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Background: Carboplatin is a platinum-based chemotherapeutic drug that is commonly

used as a treatment for ovarian cancer. However, high doses and repeated use of carboplatin

usually reduce the sensitivity of cancer cells to the drug. There is an urgent need to develop

strategies to increase the sensitivity of ovarian cancer cells to carboplatin.

Materials and Methods: Quantitative reverse-transcriptase real-time PCR was used to

detect miR-124-3p.1 levels in ovarian cancer tissues and cell lines. Transfection with miR-

124-3p.1 and caveolin-1 (CAV1) was used for gain-of-function experiments. Western blot

and immunoprecipitation assays were performed to evaluate the expression and function of

CAV1, AKT, Bad, and Bcl-xl. Flow cytometry analysis was used to measure the apoptosis

rates of SKOV3 and A2780 cells.

Results: Expression levels of miR-124-3p.1 were decreased in ovarian cancer tissues and

cell lines. Furthermore, overexpression of miR-124-3p.1 enhanced carboplatin-induced

apoptotic cell death of ovarian cancer cell lines. Regarding the mechanism of this effect,

we showed that CAV1 was the target of miR-124-3p.1 in ovarian cancer. Overexpression of

miR-124-3p.1 suppressed the expression of CAV1, thereby reducing the activation of AKT

and phosphorylation of Bad. As a result, the function of Bcl-xl was inhibited and carboplatin-

induced mitochondrial apoptosis was enhanced.

Conclusion: miR-124-3p.1 sensitizes carboplatin-induced mitochondrial apoptosis through

suppression of CAV1 in ovarian cancer. Increasing miR-124-3p.1 expression may represent

a novel strategy to improve carboplatin sensitivity in ovarian cancer.
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Introduction
Ovarian cancer is one of the most prevalent malignancies in women. Owing to the

small size and deep pelvic location of the ovary, ovarian cancer lacks typical

symptoms and is difficult to diagnose in the early stages of the disease. The

5-year survival rate of ovarian cancer patients is very low.1,2 Despite the rapid

development of new medical technologies, chemotherapy is still a major strategy

for the treatment of ovarian cancer.3,4 However, cancer cells usually show acquired

drug resistance during the course of chemotherapy.5,6

Platinum-based chemotherapy is commonly used in the treatment of ovarian

cancer.7 Cisplatin is an effective treatment but causes nephrotoxicity.8–10 Carboplatin,

by contrast, exhibits cytotoxicity against ovarian cancer cells without obvious

nephrotoxicity.11,12 However, resistance to carboplatin is a major obstacle to achieving

satisfactory effects in ovarian cancer treatment.13,14 Thus, there is an urgent need for

strategies to increase the carboplatin sensitivity of ovarian cancer cells.
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MicroRNAs (miRNAs) are endogenous and non-coding

RNAs of 20–24 nucleotides in length. Cellular miRNAs

can induce mRNA degradation through binding to the

3′-untranslated region (3′-UTR) of the targeted mRNAs.

Thus, miRNAs function as gene suppressors and regulate

various physiological activities, including cell growth, dif-

ferentiation, apoptosis, and tumorigenesis.15–17 However,

in cancer cells, the expression profile of miRNAs is usually

dysregulated.18–20 Recent studies have demonstrated that

aberrant expression of miRNAs is associated with develop-

ment of chemoresistance in several cancers, including ovar-

ian cancer.21,22 Furthermore, these reports indicate that

some specific miRNAs are useful targets for sensitizing

cancer cells to chemotherapy.23,24

It has been reported that miR-124-3p.1 is a potential

tumor suppressor. miR-124-3p.1 can inhibit cell prolifera-

tion and suppress tumor growth in colorectal cancer, blad-

der cancer, and renal cell carcinoma.25–27 Furthermore,

miR-124-3p.1 has been shown to reduce drug resistance

in some cancers.28,29 However, the mechanisms underly-

ing these effects remain unclear. Caveolin-1 (CAV1),

a scaffolding protein, is the major component of caveolae

within plasma membranes in most cell types.30 In cancer

cells, CAV1 is usually overexpressed in multi-drug-

resistant tumor cells.31,32 In the present study, we focus

on the role of miR-124-3p.1 and CAV1 in carboplatin-

induced cytotoxicity against ovarian cancer.

Materials and Methods
Cell Lines and Patients’ Specimens
Normal human ovarian surface epithelial cell line

HOSEpiC and human ovarian cancer cell lines SKOV3

and A2780 were obtained from the China Centre for Type

Culture Collection (Wuhan, China). Cells were cultured in

Roswell Park Memorial Institute-1640 medium (RPMI-

1640, Invitrogen, Carlsbad, CA, USA) supplemented

with 10% fetal calf serum. Cells were grown at 37 °C in

an incubator under 5% CO2. To detect expression of miR-

124-3p.1 in ovarian cancer in vivo, tumor tissues and

corresponding paracancerous tissues were derived from

25 primary ovarian cancer patients undergoing surgery at

Northwest Women and Children’s Hospital between

December 2017 and January 2019. We obtained written

informed consent from all the patients. The experimental

protocols were approved by the ethics committee of

Northwest Women and Children’s Hospital.

Detection of miR-124-3p.1 Expression
Relative expression of miR-124-3p.1 was detected using

quantitative real-time polymerase chain reaction (qRT-

PCR). Briefly, total RNAs were extracted from ovarian

cancer cell lines and tissues using TRIzol® reagent

(Invitrogen). Subsequently, the extracted RNAs were

reverse transcribed using a One Step PrimeScript miRNA

cDNA Synthesis Kit (Takara Bio, Inc., Otsu, Japan) to

obtain cDNAs. Expression of miR-124-3p.1 in ovarian

cancer cell lines and tissues was measured using SYBR

Premix Ex Taq (TaKaRa) on an ABI PRISM 7900

Sequence Detection System (Applied Biosystems Prism,

USA). Relative expression of miR-124-3p.1 was normal-

ized to U6 small nuclear RNA according to the 2−ΔΔCq

method.

Transfection
Mature human miR-124-3p.1 mimics (5′-UAAGGCACG

CGGUGAAUGCC-3′) and negative control oligonucleo-

tides (NCO, 5′-GAUGCACGGACGUGCGAAU-3′) were

purchased from GenePharma Co. Ltd. (Shanghai, China).

CAV1 small interfering RNA (siRNA) was purchased from

Santa Cruz Biotechnology (sc-29,241; Santa Cruz, CA,

USA). The full-length sequence of the open reading frame

of the CAV1 gene was inserted into pcDNA3.1 (Invitrogen)

to construct a recombinant eukaryotic expression plasmid for

CAV1. For transfection, cells were incubated in a six-well

plate overnight. RNA (50 pmol/mL) or plasmid (2 μg/mL)

was coated with Lipofectamine 2000 (Invitrogen), then

mixed with serum-free medium and added to the cells.

After incubation for 6 h, the serum-free medium was

removed and fresh RPMI-1640 medium with 10% fetal

bovine serum was added for 24 h.

Cell Viability Assay
Transfected cells were seeded into 96-well plates at a density

of 5×103 cells/well. After cellular adhesion, cells were trea-

ted with different concentrations of carboplatin (0–12 μM)

for 48 h. Subsequently, 10 μL CCK8 reagent (Beyotime

Biotechnology, Shanghai, China) was added to the cell cul-

ture medium for 1 h. Optical density (OD) values were then

measured at 450 nm wavelength on a spectrophotometer.

Relative cell viability was calculated using the following

formula: relative cell viability = OD (drug treatment

group)/OD (NCO group).
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Immunoprecipitation
Cells were counted, and equal numbers of cells were taken

from each group and lysed in NP-40 buffer (Beyotime

Biotechnology) on ice. After 30 min of lysis, the cell

lysates were centrifuged and the supernatants were col-

lected. The supernatants were then divided into two equal

parts and used for internal reference (input) and co-

immunoprecipitation (Co-IP), respectively. Primary anti-

bodies were added to the Co-IP system and incubated

overnight at 4 °C. Next, protein A/G agarose beads

(Santa Cruz Biotechnology) were added into the Co-IP

system for a further 2 h incubation. After centrifugation,

the supernatant was removed and the beads were mixed

with sodium dodecyl sulfate (SDS) loading buffer and

heated at 95 °C for 5 min in preparation for Western blot

analysis.

Western Blot Analysis
Equal amounts of proteins were separated by 10% SDS

polyacrylamide gel electrophoresis and transferred to poly-

vinylidene difluoride membranes (Millipore, Billerica,

MA, USA). After blocking with 5% skimmed milk, mem-

branes were incubated with primary antibodies (Cell

Signaling Technology, Danvers, MA, USA) overnight at

4°C. Next, proteins on the membranes were probed with

horseradish peroxidase-conjugated secondary antibodies.

An enhanced chemiluminescence detection kit (Pierce,

Rockford, IL, USA) was used for signal detection.

Luciferase Reporter Assay
The CAV1 3′-UTR containing the predicted miR-124-3p.1

binding site was cloned into the pMIR-REPORT™ miRNA

Expression Reporter Vector (Thermo Fisher Scientific, Inc,

Waltham, MA, USA), and the resulting plasmid was named

pMIR-CAV1-wt. A mutant CAV1 reporter was created by

mutating the seed region of the miR-124-3p.1 binding site

(GUGCCUU) using a site-directed mutagenesis kit (Takara,

Dalian, China) and named pMIR-CAV1-mt. For transfection,

cells were seeded into 24-well plates, and the pMIR-

REPORT and pRL-TK renilla plasmids (Promega,

Fitchburg, WI, USA) and miR-124-3p.1 were co-

transfected into cells using Lipofectamine 2000. After 48 h,

luciferase activities were measured with the Dual Luciferase

Assay System (Promega) according to the manufacturer’s

instructions.

Detection of Apoptosis and

Mitochondrial Membrane Potential
Cell apoptosis and mitochondrial membrane potential

were detected by flow cytometry (Becton Dickinson,

USA). For detection of apoptosis, propidium iodide and

Annexin-V were added to the cells and incubated for

20 min according to the apoptosis detection kit instruc-

tions (Beyotime Biotechnology). Flow cytometry was

used to detect cell apoptosis. Annexin-V-positive cells

were considered to be apoptotic cells. For measurement

of mitochondrial membrane potential, JC-1 was added to

the cells and incubated for 20 min according to the

mitochondrial membrane potential detection kit instruc-

tions (Beyotime Biotechnology). Flow cytometry was

used to detect the mitochondrial membrane potential.

Cells with high mitochondrial membrane potential

emitted red fluorescence.

In vivo Experiments
MiR-124-3p.1-overexpressing SKOV3 cells were con-

structed using a lentiviral-based system (Genechem Co.,

Ltd., Shanghai, China) to stably express miR-124-3p.1,

and 5×106 lentivirus-transfected SKOV3 cells were inocu-

lated subcutaneously into BALB/c nude mice (Shanghai

Super-B&K Laboratory Animal Corp., Ltd., Shanghai,

China). Carboplatin (1 mg/kg) was administrated by intra-

peritoneal injection twice a week after xenografts reached

0.5 cm in diameter. All mice were sacrificed 28 days post-

injection. The animal experiments were conducted in strict

accordance with the Guide for the Care and Use of

Laboratory Animals, 8th edition, issued by the National

Institutes of Health. Experimental protocols were

approved by the ethics committee of Northwest Women

and Children’s Hospital.

Statistical Analysis
All data are represented as mean ± standard deviation.

Statistical analyses were conducted using SPSS 15.0 soft-

ware, and data were visualized using GraphPad Prism. For

comparison analyses, two-tailed Student’s t-tests were

used to estimate statistical differences between two

groups. One-way analysis of variance and Bonferroni’s

post hoc test were used to determine differences among

three or more groups. Differences were considered signifi-

cant when P<0.05.
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Results
Downregulation of miR-124-3p.1 in

Ovarian Cancer
To study the role of miR-124-3p.1 in ovarian cancer, we

first detected miR-124-3p.1 expression in 25 pairs of

tumor samples from ovarian cancer patients and matched

normal tissues by qRT-PCR. The results showed that

expression of miR-124-3p.1 was downregulated in tumor

tissues compared with the corresponding paracancerous

tissues (Figure 1A). Expression of miR-124-3p.1 was

detected in normal human ovarian surface epithelial cell

line HOSEpiC and human ovarian cancer cell lines

SKOV3 and A2780. As shown in Figure 1B, compared

with HOSEpiC cells, ovarian cancer cells had significantly

lower expression levels of miR-124-3p.1. These results

suggest that miR-124-3p.1 is a potential tumor suppressor

in ovarian cancer.

MiR-124-3p.1 Sensitizes Ovarian Cancer

Cells to Carboplatin-Induced

Cytotoxicity
We corrected the downregulation of miR-124-3p.1 by

transfection with miR-124-3p.1 mimics in the SKOV3

and A2780 cell lines, which significantly increased cellular

levels of miR-124-3p.1 (Figure 2A). To investigate the

effects of miR-124-3p.1 on carboplatin treatment, we per-

formed cell viability assays using CCK8. The results indi-

cated that miR-124-3p.1-overexpressing SKOV3 and

Figure 1 Decrease of miR-124-3p.1 expression in ovarian cancer. (A) Comparison of miR-124-3p.1 expression between ovarian cancer patients’ tumor tissues and the

corresponding paracancerous tissues (n=25). (B) Expression level of miR-124-3p.1 in human normal ovarian surface epithelial cell line HOSEpiC and human ovarian cancer

cell lines SKOV3 and A2780.

Notes: Data were expressed as mean±SD. #P<0.05 vs paracancerous tissues, *P<0.05 vs HOSEpiC cell line.

Abbreviation: miR-124-3p.1, microRNA-124-3p.1.

Figure 2 Sensitization of miR-124-3p.1 on carboplatin-induced cytotoxicity against ovarian cancer. (A) Transfection efficiency of miR-124-3p.1 mimics in SKOV3 and A2780

cells. (B) Effect of miR-124-3p.1 on sensitizing SKOV3 and A2780 cells to different concentrations of carboplatin (0~12 μM).

Notes: Data were expressed as mean±SD. *P<0.05.
Abbreviation: miR-124-3p.1, microRNA-124-3p.1.
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A2780 cells were more sensitive to various concentrations

of carboplatin compared with NCO-transfected cells

(Figure 2B). Thus, miR-124-3p.1 is a potential sensitizer

to carboplatin-based chemotherapy.

MiR-124-3p.1 Sensitizes Ovarian Cancer

Cells to Carboplatin-Induced Apoptosis
As carboplatin-triggered cell death is dependent on the

activation of the apoptosis pathway,33 we next investigated

the effects of miR-124-3p.1 on carboplatin-triggered apop-

tosis in ovarian cancer cells. As 0.5 μM carboplatin single

treatment showed slight cytotoxicity against ovarian can-

cer cells (Figure 2B), we chose this concentration of

carboplatin for combination treatment with miR-124-3p.1

in the subsequent experiments. The flow cytometry results

showed that the apoptotic rates of SKOV3 and A2780

cells co-treated with miR-124-3p.1 and carboplatin were

significantly higher than those of cells treated with carbo-

platin only (Figure 3A). Furthermore, after treatment with

equal concentrations of carboplatin, the mitochondrial

membrane potentials of miR-124-3p.1-overexpressing

SKOV3 and A2780 cells were markedly lower than

those of control SKOV3 and A2780 cells, respectively

(Figure 3B). These results indicate that miR-124-3p.1

can enhance carboplatin-induced apoptosis in ovarian

cancer.

MiR-124-3p.1 Targets CAV1 in Ovarian

Cancer
To explore the mechanism by which miR-124-3p.1

enhanced the cytotoxicity of carboplatin against ovarian

cancer, we searched for potential targets of miR-124-3p.1

using TargetScan, a public miRNA prediction database

(www.targetscan.org). The results showed that CAV1,

a promoter of the AKT pathway,34,35 contained a putative

binding site paired with miR-124-3p.1 (Figure 4A).

Furthermore, in contrast to the decrease in miR-124-3p.1

expression in ovarian cancer cell lines (Figure 1B), expres-

sion of CAV1 was increased in SKOV3 and A2780 cells

(Figure 4B). Thus, we predicted that CAV1 could be a target

of miR-124-3p.1. To confirm the miR-124-3p.1/CAV1 axis

in ovarian cancer, we performedWestern blot and luciferase

reporter assays in SKOV3 and A2780 cells. Transfection

with miR-124-3p.1 markedly inhibited the expression of

CAV1 (Figure 4C). Furthermore, the results of luciferase

reporter assays showed that miR-124-3p.1 significantly

decreased the luciferase activity of the pMIR-REPORT

containing the wild-type CAV1 3′-UTR but not that of the

mutant luciferase reporter (Figure 4D). Taken together,

these results demonstrate that miR-124-3p.1 targets CAV1

in ovarian cancer.

MiR-124-3p.1 Sensitizes Ovarian Cancer

to Carboplatin Through Suppression of

CAV1
We next investigated the effects of CAV1 on miR-124-

3p.1-transfected ovarian cancer cells. For this purpose, we

constitutively expressed CAV1 in SKOV3 and A2780 cells

co-treated with carboplatin and miR-124-3p.1. The transfec-

tion efficiency of the CAV1 plasmid is shown in Figure 5A.

Constitutive expression of CAV1 improved the cell viability

of SKOV3 and A2780 cells co-treated with carboplatin and

miR-124-3p.1 (Figure 5B), suggesting that downregulation

of CAV1 is required for the sensitization of ovarian cancer to

carboplatin bymiR-124-3p.1. To explore the effects of CAV1

on carboplatin-induced cytotoxicity directly, we transfected

SKOV3 and A2780 cells with CAV1 siRNA (Figure 5C).

This treatment increased the sensitivity of the cells to carbo-

platin, similar to the effect of miR-124-3p.1 (Figure 5D).

Taken together, these results demonstrate that the sensitiza-

tion of ovarian cancer to carboplatin by miR-124-3p.1 is

dependent on the suppression of CAV1.

MiR-124-3p.1 Decreases the Stability of

the Mitochondrial Outer Membrane

Through the CAV1/AKT/Bad Pathway
As CAV1 is known to be a promoter of the AKT pathway,34,35

we next investigated the AKT pathway in ovarian cancer cells

co-treated with carboplatin and miR-124-3p.1. As shown in

Figure 6A, treatment with miR-124-3p.1 but not carboplatin

reduced the phosphorylation of AKT. As a downstream effect

of the dephosphorylation of AKT, levels of phosphorylated

Bad were also decreased in the miR-124-3p.1-treated ovarian

cancer cells. Owing to the dephosphorylation of Bad, miR-

124-3p.1 inhibited the interaction of Bad with Bcl-xl in ovar-

ian cancer cells, according to the immunoprecipitation assay

results (Figure 6B). After separation of mitochondria and

cytosol, we detected Bax in both fractions of ovarian cancer

cells. Interestingly, we found that combination treatment with

carboplatin and miR-124-3p.1 increased the localization of

Bax to mitochondria, although both carboplatin and miR-

124-3p.1 single treatments had weak effects on Bax

(Figure 6C). Furthermore, in the carboplatin and miR-124-

3p.1 co-treated ovarian cancer cells, Bax was present in high
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Figure 3 Sensitization of miR-124-3p.1 on carboplatin-induced apoptosis against ovarian cancer. (A) Effect of miR-124-3p.1 on sensitizing SKOV3 and A2780 cells to

carboplatin-induced (0.5 μM) apoptosis. (B) Flow cytometry analysis was performed to evaluate the effect of miR-124-3p.1 on sensitizing SKOV3 and A2780 cells to

carboplatin-induced (0.5 μM) damage of mitochondrial transmembrane potential.

Notes: Data were expressed as mean±SD. *P<0.05 vs NCO group. #P<0.05 vs carboplatin + NCO group.Comment:

Abbreviation: miR-124-3p.1, microRNA-124-3p.1.
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levels and interacted with Bak in the mitochondrial fraction

(Figure 6D). As activation of Bax and Bak induces opening of

the mitochondrial outer membrane (MOM) pore,36 we thus

detected the release of cytochrome c from mitochondria. As

shown in Figure 6E, combination treatment with miR-124-

3p.1 promoted the release of cytochrome c from mitochondria

into cytosol in the carboplatin-treated SKOV3 and A2780

cells. Finally, combination treatment with carboplatin and

miR-124-3p.1 induced significant activation of caspase-9 and

caspase-3 (Figure 6F), which are markers of endogenous

Figure 4 miR-124-3p.1 targets CAV1 in ovarian cancer. (A) Putative binding site paired with miR-124-3p.1 at the 3ʹ UTR of CAV1 mRNA. (B) Protein level of CAV1 in

human normal ovarian surface epithelial cell line HOSEpiC and human ovarian cancer cell lines SKOV3 and A2780. (C) Effect of miR-124-3p.1 transfection on decreasing the

CAV1 expression in SKOV3 and A2780 cells. (D) After co-transfection with pMIR-REPORT, pRL-TK renilla plasmid and miR-124-3p.1 for 48 h, luciferase activities in SKOV3

and A2780 cells were measured by using dual luciferase assay system.

Notes: Data were expressed as mean±SD. *P<0.05 vs NCO group.

Abbreviations: miR-124-3p.1, microRNA-124-3p.1; CAV1, caveolin-1; mRNA, messenger RNA.

Figure 5 Role of miR-124-3p.1/CAV1 axis in carboplatin-induced cytotoxicity against ovarian cancer. (A) Effect of miR-124-3p.1 and CAV1 plasmid transfection on changing

the CAV1 expression in SKOV3 and A2780 cells. (B) Effect of CAV1 plasmid transfection on improving the cell viability of miR-124-3p.1-transfected SKOV3 and A2780 cells

which were treated with carboplatin (0.5 μM). (C) Effect of CAV1 siRNA transfection on changing the CAV1 expression in SKOV3 and A2780 cells. (D) Effect of CAV1

siRNA transfection on enhancing the carboplatin-induced (0.5 μM) cytotoxicity against SKOV3 and A2780 cells.

Notes: Data were expressed as mean±SD. *P<0.05 vs carboplatin + NCO group. #P<0.05 vs carboplatin + miR-124-3p.1 group.

Abbreviations: miR-124-3p.1, microRNA-124-3p.1; CAV1, caveolin-1; siRNA, small interfering RNA.
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apoptosis pathway.37 Taken together, these results demonstrate

that miR-124-3p.1 enhances carboplatin-induced mitochon-

drial apoptosis in ovarian cancer through the CAV1/AKT/

Bad pathway.

MiR-124-3p.1 Enhanced the Anti-Tumor

Effect of Carboplatin on Ovarian Cancer

in vivo
To investigate the role of miR-124-3p.1 in carboplatin treat-

ment in vivo, we established ovarian cancer models in mice

using miR-124-3p.1-overexpressing or control SKOV3 cells.

Under treatment with equal doses of carboplatin, miR-124-

3p.1-overexpressing SKOV3 tumors had slower growth rates

than control tumors (Figure 7A). After sacrifice of the mice,

the SKOV3 tumors co-treated with miR-124-3p.1 and carbo-

platin were smaller than those treated with carboplatin alone

(Figure 7B). These results indicate that the miR-124-

3p.1-overexpressing tumors were more sensitive to carbopla-

tin treatment than the control tumors. In resected tissues, the

miR-124-3p.1-overexpressing tumors had lower CAV1

Figure 6 miR-124-3p.1 promotes carboplatin-induced apoptosis through the mitochondrial pathway. (A) After treatment with miR-124-3p.1, CAV1 plasmid and carboplatin (0.5

μM) in SKOV3 and A2780 cells, phosphorylation of AKTand Bad was evaluated byWestern blot analysis. (B) Interaction with Bad and Bcl-xl was evaluated by immunoprecipitation

andWestern blot analysis. (C) Mitochondriawas separated from cytoplasm by using mitochondria/cytosol fraction kit.Western blot analysis was performed to detect the Bax in the

mitochondria fraction (mit) and cytosol fraction (cyto) respectively. (D) Interaction with Bax and Bak was evaluated by immunoprecipitation and Western blot analysis. (E)
Mitochondria was separated from cytoplasm by using mitochondria/cytosol fraction kit. Western blot analysis was performed to detect the cytochrome c in the mitochondria

fraction (mit) and cytosol fraction (cyto) respectively. (F) Cleavage of caspase-9 and caspase-3 was evaluated by Western blot analysis.

Abbreviations: miR-124-3p.1, microRNA-124-3p.1; CAV1, caveolin-1; AKT, threonine protein kinase; Bad, BCL2 associated agonist of cell death; Bcl-xl, B-cell lymphoma-

extra large; Bax, BCL2 associated X; Bak, BCL2 antagonist/killer.
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expression levels compared with control tumors (Figure 7C),

as well as lower levels of phosphorylated AKT and Bad

(Figure 7D). These results demonstrate that miR-124-3p.1

negatively regulates the CAV1/AKT/Bad pathway in ovarian

cancer cells in vivo. Moreover, overexpression of miR-124-

3p.1 may enhance the anti-tumor effect of carboplatin on

ovarian cancer in vivo.

Discussion
Although carboplatin is a commonly used chemotherapeu-

tic drug for the treatment of ovarian cancer, drug resis-

tance is a major obstacle to achieving a satisfactory effect

for patients. Recent studies have indicated that aberrant

expression of some miRNAs is responsible for the resis-

tance of ovarian cancer cells to platinum-based

chemotherapy.8,24,38 We found that miR-124-3p.1 expres-

sion was significantly decreased in ovarian cancer tissues

and cell lines. Furthermore, we showed that recovery of

miR-124-3p.1 expression could increase the sensitivity of

ovarian cancer cells to carboplatin treatment. Thus, miR-

124-3p.1 is a potential sensitizer for use in carboplatin-

based treatment of ovarian cancer.

In our study, we demonstrated that miR-124-3p.1 targets

CAV1 in ovarian cancer cells. More importantly, we found

that the miR-124-3p.1-induced sensitization of ovarian can-

cer to carboplatin-induced cytotoxicity was dependent on

the inhibition of CAV1. Thus, CAV1 is a potential target for

improving chemotherapy in ovarian cancer. Previous stu-

dies have reported that CAV1 acts as a promoter of the AKT

pathway.34,35 Activation of AKT induces phosphorylation

of Bad in cancer cells.39 Non-phosphorylated Bad can pro-

mote apoptosis by inactivating anti-apoptotic protein Bcl-xl

through conjugation. However, phosphorylated Bad loses

its ability to inactivate Bcl-xl.40,41 In the present study, we

found that overexpression of miR-124-3p.1 decreased

CAV1 expression and thus inhibited the phosphorylation

of AKT and Bad. As a result, cellular free Bcl-xl levels

increased.

The key step of mitochondrial apoptosis is dependent

on damage to MOM continuity. However, this process

requires activation and construction of Bax and Bak pro-

teins to form protein–protein oligomers.36 In healthy cells,

Bax is mainly localized in the cytosol and Bak is mainly

located on the MOM.42 Bax levels in mitochondria are

strictly controlled through continuous “reverse transporta-

tion” from MOM to cytosol.43,44 However, the regulation

mechanism of this reverse transportation process remains

unclear. Some studies indicate that it requires free Bcl-xl

in the cytosol,36 although other results suggest that this is

not the case.45 According to our results, the reverse trans-

portation of Bax and construction of Bax and Bak proteins

required free Bcl-xl and apoptotic signals such as carbo-

platin treatment.

We also demonstrated that miR-124-3p.1 inhibited

CAV1 expression and thus inhibited the phosphorylation of

Figure 7 miR-124-3p.1 enhances anti-tumor effect of carboplatin on ovarian cancer in vivo. (A) SKOV3 cells transduced with empty lentiviral vector or lentiviral vector

carrying miR-124-3p.1 sequence were subcutaneously injected into the nude mice. After xenografts reached 0.5 cm in diameter, animals were treated with carboplatin i.p.

twice a week (1 mg/kg). Tumors growth was measured every three days. (B) Mice were killed 28 days post-injection before separation of the tumor tissues. (C) Western

blot analysis was performed to evaluate the expression of CAV1 in the resected tumors from the mice. (D) Phosphorylation of AKT and Bad in the resected tumor tissue

cells were evaluated.

Abbreviations: miR-124-3p.1, microRNA-124-3p.1–3p.1; CAV1, caveolin-1; AKT, threonine protein kinase; Bad, BCL2 associated agonist of cell death.
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AKT and Bad. The resulting high level of dephosphorylated

Bad then inhibited the function of Bcl-xl, leading to free

Bax. Under the apoptosis signals caused by carboplatin

treatment, the free Bax conjugated with Bak to induce

MOM permeability and decrease the mitochondrial mem-

brane potential (Δφ). This resulted in release of cytochrome

c from the mitochondria into the cytosol, triggering of

effector caspases, and, finally, apoptosis (Figure 8).

Conclusions
Taken together, our results indicate that miR-124-3p.1

sensitizes ovarian cancer to carboplatin-induced mito-

chondrial apoptosis through suppression of CAV1.

Increasing miR-124-3p.1 expression may represent

a novel approach to improve the carboplatin sensitivity

of ovarian cancer. These findings provide an attractive

strategy for efficient treatment of ovarian cancer with

carboplatin.
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