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Abstract

Cisplatin is one of the most popular chemotherapeutic drugs in treating ovarian cancer. Resistance to cisplatin is a com-
mon clinical challenge that needs to be solved to increase its anti-tumor effects. The relation of miR-514 expression with
prognosis in ovarian cancer patients was analyzed based on GSE73584 datasets. The regulation of miR-514 on proliferation
and cisplatin chemosensitivity of ovarian cells was examined by MTT assay, colony-formation assay and soft-agar colony-
formation assay. Dual luciferase assay was performed to detect the direct interaction of miR-514 with its downstream targets.
Immunobloting and qRT-PCR were performed for target gene expression analysis. Low expression of miR-514 was related
to poor prognosis in ovarian cancer patients. MiR-514 repressed proliferation and decreased cisplatin chemosensitivity in
ovarian cancer cells by targeting ATP binding cassette subfamily. MiR-514 is of clinically significance in ovarian cancer
by attenuating proliferation of ovarian cancer cells and decreasing chemoresistance of cisplatin by targeting ATP binding
cassette subfamily.
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Introduction

Cisplatin is one of the popular chemotherapeutic drugs in
ovarian cancer (Rogers et al. 2018; Wang et al. 2017a; Xu
et al. 2018). However, the long-term use of chemotherapeu-
tic drugs, including Cisplatin will trigger chemoresistance.
How to overcome the resistance is the key problem that need
to be solved nowadays (Lee et al. 2005; Yang et al. 2006).
ATP binding cassette subfamily (ABC subfamily) encode
ATP-binding proton pumps that consume ATP for sub-
stance transport to cells. ABC family members are gener-
ally highly expressed in cancer stem cells and are closely
related to chemoresistance. Members of the ABC family can
consume ATP to transport the chemotherapeutic drugs out
of the cell, leaving the cell low or even free of medicine,
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thereby rendering the tumor cells resistant to chemother-
apeutic drugs (Dean 2009; Glavinas et al. 2004; Lou and
Dean 2007).

MicroRNAs (miRNAs) are small non-coding RNAs com-
posed of 18-25 nucleotides regulating the expression of pro-
tein coding genes (Wang et al. 2017b). MicroRNA has been
reported to participate in the development of multiple types
of human cancers, including endometrial cancer, prostate
cancer, papillary thyroid carcinoma, ovarian cancer and etc
(Su et al. 2018; Todorovic et al. 2018; Wang et al. 2017b;
Wau et al. 2018). For example, microRNA181c was reported
to inhibit the growth and invasion of prostate cancer cells
by targeting multiple ERK signaling pathway components
(Su et al. 2018). MicroRNA-34a was found to inhibit cell
proliferation and invasion by downregulating Notchl in
endometrial cancer (Todorovic et al. 2018).

We hypothesized that microRNAs that regulate ABC
family members might play a role in the cisplatin chem-
oresistance of ovarian cancer. In this study, we aimed to
investigate this hypothesis with miR-514 as an example by
studying its effects on the chemotherapeutic drug resistance
of ovarian cancer cells and its possible mechanism.
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Materials and methods
Cell culture conditions

Two human ovary cancer cell lines SKOV3 and OVCA433
were purchased from American Type Culture Collection
(Manassas, VA), and cultured in RPMI-1640 medium
(Gibco-BRL, Gaithersburg, MD, USA) supplemented
with 10% FBS, 100 pg/mL streptomycin and 100 U/mL
penicillin (Jung et al. 2016). The cells were incubated in
an incubator containing 5% CO, and 95% air at 37 °C in
a humidified atmosphere. Cisplatin was purchased from
Sigma (St. Louis, MO, USA) and indicated concentrations
and treatment period were applied.

RNA extraction and Real-Time PCR

Total RNA from cancer cell lines was isolated by TRI-
zol reagent according to the guidelines. Then cDNA was
synthesized using Superscript III (Invitrogen, Carlsbad,
CA) based on the instructions. For RT-PCR of miR-514,
the reactions were performed utilizing TagMan miRNA
Assays (Applied Biosystems, Foster City, CA) accord-
ing to the instructions with U6 spliceosomal RNA (U6
snRNA) as an input control and miScript PCR System
(Qiagen, Valencia, CA, USA) was additionally used
(Buechler et al. 2013). Primers for ATP binding cassette
subfamily A member 1 (ABCAL1) (Forward, ACCCACCCT
ATGAACAACATGA, Reverse, GAGTCGGGTAACGGA
AACAGG), ATP binding cassette subfamily A member
10 (ABCA10) (Forward, GGAGACGACAAATCTATG
CAGTG, Reverse, CCCAACAATGAGTTTCACGAGT),
ATP binding cassette subfamily F member 2 (ABCF2)
(Forward, CCTCTCACTTACCTTTCATGGTC, Reverse,
ACTTCACGCTTCCCAATAGCA) and GAPDH (For-
ward, ACAACTTTGGTATCGTGGAAGG, Reverse, GCC
ATCACGCCACAGTTTC) were used together with SYBR
Green PCR Master Mix (TaKaRa, Japan). The 2744¢T
method was used to calculate the target gene expression
levels with GAPDH used as the internal control.

3-(4,5-di methyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

Cells plated in 96-well plates at 10,000 per well were cul-
tured for 24 h in the cell culture incubator. Then 10 ul of
5 mg/ml MTT was added to each well and then incubated in
the dark for 4 h. Finally, the absorbance at 570 nm measured
by a microplate reader was used to quantify the cell viability.
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Colony-formation assay

Colony-formation assay was conducted according to the
instruction as described with slight modifications (Franken
et al. 2006). Briefly, cells with indicated treatments were
plated to a 6-well plate at 100 cells/well. Ten days later,
cell-forming colonies were fixed and stained with 6.0% glu-
taraldehyde supplemented with 0.5% crystal violet. Finally,
the number of colonies was counted.

Soft-agar colony-formation assay

Soft-agar colony-formation assay was performed to iden-
tify the proliferation ability of ovary cancer cell lines as
described (Horibata et al. 2015). Briefly, prepare the bottom
layer with 0.6% agarose gel, and then prepare the cell-con-
taining layer with 0.3% agarose gel by mixing the cells with
the 0.6% agarose in a 1:1 ratio, finally put the feeding layer
as 0.3% agarose gel on the top. Finally, count the number of
colonies in each well using a light microscope.

Immunoblotting

10 pg total proteins from cell lysate were loaded in 8—-12%
SDS-polyacrylamide gels, and then were transferred to
PVDF membranes. Membranes were blocked with 5% non-
fat milk first, and then were incubated with primary antibody
dilutions overnight at 4 °C, including anti-ABCA1 antibody
(MAB10005, Millipore, Billerica, MA, USA, 1:1,000),
anti-ABCA 10 antibody (MAS5-21013, Thermofisher Scien-
tific, Waltham, MA, USA, 1:1000), anti-ABCF2 antibody
(ab86178, Abcam, Cambridge, MA, USA, 1:2000), and anti-
B-actin antibody (ab8226, Abcam, USA, 1:5,000). After 3x
washes, membranes were incubated in corresponding sec-
ondary antibodies conjugated to HRP for 1 h. Then ECL
reagents were used to develop the target bands.

Dual luciferase assay

Wild type and mutated sequences of ABCA1, ABCAI10,
ABCF2 3-UTR mRNA were cloned into the downstream
of the firefly luciferase gene in pMir-Report vector (Applied
Biosystems, Waltham, MA, USA), respectively. SKOV3
cells were transfected by miR-514 and miR negative con-
trol, respectively, and were seeded into 24-well plates. Then
cells were transfected with wild type (ABCA1, ABCA10,
ABCF2) and mutated (ABCA1, ABCA10, ABCF2-mut)
pMir-Report vector vectors using Lipofectamine LTX (Invit-
rogen, Carlsbad, CA, USA), respectively and co-transfecting
pMir-Report Renilla vector as the transfection control. 24 h
later, cells were lysed and firefly luciferase activity of each
sample was measured, and normalized to Renilla luciferase
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activity by Dual-luciferase reporter assay kit (Promega,
Madison, WI, USA) following the manufacturer’s protocol.

Gene knockdown by SiRNA

20 uM Stealth SiRNA of 3 genes, ABCA1 (HSS176437,
Thermofisher Scientific, USA), ABCA10 (HSS115843,
Thermofisher Scientific, USA) and ABCF2 (10061, Dhar-
macon) were separately transfected for target gene knock-
down in OPTI-MEM media to 6-well cultured cells. After
overnight, cells were trypsinized and plated to 96 well plates
with or without the indicated drug for MTT assay.

Statistical analyses

All data shown in this study are presented as the mean +SD
(standard deviation). Student’s ¢ tests were utilized to analyze
the differences between two groups, and two-way ANOVA
was used for analysis between three or more groups. P <0.05
was considered as significant difference.
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Fig. 1 The relation of miR-514 expression with prognosis in ovar-
ian cancer patients. a Kaplan—Meier plots of overall survival based
on the miR-514 level in GSE73584 datasets. b Kaplan—Meier plots
of distant relapse-free survival (DRFS) based on the miR-514 level in
GSE73584 datasets. ¢ The miR-514 levels in different grade of ovar-

Results

Low expression of miR-514 is correlated with poor
prognosis in ovarian cancer patients

By analyzing NCBI’s GEO datasets’ database among 2000
genes, we found that patients with miR-514 expression were
obviously and significantly related with clinical prognosis
in ovarian cancer. As shown, patients with low miR-514
expression had a poor prognosis both in overall survival
(Fig. 1a) and in relapse-free survival (Fig. 1b). The expres-
sion of miR-514 in patients of G2 and G3 grade in ovarian
tumors was also significantly lower than that in patients of
G1 grade (Fig. 1c). Moreover, miR-514 expression in stage
III patients was significantly lower than stage I by stage clas-
sification (Fig. 1d).

MiR-514 suppresses proliferation of ovarian cancer
cells

The next step is to examine the effect of miR-514 on the pro-
liferation of ovarian cancer cells. Transfection of miR-514
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ian cancer patients in GSE73584 datasets. d The miR-514 levels in
different stage of ovarian cancer patients in GSE73584 datasets. Data
are shown as mean+S.D. **P <0.01; ***P<0.001 (Student’s ¢ test
in figure ¢, d)
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mimics into two ovarian cancer cell lines, SKOV3 and
OVCAA433, inhibited the proliferation of both cell lines
(Fig. 2a, c). Transferring of miR-514 inhibitor into both
ovarian cancer cells promotes the proliferation of both cell
lines (Fig. 2b, d). Moreover, transfection of miR-514 mimics
into SKOV3 cells inhibited cell proliferation by both clone
formation assay (Fig. 2e, f) and soft agar assay (Fig. 2g, h).

MiR-514 decreases cisplatin chemosensitivity
in ovarian cancer cells

Next, we examined the effect of miR-514 on the resist-
ance of ovarian cancer cells to chemotherapy with cis-
platin. We treated SKOV3 cells with 4 pg/ml cisplatin

for 6 months to establish a cisplatin-resistant SKOV3
cell line, named as SKOV3 CR (cisplatin resistance).
Next, the expression of miR-514 in SKOV3 CR cells was
detected by Real-Time PCR and lower expression of miR-
514 was found compared to the untreated cells (Fig. 3a).
The SKOV3 cells were transiently treated with 4 pg/ml
of cisplatin for 48 h. The expression levels of miR-514
were detected and downregualtion of miR-514 was found
(Fig. 3b). Next, MTT method was used to detect the effect
of different concentrations of Cisplatin on cell growth.
Figure 3c showed that SKOV3 CR cells transfected with
miR-514 mimics can restore some degree of sensitivity in
Ciplatin resistant cells. In Fig. 3d, miR-514 inhibitor was
introduced into SKOV3 cells and was found to decrease
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Fig. 2 Proliferation assay of ovarian cancer cells with transfection of
miR-514. a The proliferation of SKOV3 cells transfected with miR-
514 mimics was determined by MTT assay. b The proliferation of
SKOV3 cells transfected with miR-514 inhibitor was determined by
MTT assay. ¢ The proliferation of OVCA433 cells transfected with
miR-514 mimics was determined by MTT assay. d The proliferation
of OVCA433 cells transfected with miR-514 inhibitor was deter-
mined by MTT assay. e The proliferation of SKOV3 cells transfected
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with miR-514 mimics was determined by colony-formation assay. f
The statistical results of colony-formation assay. g The proliferation
of SKOV3 cells transfected with miR-514 mimics was determined by
soft-agar colony-formation assay. h The statistical results of soft-agar
colony-formation assay. Data are shown as mean+S.D. *P<0.05;
*#%P <0.001 (Student’s 7 test in figure f and h, and two-way ANOVA
test in a—d panels)
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Fig.3 MiR-514 increases cisplatin sensitivity in cisplatin resistant
ovarian cancer cells. a The expression levels of miR-514 in SKOV3
and cisplatin resistant SKOV3 CR cells were determined by Real-
Time PCR. U6 spliceosomal RNA (U6 snRNA) was used as an
input control. b The expression levels of miR-514 in SKOV3 cells
treated with cisplatin for 48 h were determined by Real-Time PCR.
U6 spliceosomal RNA (U6 snRNA) was used as an input control. ¢
Cell viability of SKOV3, SKOV3 CR cells transfected with or with-
out miR-514 mimics treated with different concentration of cispl-

the resistance to previously sensitive cells. In Fig. 3e, f
plots, the effect of non-anchored growth of SKO cells,
SKOV3 CR cells and SKOV3 CR cells transfected with
miR-514 under the transient treatment of 4 ug/ml cisplatin
was also examined by soft agar assay. Transfection of
miR-514 was also found to restore some chemosensitivity
in SKOV3 CR cells.

atin was determined by MTT assay. d Cell viability of SKOV3 cells
transfected with or without miR-514 inhibitor treated with differ-
ent concentration of cisplatin was determined by MTT assay. e Cell
viability of SKOV3, SKOV3 CR cells transfected with or without
miR-514 mimics treated with 4ug/ml cisplatin was determined by
soft-agar colony-formation assay. f The statistical results of soft-agar
colony-formation assay. Data are shown as mean+S.D. **P <0.01;
##%P <0.001 (two-way ANOVA test in figure ¢, d, Student’s  test in
other panels)

MiR-514 targets ATP binding cassette subfamily

Next, we utilized the targetcan prediction software to pre-
dict the target of miR-514. It was found that ten members
of the ABC family are its potential targets, as shown in
Fig. 4a, b in SKOV3 and OVCA433 cells. When the cells
were transfected with miR-514 Mimics, only the mRNA

@ Springer



1164

Molecular Genetics and Genomics (2018) 293:1159-1167

A SKOV3 B OVCA433
15 B3 NC 15, I NC
[ 3 miR-514 mimics ° 3 miR-514 mimics
Q Q
- -
< 1.0 ™ g1S gns < 1.0
Z 4
4 *ok ©
5 E ..
2 0.5 2 0.5-
s s
& &
0.0-LLIHL | 0.0
P = b
m
2 Q é
<] <
(o E
5. .. CUGGCAAUGAGUGUGCCAGAGUU. . . 3’ UTR )
ABCA1 [T NC miR-514
3 GUACUAACAGUGAGAGGUCUCAU miR-514
ABCA1 | «o— —_—
ABCA10 ° ..‘UGUAUUGAUGUAAUA(IZ(li?(‘}l‘\TllJU..‘ 3'UTR ABCA10 |
3 GUACUAACAGUGAGAGGUCUCAU iR-514
mt ABCF2 | s
5" ... GUAGUCUCGGGAUCUCCAGAGUC. . . 3' UTR
ABCF2 TN Actin [
3 GUACUAACAGUGAGAGGUCUCAU miR-514
D
157 O NC
‘S 3 miR-514 mimics ns
2 ns
2 5 1.0
g é ** *x
o g *kk
2 ¥ 0.5
5
[]
4
0.0-
pSi- ABCA1 ABCA10 ABCF2 ABCA1 ABCA10 ABCF2
Check2 Mut Mut Mut

Fig.4 ATP binding cassette subfamily are miR-514 targets. a The
expression levels of ten members of ATP binding cassette subfam-
ily were determined by Real-Time PCR in SKOV3 cells. b The
expression levels of ten members of ATP binding cassette subfamily
were determined by Real-Time PCR in OVCA433 cells. ¢ The bind-
ing sites of miR-514 on ABCA1, ABCA10 and ABCF2 3'UTRs. d

expression levels of ABCA1, ABCA10 and ABCF2 were
down-regulated. Figure 4c is a schematic diagram showing
the binding site of miR-514 predicted by the targetscan and
the 3'UTR of these three genes. In Fig. 4d, the 3'UTRs of
these three genes were cloned into the psi-check2 vector for
luciferase reporter assays. Also, the predicted binding sites
on these 3'UTRs were mutated to reveal miR-514 inhibition.
The expressing luciferase was inhibited by miR-514 in the
vectors containing the 3'UTRs of these three genes, and the
inhibition was disappeared when the predicted binding sites
of these targets were mutated, indicating that these three
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Luciferase reporter activities driven by wild-type or mutant miR-
514 targets 3'UTRs were examined in SKOV3 cells transfected with
miR-514 mimics or negative control (NC). e Immunoblotting analy-
sis of ABCA1, ABCA10 and ABCF2 protein levels in SKOV3 cells
transfected with miR-514 mimics. Data are shown as mean+S.D.
**P<0.01; ***P <0.001; ns, not significant (Student’s ¢ test)

genes are direct targets of miR-514. In Fig. 4e, immunoblot-
ting was performed and showed that miR-514 also inhibited
the protein expression of these three genes in SKOV3 cells.

MiR-514 functional downstream effectors are ATP
binding cassette subfamily

Next, we performed a series of combinatorial experiments
to demonstrate whether miR-514 functions through these
three targets ABCA1, ABCA10 and ABCF2. First, we
examined the knockdown efficiency of siRNAs for these
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Fig.5 ABCAI1, ABCA10 and ABCF2 are the functional downstream
effectors of miR-514. a The mRNA levels of ABCA1, ABCA10 and
ABCF2 in SKOV3 cells transfected with their respective siRNAs. b
Cell viability of SKOV3 cells transfected with ABCA1, ABCA10
and ABCF2 respective siRNAs was determined by MTT assay. ¢
Cell viability of SKOV3, SKOV3 CR cells transfected with ABCA1,
ABCA10 and ABCF2 respective siRNAs and treated with cispl-
atin was determined by MTT assay. d Cell viability of SKOV3 cells

three genes (Fig. 5a). Transfection of all three siRNAs
inhibited the proliferation of SKOV3 cells in Fig. 5b,
which was consistent with the function of miR-514. Fig-
ure 5c showed that SKOV3 CR cells have some resistance
to cisplatin compared to SKOV3 cells, however, all three
siRNAs transfected into SKOV3 CR cells restored some
sensitivity to the CR cells. In Fig. 5d, miR-514 inhibitor
promoted proliferation of SKOV3 cells, but simultaneous
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transfected with NC or miR-514 inhibitor and co-transfected with
ABCA1, ABCA10 and ABCF2 respective siRNAs was determined
by MTT assay. e Cell viability of SKOV3 cells transfected with NC
or miR-514 inhibitor and co-transfected with ABCA1, ABCA10 and
ABCEF?2 respective siRNAs and treated with or without cisplatin was
determined by MTT assay. Data are shown as mean+S.D. *P <0.05;
**P<0.01; ***P<0.001 (two-way ANOVA test in figure b, Stu-
dent’s ¢ test in other panels)

transfection of three specific siRNAs of ABCA1, ABCA10
and ABCF2 showed that the promotion of proliferation
disappeared. MiR-514 inhibitor in Fig. 5e increased the
chemoresistance of SKOV3 to cisplatin. When the three
siRNAs repressed their specific targets separately, the pro-
moted resistance by miR-514 inhibitor is decreased. Taken
together, these three genes are indeed downstream effector
molecules that mediate function of miR-514.
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Discussion

In this study, we first analyzed the relationship between
miR-514 expression and clinical prognosis of ovarian
cancer. The reduced expression of miR-514 was found in
advanced stages and is related to poor survival of ovar-
ian cancer patients in GSE73584 datasets. miR-514 sup-
presses proliferation of ovarian cancer cells by MTT assay,
colony-formation assay and soft-agar colony-formation
assay. Next, we found that miR-514 increases cisplatin
chemosensitivity in ovarian cancer cells by MTT assay
and soft-agar colony-formation assay. Moreover, we found
that miR-514 targets 3 ATP binding cassette subfamily
members, including ABCA1, ABCA10 and ABCF2, which
were confirmed by Real-Time PCR and luciferase assay.
Finally, we confirmed that miR-514 exerts its regulation
on cell viability through three above ATP binding cas-
sette subfamily members by MTT assay and by utilizing
miR-514 inhibitor, cisplatin treatment, and separate siRNA
of ABCA1, ABCA10 and ABCF2. This study provides
theoretical basis for a novel therapeutic strategy to mini-
mize the chemoresistance in ovarian cancer treatment with
Cisplatin.

Ovarian cancer is one of the most lethal types of
gynecologic malignancy (Donninger et al. 2004; Pro-
ceedings of the Conference on Antilymphocyte Serum,
Brook Lodge, Augusta, Michigan, May 2-3, 1969 1970).
Ovarian cancer is the fifth leading cause of cancer deaths
in women in the United States (Donninger et al. 2004;
Jemal et al. 2003). Only 25% patients with advanced stage
ovarian cancer survive to 5 years after initial diagnosis
(Donninger et al. 2004; Friedlander 1998). The high case
fatality rate is partially because that most of ovarian cancer
patients were found with advanced stage disease, which
is essentially incurable. Because of high malignancy, the
chemoresistance is one of the most difficult questions to
overcome for treating ovarian cancer.

Cisplatin has been wildly used in treating cancer,
including lung cancer, ovarian cancer and many others
(Kanaji et al. 2018; Saed et al. 2018; Staff 2018). As cis-
platin is not effective for all patients and chemoresistance
is a common problem, the chemoresistance of Cisplatin is
a key problem to be studied with. Some microRNAs, for
instance, miR-214 was found to reduce cisplatin resist-
ance by targeting netrin-1 in bladder cancer cells (Liu
et al. 2018). In addition, miR-133b was reported to reverse
cisplatin resistance by targeting GSTP1 in cisplatin-resist-
ant lung cancer cells (Lin et al. 2018). Reports on miR-514
were lacking. MiR-514 was only reported to play a role in
tumor recurrence after nephrectomy and miR-514 might
be a suitable adjunct marker for predicting tumor recur-
rence (Wotschofsky et al. 2013). In this study, we found
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miR-514 inhibition increases cisplatin chemosensitivity in
ovarian cancer cells. As no findings suggesting relations
on miR-514 and chemosensitivity was reported, this point
is one of the novelty in this study.

ABCEF2 were reported to contribute to cisplatin resist-
ance in ovarian cancer cells (Bao et al. 2017). But ABCA1
and ABCA10 have not been reported to participate in this
process, which is now reported in our study. We found that
not only ABCF2, but also ABCA1 and ABCAI1O0 all con-
tribute to the chemoresistance of Cisplatin. MiR-361-5p
was found to target ABCALI in pulmonary artery smooth
muscle cells (Zhang et al. 2018). In this study, for the first
time, we found that miR-514 targets ABCA1, ABCA10, and
ABCEF2, through which miR-514 exerting its regulation on
the chemosensitivity of Cisplatin in ovarian cancer cells.
The findings in this study suggest that miR-514 may possibly
be used as a marker for prognosis of ovarian cancer. Future
work includes investigations on whether miR-514, ABCA1,
ABCA10 and ABCF2 can be used as therapeutic targets for
treating ovarian cancer.

Conclusions

Our findings in this study include that low expression of
miR-514 has poor prognosis in ovarian cancer patients and
that the reduced expression of miR-514 leads to increased
expression of ABC family members, which in turn pro-
motes tumor proliferation and reduce chemotherapeutic
drug resistance.
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