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Abstract

Purpose Ovarian cancer remains a most malignant female cancer nowadays. The acquisition of chemoresistance to common-
used cisplatin-based chemotherapy results in a decreased overall patient survival. The present study is aimed to investigate
the role and mechanism by which miR-139/ ATPases7A/B axis modulates the chemoresistance of ovarian cancer to cisplatin-
based chemotherapy.

Methods The expression of miR-139 in cisplatin-sensitive (n=23) and cisplatin-resistant (= 14) ovarian cancer tissues and
cell lines (CAOV-3 and SNU119) was determined using real-time PCR assays; its effect on ovarian cancer cell chemoresist-
ance to different concentrations of cisplatin was then assessed by measuring the cell viability using MTT assays. Next, miR-
139 binding to the 3'UTR of ATP7A/B was confirmed using luciferase reporter gene assays. Finally, the combined effect of
miR-139 and ATP7A/B on the chemoresistance of ovarian cancer cell was assessed.

Results miR-139 expression was down-regulated in cisplatin-resistant ovarian cancer tissues (¥**P <0.01) and reduced
by cisplatin treatment in ovarian cell lines (*P <0.05, **P <0.01); miR-139 could enhance cisplatin-induced suppression
on ovarian cancer cell viability, shown as reduced 1C50 values; ATP7A and ATP7B protein levesincreased approximately
2 ~fold-changein cisplatin-resistant cell lines. MiR-139 directly bound to the 3'UTR of ATP7A/B, respectively; miR-139
inhibition increased 1C50 values whereas ATP7A/B knockdown reduced 1C50 values of CAOV-3 and SNU119 cell lines
under cisplatin treatment; the effect of miR-139 inhibition could be partially attenuated by ATP7A/B knockdown.
Conclusions MiR-139/ATP7A/B axis can be a reliable biomarker for ovarian cancer diagnosis, and may affect the chemore-
sistance of ovarian cancer to cisplatin-based chemotherapy; rescuing miR-139 expression thus to inhibit ATP7A/B might
contribute to dealing with the chemoresistance of ovarian cancer.
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Introduction nonspecific delayed symptoms and lack of suitable screening

methods, most patients are diagnosed in advanced stages,

Ovarian cancer is the seventh most common cancer in
women and eighth among causes of death in the female
population with the highest mortality rate [1]. Due to
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when the curative effect of therapy is very limited [2, 3].
Ovarian cancer therapy usually consists of surgical removal
of the tumor and subsequent chemotherapy using a combina-
tion of platinum derivatives and taxanes, mostly cisplatin or
carboplatin and paclitaxel [4]. Despite a very good response
to first-line chemotherapy, the common development of
chemoresistance to conventional drugs results in a decreased
overall patient survival [5, 6]. Searching for reliable and spe-
cific markers and fundamental solution of chemoresistance
of ovarian cancer has become an urgent need during ovarian
cancer treatment.

The acquisition of chemoresistance is complex and can
be controlled by a variety of factors, including environmen-
tal factors and genetic factors. MicroRNAs (miRNAs) are a
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series of small non-coding RNAs with a length of 20-22 nt
that can modulate a wide-range of biological processes, both
normal developmental and disease-related processes. Dys-
regulation of miRNAs has been reported to be frequently
observed in cancers, and is associated with the develop-
ment of cancers from many perspectives, including cancer
chemoresistance [7, 8]. Several let-7 members are differ-
entially expressed in chemo-resistant ovarian cancer cells.
Low levels of let-7i correlate with shorter progression-free
survival in ovarian cancer. In addition, knock-down of let-7i
decreased cisplatin-induced cell death with ~40% in primary
ovary and ovarian cancer cell lines [9]. Similarly, upreg-
ulation of miR-200c levels in an ovarian cancer cell line
increased the sensitivity for microtubule-targeting drugs up
to 85% [10]. The above findings inspired us to look for other
miRNAs that are dysregulated in ovarian cancer, and further
evaluate the role and mechanisms of miRNAs in regulating
chemoresistance in ovarian cancer.

As we mentioned, miRNA dysregulation has been fre-
quently observed in cancers, including ovarian cancer [7, 8,
11]. A total of 583 miRNAs that correlates with the tumor
stage and grade from oncomir (http://oncomir.org/) was
examined and the results suggest that miR-139-5p is sig-
nificantly correlated with the ovarian cancer tumor stage
and grade (Supplementary Table S1, P <0.001, FDR <0.01).
Interestingly, miR-139 has also been reported to play an
essential role in cancer development, including cancer
chemoresistance. Through mediating Wnt/p-catenin sign-
aling pathway, miR-139 is involved in the cell growth and
metastasis of bladder cancer cells [12]. By direct targeting
NOB1, miR-139 can induce the cell apoptosis and inhibit
the metastasis of cervical cancer cells [13]. In glioblas-
toma multiforme, miR-139 can hinder the cell migration
and invasion of cancer cells through targeting ZEB1/2 [14].
Regarding cancer chemoresistance, miR-139 also plays a
potential role. By direct targeting Notch-1 signaling, miR-
139 can mediate the chemo-sensitivity of colorectal cancer
cell and breast cancer cell to chemo agents [15, 16], and
reverse CD444-/CD133+-associated multidrug resistance of
colorectal carcinoma cells [17]. By down-regulating Bcl2,
miR-139 enhances the chemotherapeutic sensitivity of colo-
rectal cancer cells [18]. Based on the above findings, we
hypothesized that, in addition to tumor stage and grade of
ovarian cancer, miR-139 might also affect the chemoresist-
ance of ovarian cancer, most possibly through regulating
downstream targets.

Copper-transporting ATPases are intracellular trans-
porters that maintain cellular copper homeostasis [19, 20].
Reportedly, copper-transporting ATPases sequester platinum
into vesicular structures, and thus prevent their cellular effect
[21], thus to exert an indirect effect on chemoresistance.
Dysregulated expression of ATP7A and ATP7B in ovarian
cancer cells can alter the amount of cellular copper, which
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could then impact the activities of other transporters that
import or export platinum derivatives [22, 23]. Increased
expression of ATP7A and ATP7B in ovarian cancer cells
predicts short survival for patients treated with platinum
derivatives and suggests a role for these proteins in chemore-
sistance [24, 25]. Can ATP7A and/or ATP7B be regulated by
miR-139 in ovarian cancer cells, thus to affect the chemore-
sistance? This remains to be studied. Using online tool Tar-
getscan [26], it was found that ATP7A was predicted to pos-
sess a conserved miR-139 binding sites (position 3159-3166
of ATP7A 3' UTR), suggesting that miR-139 might directly
bind to the 3' UTR of ATP7A to regulate its expression,
therefore, affecting the chemoresistance of ovarian cancer
to cisplatin-based chemo-therapy.

To validate the above hypothesis, miR-139 expression
was first examined, and the role of miR-139 in ovarian can-
cer chemoresistance to cisplatin was assessed by measuring
the effect of miR-139 on ovarian cancer cell proliferation
under cisplatin treatment; further, whether miR-139 acts on
ATP7A and ATP7B to affect their function, thus to regu-
late the chemoresistance of ovarian cancer cell to cisplatin
was estimated. Taken together, we demonstrated a miR-139/
ATP7A/ATP7B axis which plays an essential role in ovarian
cancer chemoresistance, and presents a potential targets in
ovarian cancer treatment.

Materials and methods
Clinical tissues samples

A total of 37 patients (23 cisplatin-sensitive and 14 cispl-
atin-resistant) who received surgical resection and cisplatin-
based treatment at the Third Xiangya hospital of Central
South university were recruited in the present study. Inform
content was obtained from every patient before the surgery.
Ovarian cancer tissue was collected immediately after resec-
tion and was stored in liquid nitrogen before further use.

Information on histologic subtype, cancer stage (using
International Federation of Gynaecology and Obstetrics
(FIGO) staging criteria and WHO guidelines [27-29]),
grade, and residual disease after surgery was extracted from
histopathology reports and medical records. Pathological
examination was performed. The mean follow-up time was
62.6 months.

Adjuvant chemotherapy was administered in 37 cases
and was cisplatin-based with paclitaxel (175 mg/m? 3 h
infusion) at an area under the concentration time curve of
5 or 6, every 3 weeks for six cycles as the standard of care
except for patients who had allergic reactions or medical
contraindications. Resistance to chemotherapy is defined
as disease progression or recurrence within 6 months after
end of therapy/within a 6-month therapy-free interval.
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Sensitive status was defined as a therapy-free interval of at
least 6 months without the evidence of tumor progression or
recurrence. In our cohort, 23 (62.16%) cases were classified
as sensitive (relapse > 6 months) and 14 (37.84%) as resist-
ant (relapse < 6 months).

Cell lines and cell transfection

Human ovarian cancer cell lines: CAOV3 was obtained
from the American Type Culture Collection (ATCC,
USA). SNU119 was obtained from Korean Cell Line Bank
(Korea). CAOV3 and SNU119 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma, UK)
with 10% FBS along with 1% MEM vitamins, MEM nones-
sential amino acids and Penicillin—Streptomycin. The cell
line authentication was done using 20-STR analysis (report
shown in Supplementary Materials). DNA was extracted
using Axygen® AxyPrep™ Multisource Genomic Miniprep
DNA (AP-MN-MS-GDNA-50) and amplified by 20-STR
amplification. STR loci and gender-specific gene Amelo-
genin were detected using 96-capillary 3730x] DNA Ana-
lyzer (ABI, Waltham, MA, USA).

MiR-139 mimics or miR-139 inhibitor was transfected
into CAOV3 and SNU119 cells to achieve ectopic miR-139
expression or miR-139 inhibition (GenePharma, China). Si-
ATP7A or si-ATP7B was used to achieve knockdown of
ATP7A or ATP7B (GenePharma, China).

Establishment of cisplatin-resistant subclones
from CAOV3 and SNU119 cells

To establish cisplatin-resistant subclones, CAOV3 and
SNU119 cells were cultured with various concentrations of
cisplatin (0.25, 0.5, 1, 2, 4, 6, 8, 16, 32, 64 uM, courtesy of
Nihon-Kayaku Co. Ltd., Tokyo, Japan) for 3—-5 weeks, and
the surviving cells were collected. This collection procedure
after cisplatin exposure was repeated four times. Finally,
CAOV3- or SNU119-derived cisplatin-resistant subclones,
named CAOV3/cDDP and SNU119/cDDP were established
by the limiting dilution method. The selected cells were also
supplemented with cisplatin (1 pM, 2-3 passages) to main-
tain their resistant phenotype.

Real-time PCR

Trizol reagent (Invitrogen) was used for total RNA extrac-
tion following the manufacturer’s instructions. Using
miRNA-specific primer, total RNA was reverse transcribed
and the miScript Reverse Transcription kit (Qiagen, Ger-
many) was used for miR-139 qRT-PCR. The SYBR green
PCR Master Mix (Qiagen) was used following the manu-
facturer’s instructions. The Ct method was used to evaluate
the relative expression and normalized to U6 and GAPDH

mRNA expression, respectively. Primer sequences, ampli-
fication mix composition, cycling conditions as well as raw
data on melting curves showing the reaction specificity and
efficiency were provided as Supplementary material.

Immunoblotting assays

RIPA buffer (Cell-Signaling Tech., US) was used to homog-
enize the cells. The protein levels of ATP7A and ATP7B
in cervical cancer cells was detected by performing immu-
noblotting. Cells were lysed cultured, or transfected in 1%
PMSF supplemented RIPA buffer. Proteins were extracted,
examined for protein concentration by the bicinchoninic acid
(BCA) assays using Pierce™ BCA Protein Assay Kit (Cat.
23225, Pierce, Waltham, MA, USA) and then loaded onto
SDS-PAGE minigel, and then transferred onto PVDF mem-
brane. The blots were probed with the following antibodies:
anti-ATP7A (1/1000, ab13995, Abcam, USA), anti-ATP7B
(1/1000, Cat# EPR6794, ab124973, Abcam, USA) and anti-
GAPDH (mouse monoclonal to GAPDH, 1/500, ab8245,
Abcam, USA) at 4 °C overnight, and incubated with HRP-
conjugated secondary antibody (1:5000). Signals were visu-
alized using ECL Substrates (Millipore, USA). The protein
expression was normalized to endogenous GAPDH.

Prediction of miRNA targets

The potential miR-139 binding site on the 3' UTR of ATP7A,
as well as other miRNAs that might regulate ATP7A/B were
predicted using Targetscan [26] (http://www.targetscan.org/
vert_71/).

Luciferase activity

Wild-type ATP7A or ATP7B luciferase reporter gene vec-
tors (named ATP7A-WT-3'UTR or ATP7B-WT-3'UTR) and
mutant-type ATP7A or ATP7B luciferase reporter gene vec-
tors (named ATP7A-MUT-3'UTR or ATP7B-MUT-3'UTR)
were constructed. HEK293T cells were cultured overnight
after being seeded into a 24-well plate, co-transfected with
the indicated vectors and miR-139 mimics or miR-139
inhibitor. Forty-eight hours after transfection, Dual Lucif-
erase Reporter Assay System (Promega, USA) was used to
perform the luciferase assays.

MTT assay

Twenty-four hours after seeded into 96-well plates (5000
cells per well), cells were transfected with miR-139 mimics,
or co-transfected with miR-139 inhibitor and si-ATP7A/B
under a series of doses of cisplatin (0.25, 0.5, 1, 2, 4, 6, 8,
16, 32, 64 uM). Medium with cisplatin was applied at 24 h
post-transfection. Forty-eight hours after transfection, 20 pl
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MTT (at a concentration of 5 mg/ml; Sigma—Aldrich) was
added, and the cells were incubated for an additional 4 h in
a humidified incubator. Then 200 pl DMSO was added after
the supernatant discarded to dissolve the formazan. OD 9y,
value was measured. The viability of the non-treatment cells
(control) was defined as 100%, and the viability of cells from
all other groups was calculated separately from that of the
control group. Data were displayed as a percentage normal-
ized to the viability of cells with no cDDP treatment. The
abscissa was the logarithm of cDDP concentration (log-
conc.). LC50 represented the concentration of cDDP when
cell viability was reduced to 50%.

Statistics analysis

Data from three independent experiments were presented
as mean + SD, processed using SPSS 17.0 statistical soft-
ware (SPSS, USA). A direct comparison between two groups
was conducted using Student’s non-paired ¢ test, and a one-
way ANOVA with Dunnett’s post-test was used to compare
the means of three or more groups. COX risk proportional
regression model was used to identify the factors that have
significant influence on survival. Age, cisplatin sensitivity,
FIGO stage, grade of tumor, histologic subtype and miR-
139 expression were used for univariate analysis; cisplatin
sensitivity, FIGO stage and miR-139 expression were used
for multivariate analysis. P values of <0.05 were considered
statistically significant.

Results

MiR-139 expression is down-regulated
in cisplatin-resistant ovarian tissues and in response
to cisplatin treatment

To investigate the role of miR-139 in ovarian cancer chem-
oresistance, miR-139 expression in cisplatin-resistant and
cisplatin-sensitive ovarian tissues was first examined. As
shown in Fig. 1a, miR-139 expression was significantly
down-regulated in cisplatin-resistant ovarian cancer tissues,
compared to cisplatin-sensitive tissues. Further, CAOV3
and SNU119 cells were treated with a series of doses of
cisplatin (0, 0.5, 1, 2, 4, 8 pM), and then examined for miR-
139 expression in response to cisplatin treatment. MiR-139
expression was down-regulated by cisplatin treatment in
a dose-dependent manner, and was reduced to less than
0.5-fold by 4 and 8 pM cisplatin (Fig. 1b). These results
suggested the potential role of miR-139 in ovarian cancer
chemoresistance.

To further analyze the role of miR-139 in ovarian cancer,
the above clinical samples were divided into two groups
according to miR-139 expression: a high miR-139 expres-
sion group possessing miR-139 expression above the median
value, and a low miR-139 expression group possessing miR-
139 expression below the median value. The correlation
between miR-139 expression and clinical parameters was
analyzed and shown in Table 1. A high miR-139 expression
was significantly correlated with cisplatin sensitivity and
a low miR-139 expression was correlated with advanced
FIGO stages. Furthermore, the results of univariate analysis
showed that cisplatin sensitivity, FIGO stage and miR-139
expression caused significant differences to overall survival
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Fig.1 MiR-139 expression is down-regulated in cisplatin-resistant
ovarian tissues and in response to cisplatin treatment. a miR-139
expression in cisplatin-sensitive (n=23) and cisplatin-resistant
(n=14) ovarian cancer tissues was determined using real-time PCR
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assays. b and ¢ miR-139 expression in CAOV3 and SNU119 cells
under a series of dosed of cisplatin treatment was determined using
real-time PCR assays. The data are presented as mean+ SD of three
independent experiments. *P < 0.05, ¥*P <0.01
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Table 1 Correlation of the expression of miR-139 with clinicopatho-
logic features

time; thus, these three factors were used for multivariate
analysis. The results of multivariate analysis showed that a

Clinic-pathological parameters miR-139 expression P value low miR-139 expression (HR=0.29, 95% CI=0.11-0.79)
m and advanced FIGO stage (HR=0.17, 95% CI=0.06-0.54)
were of high risk (Table 2).
Age
<60 11 7 0.248 The role of miR-139 in ovarian cancer cell
> 60 8 11 chemoresistance
Cisplatin
Resistant 4 10 0.031 CAOV3 and SNU119 cells were transfected with miR-139
Sensitive 15 8 mimics to achieve ectopic miR-139 expression, as veri-
FIGO stage fied using real-time PCR assays (Fig. S1A and B). Twenty-
I+1I 12 5 0.031 four hours after transfection, CAOV3 and SNU119 cells were
I+ 1v 7 13 treated with a series of doses of cisplatin (0.125, 0.25, 0.5,
Grade of tumour 1,2, 4,8, 16, 32 uM for CAOV3 and 0.25, 0.5, 1, 2, 4, 8,
Gl 8 5 0.641 16, 32, 64 pM for SNU119) [30]; then the cell viability of
G2 3 3 CAOV3 and SNU119 was determined using MTT assays. As
G3 8 10 shown in Fig. 2a, c, the cell viability of CAOV3 and SNU119
Histologic subtype was suppressed by cisplatin in a dose-dependent manner, and
Serous 7 8 0.638 more strongly suppressed by miR-139 overexpression under a
Others 12 10 same cisplatin dose, compared to NC mimics group. Further,
CAQOV3- and SNU119-derived cisplatin-resistant subclones
were established and verified for the evaluation of the func-
tion of miR-139 in ovarian cancer cell chemoresistance. The
cell viability of cells with no treatment was defined as 100%.
Tablg 2 .Univariate. and Univariate analysis Multivariate analysis
multivariate analysis for factors
related to overall survival using p-value HR 95%CI p-value HR 95%CI
the COX proportional hazard
model Age
<60 0.204 0.56 0.23-1.37
> 60
Cisplatin 0.085 2.17 0.90-5.23 0.318 1.63 0.63—4.24
Resistant
Sensitive
FIGO stage 0.001 0.15 0.05-0.46 0.003 0.17 0.06-0.54
I+1I
I + 1v
Grade of tumour 0.967
Gl 0.904 1.06 0.40-2.86
G2 0.797 1.17 0.36-3.80
G3
Histologic subtype 0.951 0.97 0.40-2.38
Others
Serous
miR-139 0.003 0.23 0.09-0.61 0.016 0.29 0.11-0.79
Low
High

COX risk proportional regression model was used to identify the factors that have significant influence on
survival. Age, cisplatin sensitivity, FIGO stage, grade of tumor, histologic subtype and miR-139 expression
were used for Univariate analysis; cisplatin sensitivity, FIGO stage and miR-139 expression were used for

multivariate analysis

HR hazard ratio, 95%CI a 95% confidence interval for the hazard ratio
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Fig.2 The role of miR-139 in ovarian cancer cell chemoresistance. a
and ¢ miR-139 mimics-transfected CAOV3 and SNU119 cells were
treated with a series of doses of cisplatin (0.125, 0.25, 0.5, 1, 2, 4,
8, 16, 32 pM for CAOV3 and 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 pM for
SNU119); the cell viability was determined using MTT assays. The
data are presented as mean+SD of three independent experiments.
*P<0.05, *P<0.01. b and d CAOV3 and SNUI119 cells were
exposed to a series of doses of cisplatin (as indicated) to establish cis-
platin-resistant subclones; MTT assays were performed to verify the

For CAOV3 cells, the cDDP concentration to reduce cell via-
bility to 50% was about 1.36 pM (1C50=1.36); for CAOV3/
cDDP cells this value was 7.94 pM (IC50=7.94) (Fig. 2b). For
SNU119 and SNU119/cDDP cells, IC50 was promoted from
4.75 to 20.07 (Fig. 2d). CAOV3/cDDP and SNU119/cDDP
cells were then transfected with miR-139 mimics. The sup-
pressive effect of cisplatin on the indicated cells was amplified
by miR-139 overexpression: the 1C50 value for CAOV3/cDDP
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cell viability of cisplatin-resistant CAOV3/cDDP and SNU119/cDDP
cells. Data were displayed as a percentage normalized to the viabil-
ity of cells with no DDP treatment. The abscissa was the logarithm
of DDP concentration (log-conc.). LC50 represented the concentra-
tion of DDP when cell viability was reduced to 50%. e and f CAOV3/
c¢DDP and SNU119/cDDP cells were transfected with miR-139 mim-
ics, and treated with a series of dosed of cisplatin (as indicated); the
cell viability was then determined using MTT assays. Data were dis-
played as indicated

was reduced from 7.51 to 2.88, and for SNU119/cDDP was
reduced from 21.13 to 9.85, compared to NC mimics group
(Fig. 2e, 1).
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MiR-139 directly binds to the 3'UTR of ATP7A
to inversely regulate its expression

As we mentioned, ATP7A/B plays an essential role in ovar-
ian cancer chemoresistance. First, the expression of ATP7A
and miR-139 in cisplatin-sensitive and resistant ovarian can-
cer cells was detected. The expression of ATP7A was higher
in CAOV3/cDDP and SNU119/cDDP cells than cDDP sen-
sitive cell lines (Fig. S1C). In contrast, miR-139 was lower
expressed in CAOV3/cDDP and SNU119/cDDP cells than
cDDP sensitive cells (Fig.S1D). Furthermore, whether miR-
139 affects ovarian cancer chemoresistance through the
regulation of ATP7A/B was verified. To achieve this goal,
luciferase reporter gene vector was employed. Wild-type
ATP7A luciferase reporter gene vectors (named ATP7A-
WT-3'UTR) and mutant-type ATP7A luciferase reporter
gene vectors (named ATP7A-MUT-3'UTR) containing an 8
or 5 bp mutation in the putative miR-139 binding sites were
constructed (Fig. 3a). MiR-139inhibitor was transfected into
CAOV3 and SNU119 cells to achieve miR-139 inhibition, as
verified using real-time PCR assays (Fig. S1E). HEK293T
cells were then co-transfected with the indicated vectors and
miR-139 mimics or miR-139 inhibitor; the luciferase activity
was determined using dual luciferase reporter assays. The

luciferase activity of ATP7A-WT-3'UTR vectors was sup-
pressed by miR-139 overexpression, whereas promoted by
miR-139 inhibition; after mutation in either of the predicted
miR-139 binding sites, the changes of the luciferase activity
were abolished (Fig. 3b). These data indicated that miR-139
might regulate ATP7A expression through direct targeting.

Next, the protein levels of ATP7A in miR-139 mimics- or
miR-139 inhibitor-transfected CAOV3 and SNU119 cells
were examined to verify miR-139 regulation of ATP7A. In
both CAOV3 and SNU119 cells, ATP7A protein levels were
reduced by miR-139 overexpression, whereas increased by
miR-139 inhibition (Fig. 3¢, d). These data indicated that
miR-139 inversely regulates ATP7A expression through
direct targeting.

MiR-139 directly binds to the 3'UTR of ATP7B
to inversely regulate its expression

Next, the indicated experiments were performed to verify
miR-139 regulation of ATP7B. First, the expression of
ATP7B was also higher in CAOV3/cDDP and SNU119/
cDDP cells than cDDP sensitive cell lines (Fig. S1F).
Wild-type ATP7B luciferase reporter gene vectors (named
ATP7B-WT-3'UTR) and mutant-type ATP7B luciferase
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Fig.3 MiR-139 directly binds to the 3'UTR of ATP7A to inversely
regulate its expression. a Wild-type ATP7A luciferase reporter gene
vector (named ATP7A-WT-3'UTR) and mutant-type ATP7A lucif-
erase reporter gene vector (named ATP7A-MUT-3'UTR) containing
an 8 or 5 bp mutation in the predicted miR-139 binding sites were
constructed. b HEK293T cells were co-transfected with the indi-
cated vectors and miR-139 mimics or miR-139 inhibitor; the lucif-

erase activity was determined using dual luciferase assays. ¢ and d
CAOV3 and SNU119 cells were transfected with miR-139 inhibitor
or miR-139 mimics; the protein levels of ATP7A were determined
using Immunoblotting assays. The data are presented as mean+SD
of three independent experiments. *P <0.05, **P <0.01, compared to
CAOV3, SNU119, NC mimics or NC inhibitor group
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Fig.4 MiR-139 directly binds to the 3'UTR of ATP7B to inversely
regulate its expression. a Wild-type ATP7B luciferase reporter
gene vector (named ATP7B-WT-3'UTR) and mutant-type ATP7B
luciferase reporter gene vector (named ATP7B-MUT-3'UTR) con-
taining a 4 bp mutation in the predicted miR-139 binding site were
constructed. b HEK293T cells were co-transfected with the indi-
cated vectors and miR-139 mimics or miR-139 inhibitor; the lucif-

reporter gene vectors (named ATP7B-MUT-3'UTR) con-
taining a 4 bp mutation in the putative miR-139 bind-
ing sites were constructed (Fig. 4a). HEK293T cells
were then co-transfected with the indicated vectors and
miR-139 mimics or miR-139 inhibitor; the luciferase
activity was determined using dual luciferase reporter
assays. Consistent with ATP7A, the luciferase activity of
ATP7B-WT-3'UTR vectors was suppressed by miR-139
overexpression, whereas promoted by miR-139 inhibition;
after mutation in either of the predicted miR-139 binding
sites, the changes of the luciferase activity were abolished
(Fig. 4b).

Further, results from Immunoblotting assays indicated
that in both CAOV3 and SNU119 cells, ATP7B protein
levels were reduced by miR-139 overexpression, whereas
increased by miR-139 inhibition (Fig. 4c, d), consistent
with ATP7A. These data indicated that miR-139 inversely
regulates ATP7B expression through direct targeting.
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erase activity was determined using dual luciferase assays. ¢ and d
CAOV3 and SNU119 cells were transfected with miR-139 inhibitor
or miR-139 mimics; the protein levels of ATP7B were determined
using Immunoblotting assays. The data are presented as mean+SD
of three independent experiments. *P <0.05, **P <0.01, compared to
CAOV3, SNU119, NC mimics or NC inhibitor group

MiR-139 affects ovarian cancer cell chemoresistance
through the regulation of ATP7A/B

MiR-139 can inversely regulate ATP7A/B through direct
binding to the 3'UTR of ATP7A/B; next, whether miR-139
affects ovarian cancer chemoresistance through the regula-
tion of ATP7A/B was validated. CAOV3 and SNU119 cells
were transfected with si-ATP7A/B to achieve ATP7A/B
knockdown, as verified using Immunoblotting assays
(Fig. 5a, b). Further, the cell viability of si-ATP7A/B and
miR-139 inhibitor-co-transfected CAOV3 and SNU119
cell was determined using MTT assays, under the treat-
ment of a series of doses of cisplatin. After miR-139 inhi-
bition, the cell viability of CAOV3 and SNU119 cells was
promoted, expressed as promoted 1C50 values (Fig. Sc—f);
after either ATP7A knockdown or ATP7B knockdown,
the cell viability was suppressed, expressed as reduced
1C50 values (Fig. 5¢c—f); moreover, the promotive effect
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Fig.5 MiR-139 affects ovarian cancer cell chemoresistance through
the regulation of ATP7A/B. a and b CAOV3 and SNU119 cells were
transfected with si-ATP7A or si-ATP7B, as verified using Immuno-
blotting assays. The data are presented as mean=+SD of three inde-
pendent experiments. *P <0.05, **P <0.01, compared to NC mimics
or NC inhibitor group. ¢ and d CAOV3 cells were co-transfected with

of miR-139 inhibition on cell viability could be partially
reversed by ATP7A/B knockdown (Fig. 5c—f). These data
indicated that ATP7A/B can reverse the effect of miR-139 on
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si-ATP7A or si-ATP7B and miR-139 inhibitor; the cell viability was
determined using MTT assays. Data were displayed as indicated. e
and f SNU119 cells were co-transfected with si-ATP7A or si-ATP7B
and miR-139 inhibitor; the cell viability was determined using MTT
assays. Data were displayed as indicated

cisplatin-induced changes of cell viability; miR-139 affects
ovarian cancer cell chemoresistance through the regulation
of ATP7A/B.
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The mRNA expression and protein levels
of ATP7A/B in tissue samples and the correlation
between miR-139 and ATP7A/B

To further confirm the above findings, the mRNA expres-
sion and protein levels of ATP7A/B in cisplatin-resistant
and cisplatin-sensitive ovarian cancer tissue samples
were examined using real-time PCR and Immunoblot-
ting assays. ATP7A/B mRNA expression was remarkably
up-regulated in cisplatin-resistant ovarian cancer tissues,
compared with that in cisplatin-sensitive ovarian cancer
tissue samples (Fig. 6a, b). Moreover, miR-139 expres-
sion was negatively correlated with ATP7A/B expression,
respectively (Fig. 6¢c, d). In six randomly selected tissue
samples (three resistant and three sensitive), ATP7A/B
protein levels were higher in cisplatin-resistant tissues
(Fig. 6e).

Discussion

In the present study, we demonstrated the detailed role
and mechanism of miR-139 regulation of ovarian cancer
chemoresistance. MiR-139 expression is down-regulated
in cisplatin-resistant ovarian cancer tissues and cell lines;
miR-139 overexpression amplifies the suppressive effect of
cisplatin on cisplatin-resistant CAOV3/cDDP and SNU119/
cDDP cells. Further, the expression of ATP7A/B was up-
regulated in cisplatin-resistant ovarian cancer cell lines;
miR-139 inversely regulates ATP7A/B expression through
direct targeting, and affects ovarian cancer chemoresistance
through regulation of ATP7A/B.

Nowadays, chemoresistance of cancer still remains a huge
challenge. Chemoresistance mediated by miRNAs in ovarian
cancer have been already validated by previous studies [31].
Park et al. showed overexpression of miR-23b, miR-27a,
miR-27b, miR-346, miR-424, and miR-503 in chemo-resist-
ant ovarian cancer cells [32]. In human ovarian cancer cells,
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Fig.6 The mRNA expression and protein levels of ATP7A/B in tis-
sue samples and the correlation between miR-139 and ATP7A/B.
a-b The mRNA expression of ATP7A/B in cisplatin-resistant and
—sensitive tumor tissue samples was examined using real-time PCR
assays. The data are presented as mean+SD of three independent
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experiments. **P <0.01. c-d The correlation between miR-139 and
ATP7A/B was analyzed using Spearman’s rank correlation analysis.
e The protein levels of ATP7A/B in six randomly selected tumor tis-
sue (three cisplatin-sensitive cases and three cisplatin-resistant cases)
samples were examined using Immunoblotting assays
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the inhibition of CD44 by miR-199a reduced the expres-
sion of the multidrug resistance gene ABCG2, and thereby
increased the chemo-sensitivity of ovarian cancer stem cells
[33]. In addition, miR-199a was also implicated in cisplatin
resistance by which its inhibition increased mTOR expres-
sion and decreased cisplatin-induced apoptosis in vitro [34].
Due to the common use of cisplatin-based chemotherapy, the
present study aimed to find novel miRNA which is related to
ovarian cancer chemoresistance to cisplatin-based therapy.

According to data from Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/), a large amount of
miRNAs are dysregulated in cisplatin-treated ovarian can-
cer cell lines (GSE93794), including miR-139, which was
significantly related to the tumor stage and grade of ovar-
ian cancer. During the recent years, miR-139 dysregulation
has been reported to be related with the invasion, metastasis
and chemo-resistance of cancers, including colorectal can-
cer, breast cancer [15-18, 35]. In the present study, a higher
expression level of miR-139 in cisplatin-resistant ovarian
cancer tissues and cell lines was observed, indicating that
miR-139 expression could be affected by cDDP treatment.
Further, by achieving miR-139 overexpression in cisplatin-
resistant CAOV3/cDDP and SNU119/cDDP cells, it was
confirmed that miR-139 overexpression amplified the sup-
pressive effect of cisplatin on the indicated cisplatin-resistant
cells. The underlying mechanism of how miR-139 enhances
the cellular effect of cisplatin on resistant ovarian cancer cell
lines was hence further investigated.

MiRNAs can regulate post-transcriptional gene expres-
sions and silence a broad set of target genes [36]. Through
the regulation of downstream target genes, miRNAs play an
important role in modulating gene expressions, thereby regu-
lating downstream signaling pathways and affecting cancer
formation and progression [36, 37]. In previous studies,
miR-139 overexpression reduced the chemo-resistance and/
or enhanced the chemo-sensitivity of cancer cells to doc-
etaxel- or 5-fluorouracil-based chemo-therapy through regu-
lating diverse downstream targets. As we mentioned, miR-
139 targets Notch1 or Bcl2 to modulate the chemo-resistance
of breast cancer or colorectal cancer [15-18, 35]. Since we
demonstrate that miR-139 overexpression could enhance the
suppressive effect of cisplatin on cisplatin-resistant ovar-
ian cancer cells; herein, whether miR-139 exerts the above
molecular effect through modulating downstream targets was
further investigated.

Reportedly, dysfunction of Copper-transporting
ATPases ATP7A and ATP7B can make contribution to
dysregulated import or export of platinum derivatives
[23, 24]; expression of the copper transporter ATP7B was
inhibited by miR-15a and miR-16, resulting in enhanced
sensitization of ovarian cancer cells to cisplatin [38].
In cisplatin-resistant ovarian cancer cell CAOV3/cDDP
and SNU119/cDDP, ATP7A/B was up-regulated. Since

miR-139 overexpression significantly enhances the sup-
pressive effect of cisplatin on cisplatin-resistant ovarian
cancer cell lines; herein, whether miR-139 was associated
with ATP7A/B was validated. By prediction of Targetscan,
the 3'UTR of ATP7A and ATP7B might contain miR-139
binding sites; next, luciferase reporter gene and Immu-
noblotting assays were employed to confirmed that miR-
139 directly binds to the 3'UTR of ATP7A and ATP7B,
respectively, to inversely regulate ATP7A and ATP7B
expression.

After confirming miR-139 regulation of ATP7A/B, we
further investigated whether miR-139 affects the cellu-
lar effect of cisplatin on ovarian cancer cell lines through
regulating ATP7A/B. Cisplatin-resistant CAOV3/cDDP
and SNU119/cDDP cells were transfected with miR-139
inhibitor and si-ATP7A/B under a series of doses of cispl-
atin treatment; then employed MTT assay to evaluate the
detailed functions of miR-139/ATP7A/B. After miR-139
inhibition, the suppressive effect of cisplatin on CAOV3/
c¢DDP and SNU119/cDDP cells was attenuated; on the con-
trary, either ATP7A or ATP7B knockdown amplified the
suppressive effect of cisplatin on cell viability. In addition,
the effect of miR-139 inhibition on cisplatin-induced cell
viability suppression could be partially reversed by ATP7A
and/or ATP7B knockdown. In other word, miR-139 might
affect the cellular effect of cisplatin on cisplatin-resistant
ovarian cancer cell lines through regulation of ATP7A/B.

As a further confirmation of the above findings, ATP7A/B
mRNA expression and protein levels were all up-regulated in
cisplatin-resistant tissue samples, compared those in cispl-
atin-sensitive tissue samples. Moreover, miR-139 expression
was negatively correlated with ATP7A/B expression.

Taken together, we demonstrated that miR-139 overex-
pression could enhance the suppressive effect of cisplatin on
ovarian cancer cell lines, and miR-139 may at least partially
exerts its biological effect through targeting ATP7A/B. Since
miR-139 expression is down-regulated whereas ATP7A/B
expression is up-regulated in cisplatin-resistant ovarian
cancer tissues, rescuing miR-139 expression thus to inhibit
ATP7A/B might contribute to enhancing the cellular effect
of cisplatin on ovarian cancer cell lines. However, one
limitation of the present study is the lack of mouse model
and validation in larger clinical samples, which should be
addressed in our future studies.

Moreover, we also searched for other candidate upstream
miRNAs that might regulate ATP7A/B expression using
Targetscan (shown in Supplementary Table S2). Among the
predicted miRNAs, miR-148a, miR-148b and miR-152 have
been reported to play a key role in ovarian cancer via modu-
lating cancer cell proliferation [39-41], migration [42], inva-
sion [42], as well as chemoresistance to cisplatin [43] via
targeting different downstream transcripts. These findings
further indicate the potential of miRNA-mRNA network
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in dealing with cancer cell disorders and chemoresistance,
which provides more possibilities for future studies.
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