chinese Academy of Medical
Science (Beijing, P.R. China). RPMI-1640 medium with
10% FBS was used and incubated at 37°C with 5% CO,.
MiR-139 mimics, inhibitor, and negative control (NC)
mimics were purchased from GenePharma (Shanghai, P.R.
China). ATP7A overexpression plasmids (pCDNA3.1-ATP7
A) were purchased from the same company. SKOV3 cells
were seeded in 24-well plates and were transfected with
vectors (5 pg) or miRNA mimics/NC (100 mM) using

Lipofectamine 2000 in serum-free media.

RNA Isolation And Quantitative

Real-Time Reverse Transcription PCR
(qRT-PCR)

TRIzol reagent was used to isolate total RNA from the
cultivated cells or tissues as instructed. SmartSpec Plus
spectrophotometer was used for RNA quantification and
quality check by purity assessment based on A260/A280
ratio. SYBR PrimeScript miRNA RT PCR Kit was used to
measure the expression of miR-139-5p. The corresponding
primers of miR-139-5p and U6 were acquired from
Applied Biosystems. Two micrograms of total RNA
underwent reverse transcription (RT) to generate cDNA
with the help of PrimeScript RT Reagent Kit using oligo
(dT) primers (Takara). SYBR Green Real-Time Master
Mix was used for qRT-PCR. GAPDH served as an internal
control. The expression levels of ATP7A mRNA and miR-
139 were normalized against GAPDH or U6 levels based

2*AAC1

on the approach.

Luciferase Reporter Assay
Wild type (WT) ATP7B or ATP7A luciferase reporter gene
(called ATP7B-WT-3'UTR or ATP7A-WT-3'

as well as

vectors
UTR),
HEK293T cells were co-transfected with the correspond-

mutant ones were constructed.

ing vectors and miR-139 inhibitors or mimics, and then
cultured overnight in 24-well plates. Dual Luciferase
Reporter Assay (Promega, USA) was performed 48

h after transfection.
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Separation Of Exosomes

Exosomes were separated using differential centrifugation
approaches. Cultures were centrifuged and the supernatant
was then centrifuged at 2000 xg for 20 min to acquire
apoptotic bodies, and then at 12,200 xg for 60 min to
harvest the microvesicles. Another supernatant was passed
through 0.22-um filters and was centrifuged at 120,000
xg for 2 h to obtain the exosomes. One milliliter of
TRIzol reagent was added to every tube of acquired pellet
to isolate total RNA as per the manufacturer’s instructions.

Proliferation Test

Cell Counting Kit-8 was used to assess cell proliferation. In
brief, cells were cultured in 96-well plates. CCK-8 reagent
was added to the corresponding wells, and allowed to incu-
bate for 2 h. Media with CCK-8 were subsequently trans-
ferred to new 96-well plates and absorbance was measured.

Cell Cycle Test

Cells went through 12-h starvation to synchronize the cul-
tures prior to 24-h re-activation with 10% FBS. Cells were
fixed and FACS Caliber flow cytometer was subsequently
used to categorize the cells. Flowjo software (Treestar Inc.,
USA) was used to evaluate the cell phase distribution.

Colony Generation Test

Cells were incubated with 0.25% trypsin. Nearly five
hundred cells were seeded in 6-well plates (250 cells/
mL). Cells were fixed for 10 min using anhydrous ethanol
and stained for 30 min with 0.1% crystal violet. Colonies
comprising 50 cells were counted and the relative colony
number was acquired. Colony-generating capability was
assessed by obtaining the ratio of the number of colonies
generated in the transfection group to that in the control
group multiplied by 100.

Flow Cytometry (FC)

PBS was used to wash the acquired cells. A million cells
were isolated from each specimen, and stained with an
Annexin V-FITC/propidium iodide (PI) kit. FC (BD FACS
Aria; BD Biosciences, Franklin Lakes, NJ) was then per-
formed to detect positive cells 48 h after transfection.

Cell Migration Test

Transwell test was performed to examine cell migration. In
brief, 5x10% cells were suspended in DMEM without
serum and were seeded on the top well of 24-well poly-

carbonate transwell filters. DMEM with 10% FBS was
supplemented to the bottom well. Cells at the top surface
were scraped off after a 24-h incubation and those at the
bottom surface were fixed, stained, and quantified.

Cell Invasion Test

Twenty-four-well transwell chambers with 8-um pore size
polycarbonate membranes were used for the invasion test.
Transwell chambers initially coated with Matrigel were
seeded with cells. Cells suspended in 200 pL. of DMEM
without serum were seeded on the top chamber, while
those in 8 pL of DMEM with 10% FBS were seeded on
the bottom chamber. Cells that did not undergo invasion
were eliminated from top chamber using a cotton swab
after 24 h of incubation, and those that invaded the bottom
were fixed and stained with 0.1% crystal violet. Cells were
quantified in 6 random fields for every well. Relative folds
of cells with invasion were displayed.

Xenograft Malignancy Model

BALB/c mice were purchased from Peking Union Medical
College (Beijing, China) and reared in sterile conditions.
Mice received subcutaneous injection of SKOV3 cells
(5x10° per 0.1 mL) through their back. The volume and
weight of the mice were examined. The volume of the
malignancies of the NC or miR-139 groups (n=6 each)
were measured every 3 days based on the following for-
mula: volume = 0.5 x length x width x width. Mice were
sacrificed 21 days subsequent to injection, and the malig-
nancies were excised and prepared. All mice were treated
in accordance with protocols approved by Institutional
Animal Care and Use Committee of Third Xiangya
Hospital of Central South University, and the committee
approved the experiment.

Western Blot (WB)

Lysates were homogenized using a lysis buffer (Beyotime,
China), while Bradford assay was used for protein quanti-
fication. Proteins were assessed via standard SDS-PAGE.
Various concentrations (15%-80%) of Tris—HCI polyacry-
lamide gels (Bio-Rad) were used to isolate proteins, which
were then transferred onto PVDF membranes. After block-
ing, blots were incubated with primary antibodies, includ-
ing anti-ATP7A, anti-Bax, anti-B-actin, and anti-Bcl2
antibodies. Another incubation was carried out with sec-
ondary antibodies. Enhanced chemiluminescence (ECL)
plus detection reagent (Pierce, Rockford, IL, USA) was
used to examine immunoreactive bands.
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Statistical Analysis

Results were displayed as mean + SEM. Differences
between various groups were evaluated using two-tailed,
unequal-variance Student’s #-test or ANOVA prior to
Tukey’s post hoc analysis. A p-value<0.05 was regarded
to be statistically significant.

Results
miR-139 Was Downregulated In OC

Specimens

Our research explored miR-139 expression in 31 OC speci-
mens matched to normal specimens to reveal the impact of
miR-139 on the generation and development of OC. MiR-139
was found to be downregulated in OC specimens compared
to control specimens (Figure 1). Moreover, both transcription
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and translation of ATP7A were remarkably increased in OC
specimens in comparison with those in the control specimens.
These findings indicate that the expression of miR-139 was
inhibited in OC and that it potentially modulated ATP7A.

miR-139 Directly Targeted ATP7A To
Impair Exosome Secretion-Modulated
miR-139 Trafficking In SKOV3 Cells

Bioinformatics analysis indicated that miR-139 targeted
ATP7A. Excessive miR-139 expression impaired ATP7A 3'-
UTR function in SKOV3 cells, while miR-139 inhibition
improved it (Figure 2A and B). Consequently, miR-139 regu-
lated ATP7A expression probably via direct 3'-UTR binding.
Moreover, excessive miR-139 expression inhibited ATP7A
translation. In contrast, miR-139 inhibition increased ATP7A
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Figure I MiR-139was downregulated in OC specimens. (A,B) Expression levels of miR-139 (A) and ATP7A (B) in OC specimens and in matched surrounding non-
malignant tissues were measured using qRT-PCR. C-D, Representative immunoblots (C) and quantitative assessment of ATP7A (D) in OC specimens and in matched
surrounding non-malignant tissues. Results are displayed as means + SEM, n=31, *p<0.01 vs tumor group.
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Figure 2 MiR-139 directly targeted ATP7A to impair exosome secretion-modulated miR- 139 trafficking of SKOV3 cells. (A,B) Link between miR-139 and 3'-UTR of ATP7A mRNA
was assessed by luciferase reporter assay. (C-D) Representative immunoblots and quantitative assessment of ATP7A in SKOV3 cells that underwent 48-h transfection with miR-139 (C)
or miR-139 inhibitor (D). (E-F) Expression of miR-139 in exosomes from SKOV3 cells that underwent 48-h transfection with miR- 139 (E) or miR-139 inhibitor (F) was assessed using
gRT-PCR. Results are displayed as means + SEM, *< 0.01 vs NC group.
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translation in SKOV3 cells (Figure 2C and D). We isolated
exosomes and examined miR-139 expression to explore the
impact of the miR-139-ATP7A interaction on exosome
secretion-modulated miR-139 trafficking. Excessive miR-
139 expression decreased miR-139 levels in exosomes
(Figure 2E and F), but miR-139 inhibition increased it.
These findings indicated that miR-139 directly targeted
ATP7A to impair exosome secretion-modulated miR-139 traf-
ficking in SKOV3 cells.

miR-139 Repressed Proliferation Of
SKOV3 Cells

SKOV3 cells were transfected with miR-139 mimics, then
CCKS8 and FC were performed to assess and explore the
impact of miR-139 on OC proliferation. It was revealed via
CCKS8 that the proliferation of SKOV3 cells was remarkably
repressed with excessive miR-139 expression compared to
that of NC (Figure 3A). It was revealed via FC that the
proportion of cells in S phase was lower in specimens
transfected with miR-124 mimics than in those transfected
with NC (Figure 3B). Furthermore, excessive miR-139
expression remarkably repressed colony generation of
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SKOV3cells (Figure 3C and D). These findings suggested
that miR-139 repressed proliferation of SKOV3 cells.

miR-139 Induced Death Of SKOV3 Cells

FC was carried out with Annexin V/PI staining to evaluate the
impact of miR-139 on cell death. Cells that were transfected
with a miR-139 mimic displayed a remarkably elevated death
rate in comparison to those of NC (Figure 4A and B). Proteins
involved in cell death are crucial factors; thus, our research
examined alterations in the expression of Bax and Bcl2 in
SKOV3 cells. Bax was noticeably upregulated while Bcl2 was
remarkably downregulated in SKOV3 cells that were trans-
fected with a miR-139 mimic compared to those in the NC
(Figure 4C-E). These findings proved that miR-139 induced
death of SKOV3 cells.

miR-139 Repressed Invasion And
Migration Of SKOV3 Cells

Our research subsequently explored the contribution of
miR-139 to the invasion and migration of SKOV3 cells.
Cell migration was assessed via migration test using trans-
well chambers without coating. It was revealed that

NC miR-139
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Figure 3 MiR-139 repressed the proliferation of SKOV3 cells. (A) MiR-139 repressed proliferation as demonstrated by CCK8 test. (B) MiR-139 inhibited proliferation as
demonstrated by FC. (C) The colonies were visualized after crystal violet staining. (D) Quantitative assessment of the number of colonies of SKOV3 cells that were
transfected with NC or miR-139 mimics (miR-139). Results are displayed as means + SEM. *p<0.05, **p<0.01 vs NC group.
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Figure 4 miR-139 inhibited death of SKOV3 cells. (A) Annexin V-PI FC was used to assess the death of SKOV3 cells. (B) Quantitative assessment of dead SKOV3 cells that
were transfected with NC or miR-139 mimics (miR-139). C-E, Representative immunoblots (C) and quantitative assessment of Bcl2 (D) and Bax (E) in SKOV3 cells that
were transfected with NC or miR-139 mimics (miR-139). Results are displayed as means + SEM. *p<0.01 vs NC group.

inhibited
migration (Figure 5A and B). Cell invasion was assessed

excessive miR-139 expression remarkably
via invasion test using chambers with preliminary Matrigel
coating. Invasion by cells transfected with miR-139 was
less than those transfected with NC (Figure 5C and D).
These findings suggested that miR-139 repressed the inva-
sion and migration capabilities of SKOV3 cells.

Excessive ATP7A Expression
Counteracted Cell Growth Arrest And
Migration Inhibition Induced By miR-139
Mimics In SKOV3 Cells

In SKOV3 cells transfected with miR-139 mimics, migra-
tion, proliferation, and cell death tests were carried out with
or without pcDNA3-ATP7A to explore whether ATP7A was
crucial for the impact of miR-139 on repressing malignancy
in OC. Excessive ATP7A expression counteracted cell
growth arrest and cell death induced by miR-139 mimics
(Figure 6A and B). Furthermore, excessive ATP7A expres-
sion also counteracted migration inhibition induced by

miR-139 mimics (Figure 6C and 6D). These findings
proved that ATP7A modulation was crucial to miR-139 in
regulating cell death, migration, and proliferation of
SKOV3 cells.

miR-139 Repressed OC Malignancy

Growth In Vivo

Male BALB/c nude mice were injected with SKOV3 cells
in their flanks to verify whether miR-139 repressed OC
growth. The malignancy volume and weight was remark-
ably lower and the expression of ATP7A in mice with
excessive miR-139 expression than in those with the NC
(Figure 7A-D). This in vivo finding indicated that miR-
139 repressed OC generation.

Discussion

Our research indicated that miR-139 expression was
repressed in OC, bringing about excessive ATP7A expres-
sion and increasing cell death, proliferation as well as
migration of OC cells. We revealed that miR-139 could
modulate the generation and development of OC via the
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Figure 5 miR-139 inhibited OC cell invasion and migration. (A) Images revealing migrated SKOV3 cells transfected with NC or miR-139 mimics (miR-139) on the bottom
surface of transwell membranes. (B) Number of migrated SKOV3 cells of various groups in 5 random fields under a microscope. (C) Images revealing invaded SKOV3 cells
transfected with NC or miR-139 mimics (miR-139) on the bottom surface of transwell membranes. (D) Number of invaded SKOV3 cells of various groups in 5 random fields

under a microscope. Results are displayed as means + SEM. *p<0.01 vs NC group.

regulation of ATP7A. Our research sheds light on the
impact of miR-139 on OC generation and indicates that
miR-139/ATP7A could serve as a promising target for OC
therapy.

Whether a certain miRNA is oncogenic or malignancy-
repressing is mainly dictated by its target genes in various
cellular reactions.”® MiR-139 has been previously found to
repress some kinds of malignancies.”* ¢ MiR-139 targeted
multiple crucial genes that contribute to motility.>”*® MiR-
139-5p bound to NOTCH1 and AMFR mRNA, thus inhibit-
ing the migration of cancer cells.”’ Expression of miR-139
was repressed in glioblastoma, resulting in the inhibition of
the migration of glioblastoma cells by targeting ZEB1.%
Furthermore, miR-139 expression was repressed in prostate
cancer, resulting in the inhibition of migration and prolifera-

tion by targeting SOX5.2' Our study suggested that the

expression of miR-139 was repressed in OC. Excessive
miR-139 expression induced the death and inhibited the
migration and proliferation of OC cells. Furthermore,
in vivo findings indicated that excessive miR-139 expression
remarkably impaired malignancy growth. These findings
indicated that miR-139 exerted an essential malignancy-
repressing impact on OC.

It has been demonstrated that miR-139 counteracts
malignancy and represses proliferation and invasion by tar-
geting various crucial genes.*? It was suggested via
TargetScan that miR-139 targeted ATP7A. Some studies
have indicated that ATP7A was upregulated and involved in
the development of various malignancies, such as esophageal
squamous cell cancer and breast cancer.*> > A recent study
revealed that ATP7A expression was upregulated and con-

tributed to the invasion and proliferation of OC cells,**~*
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Figure 6 Excessive ATP7A expression counteracted the effects of miR-139 mimics. (A) Transfection of ATP7A counteracted cell growth arrest mediated by miR-139 mimics
in SKOV3 cells. (B) Transfection of ATP7A counteracted cell death triggered by miR-139 mimics in SKOV3 cells. (C-D) Transfection of ATP7A counteracted migration
prohibition triggered via miR-139 mimics in SKOV3 cells. Results are displayed in the form of means * SEM. *p<0.01 vs NC group, #p<0.05 vs miR-139 group.
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Figure 7 miR-139 inhibited malignancy growth in vivo. (A) Photographs revealed malignancies in xenografts of SKOV3 cells with and without excessive miR-139 expression.
(B) Volume of the xenograft malignancy. (C) Weight of the xenograft malignancy. (D) Representative immunoblots of ATP7A in the xenograft. Results are displayed in the
form of means + SEM. n=6, *p<0.05 vs NC group.

which counteracted the effect of miR-139. Our research ~ ATP7A, while excessive ATP7A expression impaired miR-
proved through a luciferase reporter assay that miR-139  139-mediated inhibition of proliferation and migration.
directly targeted ATP7A. Additionally, excessive miR-139  Clinical samples showed that the expression of miR-139
expression downregulated the transcription and translation of ~ was inversely related to that of ATP7A.
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Conclusions

In summary, this research indicated that miR-139 represses
OC invasion and proliferation by targeting the expression
of ATP7A. These findings could provide a potential inno-
vative target for the treatment of OC.
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