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ABSTRACT
Autophagy, characterized by the elevator of autophagy-related gene 14 (ATG14) and the dysregula-
tion of autophagy-related proteins, contributes to the cisplatin (DDP) resistance in ovarian cancer.
Forkhead box protein P1 (FOXP1), which is a well-defined transcription factor, is reported to have
the oncogenic effect on ovarian cancer. This study aims to identify the effect of miR-29c-3p/FOXP1/
ATG14 pathway in regulating autophagy and DDP resistance in ovarian cancer. The expressions of
miR-29c-3p, FOXP1, ATG14 and autophagy-related proteins were detected in DDP-sensitive ovarian
cancer cell lines (SKOV3 and A2780) and DDP-resistant cell lines (SKOV3/DDP and A2780/DDP). Cell
viability was detected using the MTT assay. The therapeutic effect of miR-29c-3p overexpression was
observed in the xenograft model of nude mice.Compared with DDP-sensitive cells, miR-29c-3p was
decreased in DDP-resistant cells, and an enhancement of FOXP1, ATG14, autophagy, and drug
resistance was shown in DDP-resistant cells. The anti-resistant effect of miR-29c-3p was observed as
overexpressing miR-29c-3p inhibited cell viability of DDP-resistant cells. Moreover, FOXP1 was a
target of miR-29c-3p, which was confirmed by the luciferase reporter assay, and ATG14 was
transactivated by FOXP1, which was confirmed by the ChIP assay. Overexpression of miR-29c-3p
increased DDP sensitivity by downregulating FOXP1/ATG14 in vitro. The tumor volume was reduced
after the injection of miR-29c-3p-overexpressing SKOV3/DDP cells in vivo. Overexpression of miR-
29c-3p inhibited autophagy and DDP resistance partly via downregulating FOXP1/ATG14 pathway,
suggesting miR-29c-3p as a novel target in overcoming DDP resistance in ovarian cancer.
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1. Introduction

Ovarian cancer is one of the most common gyneco-
logic malignancies, and the associatedmortality rate is
the fifth highest among gynecologic malignancies
worldwide [1]. Chemotherapy is the first choice in
ovarian cancer treatment, but tumor cells are vulner-
able to drug resistance [2]. Nearly 70% of ovarian
cancer patients are sensitive to platinum chemother-
apy, which is used as first-line treatment [3]. Due to
platinum resistance, the 5-year survival rate for ovar-
ian cancer patients is less than 30% [3]. Platinum
resistance has become a key obstacle to the successful
treatment of ovarian cancer, and the underlying
mechanism remains unclear. Autophagy is the main
way in which organisms remove damaged, aging,
degenerative, and nonfunctional proteins and orga-
nelles, and it is a common mechanism under various
physiological and pathological conditions [4]. Studies

showed that autophagy was closely related to the
occurrence and development of tumors [5], and that
autophagy affected the sensitivity of tumor cells to
chemotherapeutic drugs [6]. In recent years, many
studies demonstrated that autophagy was associated
with chemoresistance in ovarian cancer. Zhang et al.
[7] reported that TXNDC17 increased resistance of
ovarian cancer to paclitaxel by inducing autophagy.
Wang et al. [8] revealed that knockdown of ERK
reduced cisplatin (DDP) resistance by inhibiting
autophagy in ovarian cancer. Thus, inhibition of
autophagy might increase the sensitivity of ovarian
cancer cells to chemotherapeutic drugs.

Forkhead box gene P1 (FOXP1), a member of the
FOXP subfamily of transcription factors, plays a role
in normal embryonic development, myocardial cell
development, and speech formation in humans [9].
According to recent evidence, FOXP1 appears to be
associated with malignancy [10]. For example, Wang
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et al. [11] found that downregulation of FOXP1 sup-
pressed hepatocarcinoma cell proliferation by regulat-
ing the G1/S phase of the cell cycle. Takayama et al.
[12] showed that FOXP1 impeded the development of
prostate cancer by inhibiting tumor proliferation and
migration. A number of studies reported that FOXP1
played a role in ovarian cancer [13,14]. However, the
molecular mechanism underlying the regulation of
FOXP1 in chemoresistance of ovarian cancer is
unclear.

MicroRNAs (miRNAs) are a group of small non-
coding 21–25 nucleotide RNAs that regulate gene
expression by targeting mRNAs at the post-
transcriptional level [15]. Studies revealed that
miRNAs were involved in the occurrence, develop-
ment, and chemotherapy resistance of cancer [16].
Iwagami et al. [17] reported that miR-320c played
a role in gemcitabine resistance of pancreatic cancer
cells through SMARCC1. Zhou et al. [18] found that
miR-203 promoted oxaliplatin resistance by downre-
gulating ATM in colorectal cancer cells. Yin et al. [19]
revealed that miR-204-5p elevated colorectal cancer
sensitivity to chemotherapy by repressing RAB22A.
Studies also found that variousmiRNAs, such asmiR-
497 [20], miR-134 [21], miR-130a [22], andmiR-374a
[22], regulated drug resistance in ovarian cancer. The
miR-29 family, including miR-29a, miR-29b, and
miR-29c, is reported to be closely related to drug
resistance in osteosarcoma [23] and breast cancer
[24]. In ovarian cancer, the downregulation of miR-
29 increases DDP resistance in cancer cells [25]. In the
pre-experiment, the downregulation of miR-29c in
DDP-resistant ovarian cancer cell line was more sig-
nificant than the downregulations of miR-29a and
miR-29b. Adding that miR-29c-3p was downregu-
lated in ovarian cancer tissues [26], miR-29c-3p was
chosen for further investigations.

The present study investigated the association
between miR-29c-3p and FOXP1 in ovarian cancer
cells to explore the function of miR-29c-3p/FOXP1 in
autophagy and DDP resistance of ovarian cancer.

2. Material and methods

2.1 Ethics statement

All animal experiments were approved by the
Animal Care and Use Committee of The First
Affiliated Hospital of Zhengzhou University.

2.2 Cell culture

A DDP-sensitive ovarian cancer cell lines (SKOV3
and A2780) were purchased from the American
Type Culture Collection (ATCC, USA). A DDP-
resistant ovarian cancer cell lines (SKOV3/DDP and
A2780/DDP) were purchased from Shanghai Xinyu
Biological Technology Co. Ltd. All the cell lines were
cultured in RPMI-1640 medium (Gibco, U.S.) con-
taining 10% FBS (Gibco), 100 U/mL of penicillin, and
100 U/mL of streptomycin (Invitrogen, U.S.). DDP
(0.2 μg/mL) was added to the medium of DDP-
resistant cell lines to maintain resistance.

2.3 Plasmid construction

The coding sequence of FOXP1 or ATG14was ampli-
fied using PCR and inserted into pcDNA3.0
(Invitrogen; Thermo Fisher Scientific, Inc.). PCR
amplification was performed as follows: 94 °C for
3 min, followed by 30 cycles of 94 °C for 40 sec, 56 °
C for 45 sec and 72 °C for 60 sec, followed by terminal
elongation. A DNA Engine Opticon 2 Real-Time
Cycler (MJ Research, Inc.) and Taq DNA
Polymerase (Invitrogen; Thermo Fisher Scientific,
Inc.) were used. Insertion accuracy was confirmed
via direct Sanger sequencing.

2.4 Cell transfection

Cell transfection was performed using Lipofectamine
2000 (Thermo Fisher Scientific, U.S.) reagent, accord-
ing to the manufacturer’s instructions. Briefly, cells
were cultured in 96-well plates and transfected with
appropriate expression vectors (miR-29c-3p inhibitor,
miR-29c-3p mimic, pcDNA-FOXP1, si-FOXP1,
pcDNA-autophagy-related gene 14 (ATG14), si-
ATG14, and their control vectors) using
Lipofectamine 2000 (Thermo Fisher Scientific). The
expression vectors used in this study were supplied by
Applied Biological Materials (ABM, Canada). Cells in
each well were transfected with 100 nM miR-29c-3p
mimic or 200 nMmiR-29c-3p inhibitor. The transfec-
tion concentration of siRNA-ATG14 and siRNA-
FOXP1 was 50 nM. The transfection quantity of
pcDNA-ATG14 and pcDNA-FOXP1 was 2 μg. The
oligonucleotide sequences of miR-29c-3p inhibitor
and negative control (NC) are 5ʹ-UAACCGAUU
UCAAAUGGUGCUA-3ʹ and 5ʹ- UCUACUCUUU
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CUAGGAGGUUGUGA-3ʹ, respectively. The oligo-
nucleotide sequences of miR-29c-3p mimic and pre-
NC are shown as follows: miR-29c-3p mimic, sense:
5ʹ-UAGCACCAUUUGAAAUCGGUUA-3ʹ, anti-
sense: 5ʹ-UAACCGAUUUCAAAUGGUGCU A-3ʹ;
pre-NC, sense: 5ʹ-UCACAACCUCCUAGAAAGA
GUAGA-3ʹ, anti-sense: 5ʹ-UCUACUC UUUCUAG
GAGGUUGUGA-3ʹ. The sequences of siRNA-
FOXP1, siRNA-ATG14, and si-control are 5ʹ-
GCGAAGATTTCCAATCATT-3ʹ, 5ʹ-GGCAAAUC
UUCGACGAUCC CAUAUA-3ʹ, and 5ʹ-TTCTCC
GAACGTGTCACGT-3ʹ, respectively.

2.5 Cell treatment groups

The SKOV3 or A2780 cells were divided into
a number of groups, as follows: (1) An NC group
and miR-29c-3p inhibitor group. The cells were trea-
ted with various concentrations of DDP (0, 1.25, 2.5,
5.0, 7.5, and 15 μg/mL) after transfection. (2)
A pcDNA group and pcDNA-FOXP1 group. (3) An
NC group, miR-29c-3p inhibitor group, miR-29c-3p
inhibitor + si-control group, and miR-29c-3p inhibi-
tor + si- FOXP1 group. (4) AnNC group,miR-29c-3p
inhibitor group, miR-29c-3p inhibitor + si-control
group, miR-29c-3p inhibitor + si-FOXP1 group, and
miR-29c-3p inhibitor + si-FOXP1 + pcDNA-ATG14
group. After transfection, the cells were treated with
5 nM rapamycin (Sigma, U.S.), an autophagy agonist.
(5) An NC group, miR-29c-3p inhibitor group, miR-
29c-3p inhibitor + si-control group, miR-29c-3p inhi-
bitor + si-FOXP1 group, and miR-29c-3p inhibitor +
si-FOXP1 + pcDNA-ATG14 group. The cells were
treated with 5 μg/mL of DDP after transfection and
incubated for 24 h.

The DDP-resistant cells were divided into the fol-
lowing groups: (1) A pre-NC group and miR-29c-3p
mimic group. The cells were treated with various
concentrations of DDP (0, 1.25, 2.5, 5.0, 7.5, and
15 μg/mL) after transfection. (2) An si-control group
and si-FOXP1 group. (3) A pre-NC group, miR-29c-
3pmimic group, miR-29c-3pmimic + pcDNA group,
and miR-29c-3p mimic + pcDNA-FOXP1 group. (4)
A pre-NC group,miR-29c-3pmimic group,miR-29c-
3p mimic + pcDNA group, miR-29c-3p mimic +
pcDNA-FOXP1 group, and miR-29c-3p mimic +
pcDNA-FOXP1 + si-ATG14 group. After transfec-
tion, the cells were treated with 10 mM 3-methylade-
nine (3-MA) (Sigma), an autophagy inhibitor. (5)

A pre-NC group, miR-29c-3p mimic group, miR-
29c-3p mimic + pcDNA group, miR-29c-3p mimic
+ pcDNA-FOXP1 group, and miR-29c-3p mimic +
pcDNA-FOXP1 + si-ATG14 group. The cells were
treated with 5 μg/mL DDP after transfection and
incubated for 24 h.

2.6 Quantitative real-time polymerase chain
reaction (qRT-PCR)

According to the manufacturer’s instructions, Trizol
(Invitrogen) was used to extract total RNA from
tissues or cells. The total RNA was then reverse
transcribed into cDNA using a cDNA Synthesis Kit
(Thermo Fisher Scientific). A qRT-PCR assay was
performed to determine mRNA levels of miR-29c-
3p, FOXP1, and ATG14 using SYBR Green Master
Mix (Takara, Shiga, Japan). The samples were incu-
bated at 95 °C for 10min for initial denaturation, and
then subjected to 40 PCR cycles, each consisting of 95
°C for 15 sec and 60 °C for 60 sec. U6 was used as the
internal control of miR-29c-3p, and β-actin was used
as the internal control of mRNAs. The 2−ΔΔCt

method was used to analyze mRNA levels. The pri-
mers used in the study were shown in Table 1.

2.7 Western blot assay

Total proteins were extracted from tissues or cells
using RIPA buffer (Bolingkewei, Beijing, China).
These proteins were separated by 12% SDS-PAGE
and transferred onto PVDF membranes (Millipore,
U.S.). After being blocked with 5% skim milk at
room temperature for 1 h, the membranes were
incubated overnight at 4° C with the following pri-
mary antibodies: anti-FOXP1 antibody (1:100, Cell
Signaling Technology), anti-ATG14 antibody
(1:1000, Proteintech, U.S.), anti- microtubule-
associated protein 1 light chain 3 (LC3-I) antibody
(1:2000, Cell Signaling Technology), anti-LC3-II
antibody (1:2000, Cell Signaling Technology), anti-
sequestosome 1 (P62) antibody (1:100, Cell Signaling
Technology), anti-Beclin 1 antibody (1:2000,
Boshide Biotech, Wuhan, China), anti-multidrug
resistance gene 1 (MDR-1) antibody (1:50, Sigma),
anti-H3 antibody (1:1000, Abcam) and anti-β-actin
antibody (1:400, Santa Cruz). The next day, the
membranes were incubated with horseradish perox-
idase-conjugate antihuman or antirabbit secondary
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antibody (1:2000, Santa Cruz) for 1 h at room tem-
perature. An EZ-ECL kit (Beyotime, Shanghai,
China) was used to detect the band.

2.8 MTT assay

An MTT (Sigma) assay was used to measure cell
viability. The cells were seeded in 96-well plates
(2 × 104 cells/well). After transfection, the cells
were treated with different concentrations of
DDP and cultured for 24 h. Then, 20 μl of MTT
(Sigma) were added to each well and cultured with
the cells for an additional 4 h. Finally, dimethyl-
sulfoxide (150 μl) was added to each well, and the
absorbance of the cells was measured using
a microplate reader (Molecular Devices, U.S.).
Cell viability was calculated as the absorbance of
the treated cells relative to that of untreated cells.

2.9 Dual luciferase reporter (DLR) assay

Bioinformatics software (TargetScan and
microRNA. org) was used to analyze the bind-
ing sites of miR-29c-3p and the 3ʹUTR of
FOXP1. A luciferase reporter plasmid (LRP)
containing wild-type (WT) and mutant (Mut)
3′UTRs of FOXP1 was constructed according to
the binding sites predicted by the software. The
SKOV3 and SKOV3/DDP cells were co-
transfected with a FOXP1 3ʹUTR-WT reporter
vector or FOXP1 3ʹUTR-Mut reporter vector
using Lipofectamine 2000 (Invitrogen). After
transfection for 24 h, the cells were lysed.
A DLR assay system was then used to detect
luciferase activity, according to the manufac-
turer’s instructions.

2.10 Chromatin immunoprecipitation (ChIP)
assay

A ChIP kit (Millipore) was used to detect pro-
tein-DNA interactions following the manufac-
turer’s protocols. Briefly, the cells were seeded
in culture dishes at a density of 1 × 105 cells/mL
and fixed with 1% formaldehyde for 10 min at
room temperature. After washing twice with
PBS, the cells were lysed with 1% SDS contain-
ing a protease inhibitor cocktail. RNA fragments
were then disrupted and centrifuged, followed by
incubation with FOXP1 and IgG antibody over-
night at 4° C. Protein A/G was added to the
complexes and incubated for 2 h at 4° C. After
washing with high and low salt buffers, the com-
plexes were eluted from the beads using elution
buffer. The protein–DNA complexes were then
retro-crosslinked at 65° C for 4 h. RNA was
extracted using Trizol (Invitrogen), and the
PCR products were electrophoresed on
a regular agarose gel.

2.11 Animal experiment

Nude mice (aged 4–5 weeks) were purchased from
Bioray Laboratories Inc., Shanghai, China. The
mice were randomly divided into a pre-NC
group (control group, n = 5) and miR-29c-3p
mimic group (n = 5). In the miR-29c-3p mimic
group, SKOV3/DDP cells (5 × 107 cells/mL) trans-
fected with an miR-29c-3p mimic were subcuta-
neously injected into nude mice (200 µl/mouse).
The pre-NC group was injected with an SKOV3/
DDP cell suspension. DDP (4 mg/kg) was injected
into the nude mice every 3 days after the tumoral
diameters had increased to 5 mm. The sizes of the
tumors were measured every 3 days. After 21 d,
the mice were killed, and the protein expression of
FOXP1, ATG14, LC3-I, LC3-II, P62, Beclin 1, and
MDR-1 in tumor tissues was measured using
a Western blot assay.

2.12 Statistical analysis

SPSS 17.0 software was used for data analysis. The
student’s t test or an analysis of variance was used
to analyze the differences between groups. All
experiments were performed at least three times,

Table 1. The primers used in qRT-PCR.
Gene name Primer sequences

miR-29c-3p Forward: 5ʹ-CTGACCTTAGCACCATTTGAAATC-3’
Reverse: 5ʹ-TATCGTTGTACTCCACTCCTTGAC-3’

FOXP1 Forward: 5′-CTTGCTCAAGGCATGATTCC-3′
Reverse: 5′-CCTTGGTTCGTCAGCCAGTA-3′

ATG14 Forward: 5′-ATGAGCGTCTGGCAAATCTT-3′
Reverse: 5′-CCCATCGTCCTGAGAGGTAA-3′

U6 Forward: 5′-CTCGCTTCGGCAGCACATATACT-3′
Reverse: 5′-ACGCTTCACGAATTTGCGTGTC-3′

β-actin Forward: 5ʹ-AGTGTGACGTGGACATCCGCAAAG-3ʹ
Reverse: 5′-ATCCACATCTGCTGGAAGGTGGAC-3′
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and all data are expressed as mean ± standard
deviation (SD). A value of P < 0.05 was considered
statistically significant.

3. Results

3.1 Expressions of miR-92c-3p, FOXP1, and
autophagy-related proteins in DDP-sensitive cells
and DDP-resistant cells

In this experiment, we measured the expressions of
autophagy-related molecules in the DDP-sensitive
cell lines (SKOV3 and A2780) and in the DDP-
resistant cell lines (SKOV3/DDP and A2780/DDP).
Compared with the DDP-sensitive cells, miR-29c-3p
expression was significantly decreased in DDP-
resistant cells (Figure 1(a and d)). The protein
expression levels of FOXP1, ATG14, and MDR-1,
were higher in DDP-resistant cells than in DDP-
sensitive cells (Figure 1(b and e). Meanwhile, the
FOXP1 expression in nucleus was increased in DDP-

resistant cells, suggesting more FOXP1 was trans-
ported from cytoplasm to nucleus to act as
a transcription factor (Figure 1(b and e)). The LC3-
Ⅱ/LC3-Ⅰ ratio and Beclin 1 protein levels were
increased in DDP-resistant cells, whereas P62 pro-
tein expression was decreased in these cells (Figure 1
(c and f)). These data indicated that miR-92c-3p was
downregulated, while FOXP1 was upregulated in
DDP-resistant cells, and that the autophagy was
induced in DDP-resistant cells.

3.2 Effect of miR-29c-3p on cell viability of
DDP-treated ovarian cancer cells

To examine the effect of miR-29c-3p on cell viability
of DDP-treated ovarian cancer cells, the DDP-
sensitive cell lines (SKOV3 and A2780) and the
DDP-resistant cell lines (SKOV3/DDP and A2780/
DDP) were treated with DDP at various concentra-
tions for 24 h according to the inhibitory concentra-
tion 50 (IC50) of each cells (Supplemental Figure 1),

Figure 1. Expressions of miR-92c-3p, FOXP1, autophagy-related proteins, and drug-resistant proteins in ovarian cancer cells. (a) The
expression of miR-29c-3p in the DDP-sensitive cell line (SKOV3) and in the DDP-resistant cell line (SKOV3/DDP) was detected using
qRT-PCR. (b) The expression of FOXP1, ATG14, and MDR-1, and the expression of FOXP1 in nucleus were detected using Western blot
assays. (c) The expression of autophagy-related proteins (LC3-I, LC3-II, P62, and Beclin 1) was detected using Western blot assays. (d)
The expression of miR-29c-3p in the DDP-sensitive cell line (A2780) and in the DDP-resistant cell line (A2780/DDP) was detected
using qRT-PCR. (e) The expression of FOXP1, ATG14, and MDR-1, and the expression of FOXP1 in nucleus were detected using
Western blot assays. (f) The expression of autophagy-related proteins (LC3-I, LC3-II, P62, and Beclin 1) was detected using Western
blot assays. Three independent experiments with biological repeats. *P < 0.05, vs. SKOV3 or A2780.
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and the MTT assay was performed to evaluate cell
viability. Compared with the control group, miR-
29c-3p inhibitor enhanced cell viability of DDP-
sensitive cells (Figure 2(a and c)), indicating that
the miR-29c-3p inhibitor increased the resistance of
DDP-sensitive cells to DDP. The cell viability of
DDP-resistant cells was significantly reduced by
miR-29c-3p mimic compared with the control
group (Figure 2(b and d)), indicating that miR-29c-
3p mimic increased the sensitivity of DDP-resistant
cells to DPP. Together, these data demonstrated the
anti-resistant effect of miR-29c-3p in ovarian cells.

3.3. miR-29c-3p directly regulates FOXP1
expression

The results of the bioinformatics analysis
(TargetScan and microRNA.org) showed that the
3ʹUTR of FOXP1 contained a sequence binding to
miR-29c-3p (Figure 3(a)). An LRP containing WT
and Mut 3ʹUTRs of FOXP1 was constructed accord-
ing to the binding sites predicted by the software.
SKOV3 cells were co-transfected with an miR-29c-
3p inhibitor and LRP, and SKOV3/DDP cells were
co-transfected with an miR-29c-3p mimic and LRP.
The results of a DLR assay revealed markedly

Figure 2. Effect of miR-29c-3p on cell viability of DDP-treated ovarian cancer cells. (a) The DDP-sensitive cell line (SKOV3) was
transfected with miR-29c-3p inhibitor followed by the DDP treatment with increasing concentrations (0, 1.25, 2.5, 5, 7.5, and 15 μg/
mL) for 24 h. Cell viability was detected using the MTT assay. (b) The DDP-resistant cell line (SKOV3/DDP) was transfected with miR-
29c-3p mimic followed by the DDP treatment with increasing concentrations (0, 1.25, 2.5, 5.0, 7.5, 15 μg/mL) for 24 h. Cell viability
was detected using the MTT assay. (c) The DDP-sensitive cell line (A2780) was transfected with miR-29c-3p inhibitor followed by the
DDP treatment with increasing concentrations (0, 1.25, 2.5, 5, 7.5, and 15 μg/mL) for 24 h. Cell viability was detected using the MTT
assay. (b) The DDP-resistant cell line (A2780/DDP) was transfected with miR-29c-3p mimic followed by the DDP treatment with
increasing concentrations (0, 1.25, 2.5, 5.0, 7.5, 15 μg/mL) for 24 h. Cell viability was detected using the MTT assay. Three
independent experiments with biological repeats. *P < 0.05, vs. negative control (NC) or pre-NC.
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increased luciferase activity of the 3ʹUTR of WT
FOXP1 in SKOV3 cells co-transfected with the
miR-29c-3p inhibitor compared with the NC
group. In contrast, there was no significant change
in the luciferase activity of the 3ʹUTR of Mut FOXP1
(Figure 3(b)). As expected, the miR-29c-3p inhibitor
upregulated the mRNA and protein expression of
FOXP1 in SKOV3 cells (Figure 3(b)). On the other
hand, the luciferase activity of the 3ʹUTR of WT
FOXP1 was reduced in SKOV3/DDP cells co-
transfected with the miR-29c-3p mimic, and the
expression of FOXP1 was inhibited in these cells
(Figure 3(c)).

3.4 Effect of FOXP1 on ATG14 expression

The ChIP assay showed that FOXP1 could bind to
the promoter of ATG14 (Figure 4(a)). Thus, we
examined the effect of FOXP1 on ATG14 expres-
sion in SKOV3 cells and SKOV3/DDP cells. The
pcDNA-FOXP1 was used to overexpress FOXP1,
and siRNA-FOXP1 was used to silence FOXP1.
The results demonstrated that overexpression of
FOXP1 promoted the mRNA and protein levels
of ATG14 in SKOV3 cells (Figure 4(b)). Silencing
of FOXP1 reduced ATG14 expression in SKOV3/
DDP cells (Figure 4(c)). These data indicated that
ATG14 expression was transactivated by FOXP1.

Figure 3. miR-29c-3p directly regulates FOXP1 expression. (a) The binding site between miR-29c-3p and the 3ʹUTR of FOXP1. (b) The
luciferase activity of the 3ʹUTR of FOXP1 in SKOV3 cells. (c) The luciferase activity of the 3ʹUTR of FOXP1 in SKOV3/DDP cells. Three
independent experiments with biological repeats. *P < 0.05, vs. NC, #P < 0.05, vs. pre-NC.
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3.5. miR-29c-3p inhibits ATG14 expression via
downregulating FOXP1

To investigate whether miR-29c-3p regulates ATG14
via FOXP1, the DDP-sensitive cell lines (SKOV3 and
A2780) were divided into the NC, miR-29c-3p inhi-
bitor, miR-29c-3p inhibitor + si-control, and miR-
29c-3p inhibitor + siRNA-FOXP1 groups. The
results showed that the miR-29c-3p inhibitor
increased the POXP1 protein and the mRNA and
protein levels of ATG14, whereas such response was
negated by the siRNA-FOXP1 co-transfection
(Figure 5(a)). The DDP-resistant cell lines (SKOV3/

DDP and A2780/DDP) were divided into the pre-
NC, miR-29c-3p mimic, miR-29c-3p mimic +
pcDNA, and miR-29c-3p mimic + pcDNA-FOXP1
groups. The results showed that the miR-29c-3p
mimic significantly reduced the FOXP1 protein and
the mRNA and protein levels of ATG14, while such
response was negated by the pcDNA-FOXP1 co-
transfection (Figure 5(b)). Taken together, these
findings indicated that miR-29c-3p inhibited
ATG14 expression via downregulating FOXP1.

3.6. miR-29c-3p controls autophagy and DDP
resistance by regulating FOXP1/ATG14 pathway

We next examined the effect of miR-29c-3p/
FOXP1/ATG14 on autophagy of ovarian cells.
The DDP-sensitive cell lines (SKOV3 and
A2780) were transfected with miR-29c-3p inhi-
bitor or co-transfected with siRNA-FOXP1 and
pcDNA-ATG4, followed by the stimulation of
rapamycin, which is an agonist of autophagy.
The autophagy was promoted by miR-29c-3p
inhibitor, and inhibited by siRNA-FOXP1, then
it was promoted again by pcDNA-ATG14
(Figure 6(a)). The DDP-resistant cell lines
(SKOV3/DDP and A2780/DDP) were transfected
with miR-29c-3p mimic or co-transfected with
pcDNA-FOXP1 and siRNA-ATG4, followed by
the treatment of 3-MA, which is an antagonist of
autophagy. The autophagy was inhibited by
miR-29c-3p mimic, and promoted by pcDNA-
FOXP1, then it was inhibited again by siRNA-
ATG14 (Figure 6(b)).

Cell viability was also detected in the DDP-
sensitive cell lines (SKOV3 and A2780) and the
DDP-resistant cell lines (SKOV3/DDP and A2780/
DDP), which were transfected as described above.
After the transfection, cells were stimulated by
5 μg/mL DPP for 24 h before the MTT assay. In
the DDP-sensitive cell lines, cell viability and the
protein expression of ATG14 and MDR-1 were
promoted by miR-29c-3p inhibitor, and inhibited
by siRNA-FOXP1, then it was promoted again by
pcDNA-ATG14 (Figure 7(a and c)). In the DDP-
resistant cell lines, cell viability and the protein
expression of ATG14 and MDR-1 was inhibited
by miR-29c-3p mimic, and promoted by pcDNA-
FOXP1, then it was inhibited again by siRNA-
ATG14 (Figure 7(b and d)).

Figure 4. Effect of FOXP1 on ATG14 expression. (a) The inter-
action of FOXP1 and ATG14 promoter was measured using
a ChIP assay. (b) The SKOV3 cells were transfected with pcDNA-
FOXP1, and the mRNA and protein levels of ATG14 were
detected using qRT-PCR and Western blot assay. (c) The
SKOV3/DDP cells were transfected with siRNA-FOXP1, and the
mRNA and protein levels of ATG14 were detected using qRT-
PCR and Western blot assay. Three independent experiments
with biological repeats. *P < 0.05, vs. pcDNA or si-control.

200 Z. HU ET AL.



Figure 5. miR-29c-3p inhibits ATG14 expression by downregulating FOXP1. (a) The DDP-sensitive cell lines (SKOV3 and A2780) were
divided into the NC, miR-29c-3p inhibitor, miR-29c-3p inhibitor + si-control, and miR-29c-3p inhibitor + siRNA-FOXP1 groups. The
mRNA expression of ATG14 was detected using qRT-PCR, and the protein levels of FOXP1 and ATG14 were detected using Western
blot assay. (b) The DDP-resistant cell lines (SKOV3/DDP and A2780/DDP) were divided into the pre-NC, miR-29c-3p mimic, miR-29c-
3p mimic + pcDNA, and miR-29c-3p mimic + pcDNA-FOXP1 groups. The mRNA expression of ATG14 was detected using qRT-PCR,
and the protein levels of FOXP1 and ATG14 were detected using Western blot assay. Three independent experiments with biological
repeats. *P < 0.05, vs. NC or pre-NC, #P < 0.05, vs. miR-29c-3p inhibitor + si-control or miR-29c-3p mimic + pcDNA.
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3.7. miR-29c-3p overexpression overcomes DDP
resistance in vivo

To verify the effect of miR-29c-3p overexpression
on DDP resistance in ovarian cancer, nude mice
were subcutaneously injected with SKOV3/DDP
cells which were transfected with miR-29c-3p
mimic. The tumor volume was measured every
3 days. Compared with the control group, the
miR-29c-3p overexpression in DDP-resistant cells
significantly reduced the tumor volume (Figure 8
(a)). Moreover, overexpression of miR-29c-3p

reduced the expression of FOXP1, ATG14, MDR-
1, LC3-Ⅱ/LC3-Ⅰ ratio and Beclin 1, while it
increased P62 protein expression (Figure 8(b)),
suggesting miR-29c-3p overexpression reduced
autophagy and overcame DDP resistance in ovar-
ian cancer. Meanwhile, the protein level of FOXP1
in nucleus was also reduced after miR-29c-3p
overexpression, indicating a reduction of FOXP1
transportation from cytoplasm to nucleus, thus
reducing the transcription and expression of
ATG14 (Figure 8(b)).

Figure 6. miR-29c-3p controls autophagy by regulating FOXP1/ATG14 pathway. (a) The DDP-sensitive cell lines (SKOV3 and A2780)
were divided into the NC, miR-29c-3p inhibitor, miR-29c-3p inhibitor + si-control, miR-29c-3p inhibitor + si-FOXP1, and miR-29c-3p
inhibitor + si-FOXP1 + pcDNA-ATG14 groups. Then the cells were treated with rapamycin, which is an agonist of autophagy. The
expression of autophagy-related proteins was detected using Western blot assay. (b) The DDP-resistant cell lines (SKOV3/DDP and
A2780/DDP) were divided into the pre-NC, miR-29c-3p mimic, miR-29c-3p mimic + pcDNA, miR-29c-3p mimic + pcDNA-FOXP1, and
miR-29c-3p mimic + pcDNA-FOXP1 + si-ATG14 groups. Then the cells were treated with 3-MA, which is an antagonist of autophagy.
The expression of autophagy-related proteins was detected using Western blot assay. Three independent experiments with
biological repeats.
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4. Discussion

Ovarian cancer poses a serious threat to the health of
women. A large number of studies confirmed that
the induction of tumor cell apoptosis was the main
mechanism of antitumor drugs. Recent studies

demonstrated that some antitumor drugs enhanced
autophagy of tumor cells [27] and that autophagy
was the primary cause of a poor cancer prognosis [8].
Beclin 1 was the first mammalian autophagy gene to
be identified, and is considered a key factor in autop-
hagy in mammals [28]. LC3 is a homologue of yeast

Figure 7. miR-29c-3p controls DDP resistance by regulating FOXP1/ATG14 pathway. (a and c) The DDP-sensitive cell lines (SKOV3 and
A2780) were divided into the NC, miR-29c-3p inhibitor, miR-29c-3p inhibitor + si-control, miR-29c-3p inhibitor + si-FOXP1, andmiR-29c-3p
inhibitor + si-FOXP1 + pcDNA-ATG14 groups. Cell viability was detected using the MTT assay, and protein levels of ATG4 and MDR-1 were
detected using Western blot assay. (b and d) The DDP-resistant cell lines (SKOV3/DDP and A2780/DDP) were divided into the pre-NC, miR-
29c-3p mimic, miR-29c-3p mimic + pcDNA, miR-29c-3p mimic + pcDNA-FOXP1, and miR-29c-3p mimic + pcDNA-FOXP1 + si-ATG14
groups. Cell viability was detected using the MTT assay, and protein levels of ATG4 and MDR-1 were detected using Western blot assay.
Three independent experiments with biological repeats. *P < 0.05, vs. NC or pre-NC; #P < 0.05, vs. miR-29c-3p inhibitor + si-control or miR-
29c-3p mimic + pcDNA; P < 0.05, vs. miR-29c-3p inhibitor + siRNA-FOXP1, or miR-29c-3p mimic + pcDNA-FOXP1.

Figure 8. miR-29c-3p overexpression overcomes DDP resistance in vivo. Nude mice were subcutaneously injected with SKOV3/DDP
cells, which were transfected with miR-29c-3p mimic (n = 5) or pre-NC (n = 5). DDP (4 mg/kg) was injected into nude mice every
3 days when the diameter of tumors reached 5 mm. (a) The sizes of the tumors were measured every 3 days. (b) After 21 d, the mice
were killed, and the protein expression of FOXP1, ATG14, LC3-I, LC3-II, P62, Beclin 1, and MDR-1, and FOXP1 in nucleus was
measured using Western blot assay. Three independent experiments with biological repeats of each mouse. *P < 0.05, vs. pre-NC.
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autophagy-related gene 8 in mammalian cells. Newly
synthesized LC3 is processed into soluble LC3-I in
cytoplasm and then binds to phosphatidyl ethanola-
mine on the surface of autophagic vacuoles to form
LC3-Ⅱ [29]. The LC3 protein is a specific marker of
autophagy, and the LC3-Ⅱ content and LC-II to LC3-
I ratio reflect the quantity and extent of autophagy
[30]. P62, a multifunctional protein, shows abnormal
expression in most tumors [31], and it plays an
important role in cell proliferation, differentiation,
and apoptosis [32]. Increasing evidence suggests that
P62 may serve as a substrate for selective autophagy
[33]. MDR-1 encodes P-glycoprotein, a plasma
membrane glycoprotein that acts as an efflux pump
and causes multidrug resistance in cancer cells [34].
A previous study detected increased expression of
MDR-1 in cancer cells after treatment with che-
motherapeutic drugs [35]. In the present study, the
results revealed an increased ratio of LC3-Ⅱ/LC3-I,
upregulated expression of Beclin 1and MDR-1, and
decreased expression of P62 in DDP-resistant cells,
indicating that DDP resistance was associated with
increased autophagy in ovarian cancer. Moreover,
the results revealed differential expression of miR-
29c-3p and FOXP1 in DDP-sensitive cells and DDP-
resistant cells, suggesting that the two molecules
(miR-29c-3p and FOXP1) probably participate in
chemoresistance of ovarian cancer.

A number of recent studies demonstrated that
miRNAs played an important role in ovarian cancer.
For example, Liu et al. [36] showed that miR-1271
inhibited the growth of ovarian cancer cells by tar-
geting cyclin G1. Guo et al. [37] demonstrated that
miR-302a suppressed the proliferation of ovarian
cancer cells by downregulating SDC1. Other
research reported that miRNAs ware associated
with DDP resistance in ovarian cancer. For example,
Echevarríavargas et al. [38] found that miR-21 pro-
moted DDP resistance in ovarian cancer cells via the
JNK-1/c-Jun pathway. Another study showed that
miR-489 exerted an inhibitory effect on DDP resis-
tance of human ovarian cancer cells by repressing
Akt3 [39]. The current study revealed that miR-29c-
3p regulated DDP resistance in ovarian cancer cells
by targeting FOXP1, which is widely expressed in
both healthy and tumor tissues in humans and may
be involved in the progression of cancers.

FOXP1 belongs to the subfamily P of the fork-
head box transcription factor family. It has been

reported that FOXP1 expression is closely related
to the degree of malignancy of ovarian cancer and
may be a reliable index for the prognosis [13].
Previous study revealed that FOXP1 expression
can be regulated by several miRNAs, such as
miR-152 [40] and miR-374b-5p [41]. In the pre-
sent study, we demonstrated that FOXP1 expres-
sion was also regulated by miR-29c-3p,
highlighting the oncogenic effect of FOXP1 in
ovarian cancer. However, whether there are inter-
actions among FOXP1 upstream regulators
deserve further investigations. In addition, our
findings also indicated that FOXP1 targeted
ATG14 and participated in DDP resistance in
ovarian cancer. Analysis of the relationship
between miR-29c-3p/FOXP1 and ATG14 in ovar-
ian cancer cells demonstrated that miR-29c-3p
downregulated ATG14 via the regulation of
FOXP1, resulting in inhibition of autophagy and
DDP resistance in ovarian cancer cells. The regu-
latory mechanism was confirmed in vivo.

Taken together, the findings of the current
study demonstrated that miR-29c-3p repressed
autophagy and chemoresistance in ovarian cancer
by reducing FOXP1/ATG14. These results indicate
that miR-29c-3p may be a valuable target to over-
come DDP resistance in ovarian cancer.
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