
Molecular Medicine REPORTS  32:  246,  2025

Abstract. MicroRNAs (miRs) are non‑coding RNAs that 
prevent the translation of mRNAs. miRs participate in cellular 
processes such as cell proliferation, migration and invasion, 
acting as oncogenes or tumor suppressors. In epithelial ovarian 
cancer (EOC), a decrease in tumor suppressor miRs, such as 
miR‑145 and miR‑23b, regulates the mRNAs of oncogenic 
proteins. The present study aimed to determine whether the 
co‑transfection of two oncosuppressor miRs (miR‑145‑5p 
and miR‑23b‑3p) decreased the proliferation, migration, inva‑
sion, and protein levels of c‑MYC, zinc finger E‑box binding 
homeobox 1 (ZEB1) and ATP binding cassette subfamily B1 
(ABCB1) in EOC cell lines (A2780, SKOV‑3 and OV‑90). 
Reverse transcription‑quantitative PCR was employed to 
determine miR expression after co‑transfection. Cell prolifera‑
tion was evaluated by Ki‑67 immunofluorescence staining and 
Ki‑67 positive cell counting. Transwell inserts, both with and 
without Matrigel, were used to assess invasion and migration, 
respectively. c‑MYC, ZEB1 and ABCB1 protein expression 
was determined by western blot analysis. The co‑transfection 
of miR‑145 and miR‑23b resulted in decreased proliferation, 
migration and invasion, along with reduced protein expres‑
sion levels of c‑MYC, ZEB1 and ABCB1 in EOC cells. The 

combination of miR‑23b and miR‑145 transfection in EOC 
cells exhibited good antitumor effects, thus supporting the 
design of future complementary therapies for EOC.

Introduction

Ovarian cancer (OC) is a heterogeneous malignancy arising 
from different cell types present in the ovary; however, epithelial 
OC (EOC), which originates from epithelial cells, constitutes 
the most common form in women of all ethnicities, accounting 
for ~90% of all OC cases (1). In epidemiological terms, OC does 
not have the highest incidence; rather, it possesses the lowest 
survival rate among gynecological types of cancer, exceeding 
the mortality rates of endometrial and cervical cancer (2). This 
neoplasm presents non‑specific symptoms, complicating early 
detection and diagnosis. Consequently, OC is diagnosed at 
advanced stages when metastasis has occurred, resulting in a 
low survival rate of ~29% (3‑5). A considerable issue affecting 
the prognosis of patients with EOC is the development of 
chemoresistance to existing drugs and the EOC chemotherapy 
regimen has remained largely unchanged for decades (6,7). 
Therefore, novel therapies have been proposed to comple‑
ment existing drugs, including endogenous components with 
antitumor effects, such as microRNAs (miRs) (8).

miRs are non‑coding RNAs (ncRNAs) comprising 18‑25 
nucleotides that regulate mRNAs by driving gene silencing 
through binding to the 3'untranslated regions (UTRs) of target 
mRNAs. The regulation depends on the entire or partial 
complementary binding of miR‑mRNAs, and this can modu‑
late the expression of proteins involved in cell proliferation, 
migration and invasion (9‑11). Therefore, deregulation of miR 
levels can lead to the development of different pathologies 
such as cancer (12,13). EOC is characterized by rapid growth 
and high angiogenic potential, which are promoted by growth 
factors such as nerve growth factor (NGF) (14,15). NGF inter‑
acts with the tropomyosin receptor kinase A (TRKA) to act 
on tumor cells, promoting proliferation, migration and angio‑
genesis through the expression of oncogenic proteins such as 
c‑MYC (10,16‑18). Computational and functional analyses 
have revealed that oncogenic proteins increased by NGF 
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may be regulated by miRs (10). Cancer is characterized by a 
decrease in tumor suppressor miRs, which regulate mRNAs 
originating from oncogenes. A reduction in tumor suppressor 
miRs will increase the translation of oncogenic proteins such 
as c‑MYC, zinc finger E‑box binding homeobox 1 (ZEB1) 
and ATP binding cassette subfamily B1 (ABCB1), which are 
involved in proliferation, metastasis and chemoresistance in 
various types of cancer, including endometrial and ovarian 
cancer (19‑25). miR‑145 and miR‑23b are tumor suppressor 
miRs that are downregulated during the progression of EOC 
due to the influence of NGF (10,26).

Studies have indicated that two or more miRs hybridize 
simultaneously with the same transcript, which can enhance 
their effect (27‑29). The individual incorporation of miR‑145 or 
miR‑23b decreases protein levels, such as that of the transcrip‑
tion factor Sp1, which is involved in carcinogenesis, suggesting 
that these miRs can regulate similar mRNAs (30,31). However, 
miR‑145 and miR‑23b possess different target mRNAs, and 
thus, may complement each other to regulate proliferation, 
migration, invasion and chemoresistance (10).

One of the targets of miR‑145 is the ABCB1 transporter, 
which is related to chemoresistance in different types of 
cancer, including OC, by increasing the efflux of chemo‑
therapeutic agents such as paclitaxel  (32‑34). In addition, 
studies have revealed that decreased miR‑145 expression may 
contribute to cisplatin resistance in OC (35,36). Furthermore, 
overexpression of miR‑145 decreases c‑MYC levels in EOC 
cells (10). Computational analysis has revealed that miR‑23b 
targets the transcriptional factor ZEB1, which has been impli‑
cated in the epithelial‑mesenchymal transition (EMT) (37‑39). 
Furthermore, ZEB1 can promote cisplatin chemoresistance in 
OC cells (40).

Our previous studies revealed that NGF/TRKA can 
regulate miR‑145 and miR‑23, which are both downregulated 
in OC (10,26). Considering that miR‑145 and miR‑23b have 
distinct mRNA targets, each regulating the expression of 
different oncogenic proteins, and considering the evidence 
of shared mRNA targets (10,12,26,41), we hypothesized that 
the overexpression of miR‑145 and miR‑23b could markedly 
decrease cell proliferation, migration and invasion, as well as 
the protein levels of c‑MYC, ZEB1 and ABCB1.

Materials and methods

EOC cell lines. A2780, SKOV‑3 and OV‑90 EOC cell lines 
were used. The A2780 cells originate from a human patient 
with primary EOC without chemotherapy treatment, and were 
obtained from the European Collection of Authenticated Cell 
Cultures. The SKOV‑3 cells are derived from the ascites of 
a patient with EOC, whereas the OV‑90 cells correspond to 
high‑grade human EOC cell lines originating from metas‑
tases; these two cell lines were acquired from the American 
Type Culture Collection.

Cell culture. A2780, SKOV‑3 and OV‑90 cells were cultured 
in RPMI 1640 medium (Gibco; Thermo Fischer Scientific, 
Inc.) supplemented with 10% charcoal/dextran treated fetal 
bovine serum (FBS; HyClone; Cytiva) at 37˚C with 5% CO2. 
Once the cells reached 80% confluence, they were plated for 
transfection.

Transient transfection. Cell lines were transfected with 
miR‑145‑5p mimics (30 nM; sense,  5'‑GUC​CAG​UUU​UCC​
CAG​GAA​UCC​CU‑3' and antisense, 5'‑AGG​GAU​UCC​
UGG​GAA​AAC​UGG​AC‑3'), miR‑23b‑3p mimics (30  nM; 
sense, 5'‑AUC​ACA​UUG​CCA​GGG​AUU​ACC‑3' and anti‑
sense, 5'‑GGU​AAU​CCC​UGG​CAA​UGU​GAU‑3') and a 
mixture of both miRs at 30 nM concentrations (Integrated 
DNA Technologies, Inc.) using Viafect transfection reagent 
(cat. no. E498A; Promega Corporation) at a concentration of 
2 µl/ml according to the manufacturer's protocol. Transfection 
was conducted at 37˚C for 48 h (or the time indicated for 
each experiment) in RPMI 1640 medium supplemented with 
2% FBS. As a negative control, cells were transfected with 
a scrambled sequence (Sc; cat.  no. SC‑37007; Santa Cruz 
Biotechnology, Inc.) at a final concentration of 10 nM under 
the aforementioned conditions. For the control condition, cells 
were maintained at 37˚C for 48 h (or the time indicated for 
each experiment) in RPMI with 2% FBS and Viafect trans‑
fection reagent at a concentration of 2 µl/ml. The transfection 
efficiency was assessed by measuring the expression levels 
of each miR using reverse transcription‑quantitative PCR 
(RT‑qPCR).

Extraction of miRs and RT‑qPCR of EOC cell lines. A total 
of 500,000 cells were seeded in 6‑well plates and transfected 
as aforementioned. Extraction of miRs was carried out using 
chemical and mechanical lysis using QIAzol lysis reagent 
(Qiagen, Inc.), followed by the miRNeasy kit (Qiagen, Inc.), 
according to the manufacturer's instructions. The miScript 
II RT kit (cat.  no.  218161; Qiagen, Inc.) was used for the 
reverse transcription of RNA into cDNA, adhering to the 
manufacturer's protocol for miRs.

To detect miR‑145 and miR‑23b levels, the miScript SYBR 
Green qPCR Kit (cat. no. 218076; Qiagen, Inc.) was used in a 
StepOne Real‑Time PCR thermal cycler (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). Ready‑to‑use miR‑145 (5'‑GUC​
CAG​UUU​UCC​CAG​GAA​UCC​CU‑3') and miR‑23b (5'‑AUC​
ACA​UUG​CCA​GGG​AUU​ACC‑3') forward primers were 
selected for qPCR (cat. nos. MS00003528 and MS00031647; 
Qiagen, Inc.). Small nuclear RNA U6 (forward primer, 5'‑CGC​
TTC​GGC​AGC​ACA​TAT​ACT​A‑3'; cat.  no.  MS00033740; 
Qiagen, Inc.) was used as a miR housekeeping control. The 
reverse primer is included in the miScript SYBR Green qPCR 
kit (cat. no. 218076; Qiagen, Inc.) and is designed specifically 
for this purpose. Nuclease‑free water was used as a negative 
control. The thermocycling conditions were as follows: Initial 
denaturation at 95˚C for 15 min, followed by 40 cycles of 
denaturation at 94˚C for 15 sec, annealing at 55˚C for 30 sec 
and extension at 70˚C for 30 sec. mRNA levels were quantified 
using the 2‑∆∆Cq method (42).

Immunofluorescence staining of Ki‑67 to evaluate prolif‑
eration in EOC cell lines. EOC cells were seeded in 24‑well 
plates (50,000 cells/well) containing round coverslips. Cells 
were transfected with miR‑145, miR‑23b or the combina‑
tion as aforementioned. After 48 h, cells were washed with 
1X PBS and subsequently fixed with 4% paraformaldehyde 
in 1X PBS for 15  min at room temperature. Cells were 
then permeabilized with 0.3% Triton X‑100 for 10 min and 
blocked with PBS containing 2% BSA (MilliporeSigma) for 
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5 min at room temperature, to prevent non‑specific binding 
of the primary antibody. Samples were incubated overnight 
at 4˚C with anti‑Ki‑67 mouse monoclonal primary antibody 
(cat.  no.  SC‑23900; Santa Cruz Biotechnology, Inc.) at a 
1:300 dilution in PBS containing 2% BSA. The secondary 
antibody used was Goat anti‑Mouse IgG Alexa Fluor 594 
(cat. no. A11005; Molecular Probes; Thermo Fisher Scientific, 
Inc.), diluted to 1:200 in PBS containing 2% BSA and incu‑
bated for 1 h at 37˚C. ProLong Gold Antifade with DAPI 
(cat. no. 8961S; Cell Signaling Technology, Inc.) was used at 
room temperature for 24 h to mount the coverslips, allowing 
visualization of cell nuclei. Immunofluorescence staining was 
detected using a fluorescence microscope (Olympus BX51TF; 
Olympus Corporation). The stained area from 4‑6 fields 
of view was evaluated per condition using Image Pro‑Plus 
6.2 software (Media Cybernetics, Inc.).

Ki‑67‑positive cell counting. Cell counting was carried out 
using the images obtained from the Ki‑67 immunofluores‑
cence assays, conducted as aforementioned, using Fiji ImageJ 
software (version 1,53e; National Institutes of Health). For each 
condition, 4‑6 fields of view were analyzed using fluorescence 
microscopy.

Evaluation of cell migration. A total of 800,000 cells were 
seeded in 6‑well plates to evaluate the effect of miR‑145 and 
miR‑23b co‑transfection on the migration of EOC cells. Cells 
were transfected as aforementioned for 48 h (A2780 cells) or 
4 h (SKOV‑3 and OV‑90 cells). After the transfection period, 
migration was evaluated using the BioCoat kit (Corning, Inc.). 
A total of ~100,000 EOC cells transfected with miRs and previ‑
ously resuspended in RPMI without FBS, were introduced into 
the upper chamber of the inserts, which were coated on the 
bottom with 0.003 mg/ml fibronectin (for A2780 and SKOV‑3 
cells) or 0.01 mg/ml fibronectin (for OV‑90 cells). The inserts 
were placed in RPMI medium with 10% FBS, serving as a cell 
attractant. EOC cells were allowed to migrate for a duration 
that was shorter than their respective cell doubling period to 
evaluate their migratory potential (43‑45). A2780 cells were 
allowed to migrate at 37˚C for 8 h, whereas SKOV‑3 and OV‑90 
cells were allowed to migrate at 37˚C for 4 and 24 h, respec‑
tively. Cells that migrated were fixed and stained with 0.1% 
crystal violet in 99.8% methanol for 1 h at room temperature. 
Cells that crossed the insert and remained attached to the lower 
membrane surface were observed under a light microscope 
(Olympus BX51TF; Olympus Corporation) and 6‑8 images 
for each experimental condition were obtained. The cells in 
each image were counted using the Fiji ImageJ program. The 
effect of the transfection reagent only (Control) and Sc on the 
migration of EOC cells was determined to corroborate that 
no significant differences existed between these conditions. 
The Control condition was chosen as the control for all of the 
results.

Evaluation of cellular invasion. A total of 800,000 EOC cells 
were seeded in 6‑well plates and transfected as described in the 
transient transfection and evaluation of cell migration sections. 
To assess cell invasion, the commercial BioCoat kit (Corning, 
Inc.) was used, comprising Matrigel‑coated Transwell inserts. 
The Matrigel inserts were hydrated for 2 h at 37˚C with RPMI 

medium without FBS prior to use. Subsequently, the inserts 
were positioned in a 24‑well plate containing RPMI medium 
with 10% FBS as an attractant. A total of 100,000 previously 
transfected cells in RPMI medium without FBS were added 
to the upper chamber of the insert. EOC cells were allowed 
to invade for a shorter time period than their respective cell 
doubling time to evaluate invasion (41‑43). The invasion assay 
was carried out for 16 h (SKOV‑3 cells) or 24 h (A2780 and 
OV‑90 cells) at 37˚C. Invading cells were fixed in methanol at 
‑20˚C for 2 min and then stained with 1% toluidine blue over‑
night at room temperature. The inserts were observed under a 
light microscope (Olympus BX51TF; Olympus Corporation) 
to obtain images (6‑8 images for each experimental condition) 
of cells attached to the lower surface of the membrane (cells 
that crossed the insert). Images were analyzed using the Fiji 
ImageJ program. The effect of the Control and Sc on the inva‑
sion of EOC cells was determined to corroborate that there 
were no significant differences between these conditions.

Protein determination by western blotting. To obtain proteins, 
500,000 EOC cells were seeded and transfected for 48 h 
with miR‑145 and miR23‑b, as described in the transfection 
section. Protein extraction was conducted using RIPA lysis 
buffer (50 mM Tris‑HCl, 150 mM NaCl, 0.1% SDS, 0.5% 
sodium deoxycholate and 1% Triton X‑100; pH 8.0) and a 1X 
protease and phosphatase inhibitor cocktail (cat. no. 1861284; 
Thermo Fisher Scientific, Inc.). The cells were scraped on 
ice for 5 min and the lysate was sonicated (2 times for 5 sec 
each) on ice to complete lysis. The BCA Protein Assay kit 
(cat. no. 23227; Thermo Fisher Scientific, Inc.) was used for 
protein quantification.

Western blot t ing was performed as previously 
described  (14). The protocol involved electrophoresis of 
proteins (c‑MYC, 50 µg of protein for OV‑90 and A2780 cells, 
and 80 µg of protein for SKOV‑3 cells was loaded; ZEB1, 50 µg 
of protein for SKOV‑3 and A2780 cells, and 80 µg of protein was 
loaded for OV‑90 cells; and ABCB1, a total of 80 µg of protein 
was loaded), followed by wet transfer to a 0.45‑µm nitrocel‑
lulose membrane (cat.  no. NBA0858001EA; PerkinElmer, 
Inc.,). The membranes were blocked with 5% non‑fat dry milk 
in Tris‑Buffered Saline containing 0.1% Tween 20 at room 
temperature for 1 h, and then incubated with c‑MYC (1:350; 
cat.  no.  D84C12; Cell Signaling Technology, Inc.), ZEB1 
(1:350; cat.  no. E 2G6Y; Cell Signaling Technology, Inc.), 
ABCB1 (1:250; cat. no. D3H1Q; Cell Signaling Technology, 
Inc.) and β‑actin (1:10,000; Merck KGaA; cat. no. A5441) 
primary antibodies at 4˚C overnight with constant shaking. 
The membranes were then incubated with secondary anti‑
bodies coupled to HRP while shaking at room temperature 
for 1 h. Anti‑rabbit (1:5,000; cat. no. 111‑035‑003; Jackson 
ImmunoResearch Laboratories, Inc.) or anti‑mouse (1:500; 
cat. no. 115‑035‑003; Jackson ImmunoResearch Laboratories, 
Inc.) antibodies were used. Protein bands were developed using 
Westar Sun ECL detection reagent (cat. no. XLS063.02500; 
Cyanagen Srl). Chemiluminescent signals on the membrane 
were detected with the Image Quant LAS 500 equipment (GE 
Healthcare Life Sciences). The Fiji ImageJ program (National 
Institutes of Health) was used to semi‑quantify the bands 
and conduct a densitometric analysis of band intensity. The 
results were expressed in arbitrary units. The results from each 
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sample were normalized to the intensity of the corresponding 
β‑actin housekeeping protein band. A molecular weight 
marker (cat. no. 02102‑250; MaestroGen, Inc.) was used as 
a reference. No significant differences in protein levels were 
detected between the Control and Sc conditions. Therefore, the 

semi‑quantification results of western blotting were analyzed 
in relation to the Control. 

Statistical analysis. GraphPad Prism 8.0.2 for Windows 
(Dotmatics) was used for the statistical analysis. The 

Figure 1. Expression levels of miR‑145 and miR‑23b after transfection of ovarian cancer cells. A2780, SKOV‑3 and OV‑90 cells were transfected with miR‑145, 
miR‑23b, Mix, Sc or Control using Viafect reagent for 48 h at 37˚C. RNU6 was used as the control to quantify mRNA levels. n=3 for A2780, SKOV and 
OV‑90 cells. *P<0.05 and **P<0.01 vs. Control (Kruskal‑Wallis test with Dunn's post hoc test). Data are presented as the mean ± SEM. miR, microRNA; Mix, 
combination of miR‑145 and miR‑23b; Sc, scrambled sequence; RNU6, small nuclear RNA U6.
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Figure 2. Effect of miR‑145 and miR‑23b co‑transfection on the proliferation of EOC cells. Cell proliferation was assessed using Ki‑67 immunofluorescence 
staining and EOC cell quantification was conducted using Ki‑67 immunofluorescence images (red cells). Representative immunofluorescence images of Ki‑67 
(red) in (A) A2780, (C) SKOV‑3 and (E) OV‑90 cells. Magnification, x400; scale bar, 50 µm. Semi‑quantitative analysis of Ki‑67 immunofluorescence in 
(B) A2780, (D) SKOV‑3 and (F) OV‑90 cells was conducted using Image Pro‑Plus 6.2 computer software. Data for semi‑quantification of fluorescence were 
normalized to the Control condition. n=4 (4‑6 images per condition). Semi‑quantitative analysis of Ki‑67‑positive EOC cells (red) in (G) A2780, (H) SKOV‑3 
and (I) OV‑90 cells was carried out using the Fiji ImageJ program. n=4 (3‑4 images per condition were analyzed; magnification, x400). Conditions were 
normalized to the Control. *P<0.05, **P<0.01 and ***P<0.001 compared vs. Control (Kruskal‑Wallis test with Dunn's post hoc test). Data are presented as the 
mean ± SEM. miR, microRNA; EOC, epithelial ovarian cancer; Mix, combination of miR‑145 and miR‑23b; Sc, scrambled sequence.
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Figure 4. Effect of miR‑145 and miR‑23b co‑transfection on epithelial ovarian cancer cell invasion. The invasion assay was carried out using Matrigel‑coated 
Transwell inserts. Representative images of invasion assays following treatment with miRs at 37˚C for 24 h in (A) A2780 and (E) OV‑90 cells, and (C) 16 h in 
SKOV‑3 cells. Scale bar, 50 µm. Semi‑quantitative analysis of images of invasion data in (B) A2780, (D) SKOV‑3 and (F) OV‑90 cells. Data are presented as 
multiples of change relative to the Control. n=3 (10 images per condition). ***P<0.001 vs.  Control condition (Kruskal‑Wallis test followed by Dunn's post hoc 
test). Data are presented as the mean ± SEM. miR, microRNA; Mix, combination of miR‑145 and miR‑23b; Sc, scrambled sequence.

Figure 3. Effect of miR‑145 and miR‑23b co‑transfection on epithelial ovarian cancer cell migration. Migration was evaluated using Transwell inserts. 
Representative images of post‑treatment migration assays in (A) A2780, (B) SKOV‑3 and (C) OV‑90 cells. Scale bar, 50 µm. Semi‑quantitative analysis of 
migration data in (D) A2780, (E) SKOV‑3 and (F) OV‑90 cells. Changes are presented relative to the Control. n=3 (6‑8 images per condition). *P<0.05, **P<0.01 
and ***P<0.001 vs. Control (Kruskal‑Wallis test followed by Dunn's post hoc test). aP<0.05 and aaP<0.01 vs. Mix (Kruskal‑Wallis test followed by Dunn's post 
hoc test). Data are presented as the mean ± SEM. miR, microRNA; Mix, combination of miR‑145 and miR‑23b; Sc, scrambled sequence.
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Kruskal‑Wallis test and Dunn's post hoc test were used to 
analyze the differences among groups. Data are presented as 
the mean ± SEM. P<0.05 was considered to indicate a statisti‑
cally significant difference. For all the experiments, n=3 was 
the minimum number of repeats for statistical analysis, and 
n=4 was performed where specified in figures.

Results

Co‑transfection of miR‑145 and miR‑23b decreases the prolif‑
eration of EOC cells. Transient transfection was used to assess 
the incorporation of the miRs into EOC cells. The transfection 
efficiency was evaluated using RT‑qPCR. As no significant 
differences were observed between the Sc and Control groups, 
all results were compared with the Control group.

A significant increase in miR‑145 and miR‑23b 
expression was observed in all ovarian cell lines after trans‑
fection with the miR itself or the combination of miRs (Mix) 
(Fig. 1). The transfection of A2780 cells with miR‑145 or 
miR‑23b alone, as well as the co‑transfection of both miRs, 
significantly decreased the levels of Ki‑67 (Fig. 2A and B). 
Conversely, Ki‑67 levels were significantly decreased only 
when overexpressing miR‑23b and the miR mix in SKOV‑3 
(Fig. 2C and D) and OV‑90 (Fig. 2E and F) cells; thus, the 
combination of both miRs decreased Ki‑67 marker levels 
across all three cell lines, resulting in reductions of 49, 
37 and 33% in A2780, SKOV‑3 and OV‑90 cells, respectively 
(Fig. 2).

Consistent with aforementioned results, Ki‑67‑positive 
A2780 cells (marked in red in Fig.  2A) were reduced by 

Figure 5. Western blot analysis of c‑MYC in EOC cells. Representative images c‑MYC protein expression (57‑65 kDa) in (A) A2780, (C) SKOV‑3 and (E) OV‑90 
cells. A total of 50 µg of protein (A2780 and OV‑90 cells) and 80 µg protein (SKOV‑3 cells) were loaded, and β‑actin (42 kDa) was used as a loading control. 
Semi‑quantitative analysis of the western blotting bands in EOC cells after transfection under different conditions in (B) A2780, (D) SKOV‑3 and (F) OV‑90 
cells. Data were normalized to β‑actin and are presented as the fold change compared with the Control. n=4. *P<0.05, **P<0.01 and ***P<0.001 vs. Control 
(Kruskal‑Wallis test followed by Dunn's post hoc test). Data are presented as the mean ± SEM. miR, microRNA; EOC, epithelial ovarian cancer; Mix, 
combination of miR‑145 and miR‑23b; Sc, scrambled sequence; AU, arbitrary units.
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43, 53 and 57% after the transfection of miR‑145, miR‑23b 
and the miR mix, respectively (Fig. 2G). In SKOV‑3 cells, 
Ki‑67‑positive cells were decreased only following miR‑23b 
(32%) and miR Mix (29%) transfection compared with 
the control group, while Ki‑67‑positive OV‑90 cells were 
decreased by 34 and 42% following transfection with miR‑23b 
and Mix (Fig. 2H and I). The findings from Ki‑67 immunoflu‑
orescence staining and Ki‑67‑positive cell counting indicated 
that co‑transfection of miR‑145 and miR‑23b decreased the 
proliferation of EOC cells.

Co‑transfection of miR‑145 and miR‑23b decreases the 
migration of EOC cell lines. Cell migration was reduced by 
29, 23 and 44% in A2780 cells after the transient overexpres‑
sion of miR‑145, miR‑23b and the miR Mix, respectively, 
compared with the Control condition. In addition, the miR 

Mix significantly decreased cell migration compared with the 
overexpression of miR‑23b only (Fig. 3A and D). Similarly, the 
overexpression of miR‑145, miR‑23b and miR Mix reduced the 
migration of SKOV‑3 cells. Furthermore, the miR Mix signifi‑
cantly decreased cell migration compared with that of cells 
transfected with miR‑145 alone (Fig. 3B and E). OV‑90 cells 
exhibited a significant decrease in cell migration after transfec‑
tion with miR‑145, miR‑23b and the miR Mix. Notably, OV‑90 
cells transfected with the miR Mix also exhibited a significant 
decrease in cell migration compared with those that were 
transfected with miR‑145 or miR‑23b alone (Fig. 3C and F).

Co‑transfection of miR‑145 and miR‑23b decreases invasion 
in EOC cell lines. Transfection of cells with the miR Mix 
decreased the invasion of A2780 cells by >80% (Fig. 4A and B). 
Furthermore, invasion decreased by ~55 and 44% in SKOV‑3 

Figure 6. Western blot analysis of ZEB1 expression in EOC cells. Representative images of ZEB1 protein expression (125‑200 kDa) in (A) A2780, (C) SKOV‑3 
and (E) OV‑90 EOC cells. A total of 50 µg (A2780 and SKOV‑3 cells) or 80 µg (OV‑90 cells) of protein were loaded. β‑actin (42 kDa) was used as a loading 
control. Semi‑quantitative analysis of the western blotting bands in (B) A2780, (D) SKOV‑3 and (F) OV‑90 cells after transfection under different condi‑
tions. Values were normalized to β‑actin and expressed as the fold change compared with the Control. n=4. *P<0.05, **P<0.01 and ***P<0.001 vs. Control 
(Kruskal‑Wallis test followed by Dunn's post hoc test). Data are presented as the mean ± SEM. miR, microRNA; EOC, epithelial ovarian cancer; Mix, 
combination of miR‑145 and miR‑23b; Sc, scrambled sequence; AU, arbitrary units; ZEB1, zinc finger E‑box binding homeobox 1.
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and OV‑90 cells, respectively, relative to the control (Fig. 4C‑F). 
Thus, these results indicated that the combination of miR‑145 
and miR‑23b decreased the migration and invasion of EOC 
cells.

Co‑transfection of miR‑145 and miR‑23b decreases c‑MYC 
expression in A2780, SKOV‑3 and OV‑90 cell lines. A2780 
cells exhibited decreased c‑MYC levels after transfection 
with miR‑145, miR‑23b or the miR Mix (Fig. 5A and B). In 
particular, Mix reduced c‑MYC levels by 42% compared with 
the control. c‑MYC levels were significantly decreased in 
SKOV‑3 cells (Fig. 5C and D) and OV‑90 cells (Fig. 5E and F) 
after transfection with miR‑23b or the miR Mix. These results 
indicated that miR‑145 and miR‑23b co‑transfection decreased 
c‑MYC levels in all three EOC cell lines.

Co‑transfection of miR‑145 and miR‑23b decreases ZEB1 
expression in A2780, SKOV‑3 and OV‑90 cell lines. ZEB1 
is a transcription factor with a predicted molecular weight 
of 125 kDa; however, several studies have reported that the 
actual molecular weight of this protein ranges between 
125 and 200 kDa  (46‑48). Similarly, in the present study, 
bands between 125 and 200 kDa were observed in EOC cells 
(Fig. 6). The results in A2780 cells revealed that ZEB1 expres‑
sion was decreased by 29% when overexpressing miR‑145, by 
39% when overexpressing miR‑23b and by 41% when overex‑
pressing both miRs (Fig. 6A and B). In SKOV‑3 cells, ZEB1 
expression decreased by 35 and 41% following transfection 
with miR‑23b and the Mix, respectively (Fig. 6C and D). In 
OV‑90 cells, ZEB1 expression decreased by 46, 29 and 60% 

following transfection with miR‑145, miR‑23b and the Mix, 
respectively (Fig. 6E and F).

Co‑transfection of miR‑145 and miR‑23b decreases ABCB1 
expression in A2780 and SKOV‑3 cells. ABCB1 expression 
was reduced by 34% in A2780 cells when overexpressing 
miR‑145 and miR‑23b separately; however, co‑transfection 
with both miRs resulted in a 56% reduction in ABCB1 
expression (Fig.  7A  and  B). In SKOV‑3 cells, ABCB1 
expression was decreased by 40, 63  and  78% following 
transfection with miR‑145, miR‑23b and the Mix, respec‑
tively (Fig.  7C  and  D). These results indicated that the 
co‑transfection of miR‑23b and miR‑145 decreased the 
levels of the drug efflux transporter ABCB1 in A2780 and 
SKOV‑3 cell lines. Since OV‑90 cells have low levels of 
ABCB1 at baseline, ABCB1 levels were assessed only in 
A2780 and SKOV‑3 cells.

Discussion

Through the TRKA receptor, NGF promotes the progression 
of OC by decreasing the transcription of tumor suppressor 
miRs such as miR‑145 and miR‑23b, which regulate the 
expression of oncogenic proteins involved in the proliferation, 
migration and invasion of tumor cells (10,19,26). Just as there 
are oncogene‑regulating miRs, there are also miR regulators 
known as ncRNAs, which can modulate miR levels and, 
therefore, their effects, allowing cancer to progress. This 
regulation has been evidenced in different types of cancer, 
including gastrointestinal cancer, hepatocellular carcinoma 

Figure 7. Western blot analysis of ABCB1 in A2780 and SKOV‑3 cells. Representative images of ABCB1 (130‑180 kDa) protein expression in (A) A2780 and 
(C) SKOV‑3 cells. A total of 80 µg protein was loaded. β‑actin (42 kDa) was used as the loading control. Semi‑quantitative analysis of western blot bands in 
(B) A2780 and (D) SKOV‑3 cells post‑transfection under the different conditions. Values were normalized to β‑actin and the Control. n=4. *P<0.05, **P<0.01 
and ***P<0.001 vs. Control (Kruskal‑Wallis test followed by Dunn's post hoc test). Data are presented as the mean ± SEM. miR, microRNA; Mix, combination 
of miR‑145 and miR‑23b; Sc, scrambled sequence; AU, arbitrary units; ABCB1, ATP binding cassette subfamily B1.
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and breast cancer (49‑51). There is evidence of ncRNAs that 
regulate miR‑145 in a non‑small cell lung cancer model via 
circularRNAs through a sponging mechanism (52,53), which 
is important to note considering the possible role of different 
miRs as a therapy for this condition (54). To the best of our 
knowledge, the potential ncRNA regulating miR‑145 and 
miR‑23b in EOC remains unidentified and requires investiga‑
tion, as the levels of both miR‑145 and miR‑23b decrease with 
the progression of OC, suggesting an increase in oncogenic 
proteins (10,26,55,56). The present study revealed that the 
restoration of miR‑145 and miR‑23b levels decreased the 
proliferation, migration and invasion of EOC cell lines, while 
also reducing oncogenic proteins such as c‑MYC, ZEB1 and 
ABCB1, which were selected as primary targets due to their 
key role in proliferation, metastasis and chemoresistance in 
EOC. c‑MYC is a well‑established regulator of cell prolif‑
eration, ZEB1 facilitates EMT and ABCB1 is a key efflux 
transporter associated with drug resistance (34,57,58).

Several studies have reported the antitumor effect of both 
miR‑145 and miR‑23b. Zhang et al  (24) demonstrated that 
miR‑145 inhibited cell proliferation and promoted apoptosis 
by targeting the 3'UTR of c‑MYC in EOC cells. Shao et al (59) 
demonstrated decreased expression of c‑MYC and cell 
proliferation after restoring miR‑145 levels in oral squamous 
cell carcinoma. Conversely, Fulciniti et al (31) reported that 
miR‑23b decreased the proliferation and survival of multiple 
myeloma cells through a c‑MYC/miR‑23b/Sp1 feedback loop. 

Additionally, c‑MYC has been reported to repress miR‑23b 
transcription. The present study revealed that transient overex‑
pression of miR‑145 significantly decreased the proliferation 
and c‑MYC levels in EOC cells. Specifically, this effect was 
observed in A2780 cells (derived from a primary tumor), in 
which miR‑145 expression is increased compared with meta‑
static cells (10). In addition, the present study demonstrated 
that miR‑23b alone decreased c‑MYC levels and proliferation 
across the three examined cell lines, which was also observed 
when co‑transfecting miR‑145 and miR‑23b. However, when 
evaluating the reduction in EOC cell migration, simultaneous 
restoration of miR‑145 and miR‑23b levels was more effective 
than the individual transfection of miR‑145 or miR‑23b. The 
combined treatment consistently resulted in a significant reduc‑
tion in cell migration, unlike the effects seen with each miR 
alone. In fact, in OV‑90 cells, the combination even produced 
a significant decrease compared to the effects of each miR 
individually. Migration and invasion are two processes that 
promote the spreading of tumor cells from a primary tumor to 
a distant organ, referred to as metastasis (60,61).

Metastasis is a complex process involving different 
proteins, notably the ZEB1 transcription factor, which is highly 
expressed in various cancer types, including OC (58,62,63). 
In cancer, ZEB1 promotes EMT by targeting epithelial gene 
promoters, thereby inhibiting E‑cadherin expression, which is 
key for cell‑cell adherent junctions, facilitating cell escape from 
the primary tumor to other tissues (64,65). Cai and Zhang (63) 

Figure 8. Effect of miR‑145 and miR‑23b co‑transfection in ovarian cancer cells. NGF binds to its high‑affinity receptor TRKA, thereby activating MAPK 
and PI3K/AKT signaling pathways, which decreases the transcription of miR‑145 and miR‑23b, and increases oncogenic proteins involved in the progression 
of ovarian cancer. Restoring miR‑145 and miR‑23b levels in epithelial ovarian cancer cells decreases the levels of the oncogenic proteins c‑MYC, ZEB1 and 
ABCB1, which are involved in proliferation, invasion, migration and chemoresistance. miR, microRNA; NGF, nerve growth factor; TRKA, tropomyosin 
kinase A receptor; ZEB1, zinc finger E‑box binding homeobox 1; ABCB1, ATP binding cassette subfamily B1.
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demonstrated that inhibition of ZEB1 promoted E‑cadherin 
expression, and decreased migration and invasion of EOC cells, 
thereby identifying ZEB1 as a therapeutic target. The present 
study demonstrated that the co‑transfection of both miR‑145 
and miR‑23b significantly decreased ZEB1 levels, migration 
and invasion of EOC cells. We hypothesized that the substan‑
tial decrease in EOC cell migration and invasion following 
co‑transfecting of both miRs may result from the targeting of 
ZEB1 mRNA by both miR‑145 and miR‑23b (26,37,66‑68). 
However, it is important to note that both miR‑145 and miR‑23b 
regulate other target mRNAs involved in the regulation of 
metastasis, indicating that their combined effect may surpass 
that of the individual miRs (69‑72).

Finally, the co‑transfection of miR‑145 and miR‑23b 
decreased the levels of the drug efflux transporter ABCB1 
in EOC cells. This is consistent with studies on breast and 
colorectal cancer (73,74) and is corroborated by the study by 
Zhu et al (32) in OC, which indicated that overexpression of 
miR‑145 decreased ABCB1 levels. Although it has previously 
been suggested that several miRs regulate ABCB1 expres‑
sion (75), to the best of our knowledge, the control of this drug 
efflux transporter by miR‑23b has not been documented in OC; 
however, there is evidence that miR‑23b regulates chemoresis‑
tance in gastric cancer (76,77). Further research is required 
to verify whether miR‑145 and miR‑23b can sensitize EOC 
to chemotherapy. Considering that ABCB1 is associated with 
multidrug resistance and that its downregulation can restore 
sensitivity to therapy (34,78,79), and considering that miR‑145 
and miR‑23b collectively decrease proliferation, migration, 
invasion and associated proteins in EOC cell lines (Fig. 8), the 
present study revealed novel effects of miR‑23b and miR‑145 
co‑transfection in EOC, providing a potential foundation for 
miR‑based therapies. Additionally, the present study identified 
c‑MYC, ZEB1 and ABCB1 as key targets of miR‑23b and 
miR‑145 in vitro; however, further research is necessary to 
elucidate the full spectrum of these miR regulatory networks 
in EOC, and to verify findings in in vivo models. Future work 
will include spheroids as a preclinical model and the devel‑
opment of organoids from patient‑derived samples. These 
findings suggest that miR‑145 and miR‑23b co‑transfection 
warrants exploration for future translational research, particu‑
larly to develop therapies aimed at halting the progression of 
EOC, thereby complementing existing treatments.
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