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Abstract. MicroRNAs (miRNA/miR) are short non‑coding 
RNAs that function in the endogenous regulation of genes. 
miRNAs serve important roles in cellular events such as apop-
tosis, cell proliferation, migration, invasion, autophagy and the 
cell cycle. They also control the genesis and progression of 
tumors. Autophagy is a self‑digestive process that occurs as 
a response to stress, and serves two opposite roles in tumor 
promotion or inhibition that may result in resistance to therapy. 
A number of studies have revealed that miRNAs control 
autophagic activity by targeting autophagy‑associated genes, 
particularly in cancer. These previous studies demonstrated 
that miR‑96‑5p is upregulated in several types of malignant 
tumors. However, other functions of miR‑96‑5p in breast 
cancer, particularly those that are associated with autophagy, 
remain unknown. miR‑96‑5p expression was demonstrated to 
be upregulated in breast cancer cells compared with in normal 
breast epithelial cells. The overexpression of miR‑96‑5p inhib-
ited autophagy, particularly starvation‑induced autophagy, 
in MCF‑7 and MDA‑MB‑231 cells. In addition, this inhibi-
tory effect may have resulted in the suppression of Forkhead 
box O1. Additionally, the overexpression of miR‑96‑5p may 
promote cell proliferation, migration and invasion and inhibit 
apoptosis in MCF‑7 and MDA‑MB‑231 cells. These data indi-
cate that miR‑96‑5p is involved in the progression of breast 

cancer cells and may represent a potential therapeutic target 
for the treatment of breast cancer.

Introduction

Breast cancer is one of the most frequently diagnosed types of 
cancer and is a significant cause of mortality amongst females 
each year (1). In previous decades, a number of therapies have 
been developed to treat various types of breast cancer. However, 
drug resistance decreases the antitumor efficacy of treatments 
such as chemotherapy, endocrine therapy and targeted cancer 
therapy, which results in poor prognoses in certain patients. 
However, not all the mechanisms underlying resistance have 
been revealed. In previous years, increasing evidence has 
demonstrated that one important process is involved in the 
resistance against breast cancer therapies: autophagy (2,3).

Autophagy is a process that is responsible for the degrada-
tion of long‑lived or abnormal proteins, and organelles that 
are damaged or incompetent (2‑4). Under normal conditions, 
autophagy within cells remains at a basal level, but the process 
is upregulated during stressful conditions, including starvation, 
nutritional or hormone insufficiency, hypoxia, accumulation of 
metabolin and invasion by pathogens (2,5,6). The hallmarks of 
autophagy consist of the formation of autophagosomes, which 
combine with lysosomes to form autophagolysosomes. The 
enzymes inside the autophagolysosomes digest the contents 
enveloped by the cysts and then release the fragments into 
the cytoplasm (7,8). In studies of the molecular‑biological 
mechanisms of autophagy, a series of genes termed 
autophagy‑associated genes (ATG) were identified. It has also 
been revealed that several proteins encoded by these genes act 
concomitantly during autophagy and in processes that occur 
prior to the onset of autophagy, including autophagy‑induced 
(ATG1, ATG13)  (9‑13) formation of pro‑autophagosomes 
(ATG6, ATG16, ATG17) (13‑15) and the formation of autopha-
gosomes (ATG5, ATG7, ATG8, ATG12) (14,16‑19).

Autophagy has been demonstrated to contribute to 
numerous types of diseases: Neurodegenerative diseases, 
including Alzheimer's disease  (20), myocardiosis  (21), 
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pathogenic infections, including bacterial, viral and para-
sitic infections  (22,23), and tumors. Previous studies have 
indicated that autophagy may exert two opposing effects 
within tumor cells: Autophagy may induce the development 
of tumors through the downregulation or deficiency of the 
autophagy‑associated gene  BECLIN1, which induces the 
malignant transformation of cells. Conversely, when exposed 
to chemotherapy or radiotherapy, autophagy may decrease the 
rate of apoptosis amongst tumor cells and, thus, may assist the 
pathogenesis of certain malignant diseases (23‑26). The exact 
mechanism underlying autophagy‑associated tumor regulation 
requires additional investigation.

In addition to a possible intracellular signaling mechanism, 
microRNAs (miR/miRNA) also serve an important role in the 
regulation of autophagy. miRNAs cause the instability and/or 
inhibition of translation of mRNAs, which leads to a decrease 
in target gene expression (27). A number of studies have indi-
cated that, in stressful scenarios, a small number of miRNAs 
are able to regulate autophagic activity via a change in the 
expression level of certain specialized autophagy‑associated 
proteins (28). In 2009, Zhu et al (28) first proposed the asso-
ciation between miRNA and cellular autophagy and stated 
that miR‑30a may induce the downregulation of autophagy 
within tumor cells by negatively affecting the translation 
of  BECLIN1. It was then observed that miR‑181a blocks 
starvation‑ and rapamycin‑induced autophagy in cancer cell 
lines through the regulation of the target protein ATG‑5 (29). 
miR‑376b was also revealed to regulate autophagy via 
targeting of the BECLIN1 gene and ATG4C (30). In addition 
to the aforementioned miRNAs, over one hundred studies have 
demonstrated evidence for the role of miRNAs in the modula-
tion of autophagic activity.

miRNA‑96 is one member of the miR‑183‑96‑182 
cluster  (31‑33). It was demonstrated to serve an important 
role in the regulation of the biological behavior of cancer 
cells  (34‑37). It is expressed at low levels within breast 
cancer cells and exhibits the ability to affect the translation 
of forkhead box protein O1 (FOXO1) and FOXO3 (34,38‑41). 
Additionally, evidence has revealed that FOXO1 regulates 
autophagy (42‑49). Primarily, the present study hypothesized 
that connections exist between miR‑96 and autophagy, and 
that the likely target protein of this interaction is FOXO1. 
Therefore, in the present study, it was demonstrated that 
miR‑96‑5p blocked starvation‑induced autophagy in breast 
cancer cell lines. It was also determined that the key protein 
in this process, FOXO1, is a direct autophagy‑associated target 
of miR‑96‑5p.

Materials and methods

Cell culture. The human breast cancer cell lines MDA‑MB‑231, 
MCF‑7, BT‑549, HS 578T, T47D, and ZR‑75‑1 and the 
MCF‑10A normal breast epithelial cell line were purchased 
from the American Type Culture Collection (Manassas, VA, 
USA). These cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.) in a 5% CO2 humidified incubator at 37˚C. To induce 

autophagy, the cells were cultured under starvation conditions 
in Earle's balanced salt solution (EBSS; Gibco; Thermo Fisher 
Scientific, Inc.).

Reagents. Anti‑light chain 3B (LC3B; cat. no. 3868; dilu-
tion, 1:1,000), FOXO1 (cat. no.  2880; dilution, 1:1,000), 
SQSTM1/p62 (cat. no. 5114; dilution, 1:1,000), GAPDH (cat. 
no.  2218 dilution, 1:1,000) antibodies and anti‑rabbit IgG 
horseradish peroxidase‑linked secondary antibody (cat. 
no. 7074; dilution, 1:2,000) was purchased from were obtained 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). 
The acetylated‑FOXO1 antibody was purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). The dimethyl 
sulfoxide vehicle control was obtained from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany). The DAPI‑ and fluores-
cein isothiocyanate (FITC)‑conjugated secondary antibodies 
were also purchased from Sigma‑Aldrich; Merck KGaA.

Plasmids and transient transfection. LC3B‑EGFP was 
purchased from Nanjing KeyGEN BioTech, Co., Ltd. (Nanjing, 
China). The miR‑96‑5p mimic and the negative control 
mimic were purchased from Guangzhou RiboBio Co., Ltd 
(Guangzhou, China). The transient transfection of MCF‑7 
and MDA‑MB‑231 cells was performed with either Lipo-
fectamine® RNA iMAX or Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR) analysis. Total RNA of 
the MCF‑10A normal breast epithelial cell line and the breast 
cancer cell lines (MCF‑7, MDA‑MB‑231, BT‑549, HS 578T, 
T47D and ZR‑75‑1) were isolated with TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. cDNA was synthesized from mRNA using 
the PrimeScript™ RT Master mix kit (catalog no. RR036A; 
Takara Biotechnology, Co., Ltd., Dalian, China) and from 
miRNA using the One Step PrimeScript miRNA cDNA 
Synthesis kit (catalog no. D350; Takara Biotechnology, Co., 
Ltd.), according to the manufacturer's instructions. The 
miRNAs were converted to cDNA using TaqMan microRNA 
reverse transcription kit (Takara Biotechnology, Co., Ltd.). 
The expression levels of miR‑96‑5p were detected with a 
TaqMan microRNA kit‑based quantitative PCR (Takara 
Biotechnology, Co., Ltd.) and normalized to the expression 
of small nuclear RNA, U6. The expression of FOXO1 was 
assessed by PCR amplification using a TaqMan RNA kit 
(Takara Biotechnology, Co., Ltd.). PCR was performed with 
the PrimeScript RT Master Mix (Takara Biotechnology, Co., 
Ltd.) in a Bio‑Rad CFX96 real‑time PCR machine (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). The primer sequences 
used for PCR were as follows: MiRNA‑96‑5p, forward, 
5'‑ACA​CTC​CAG​CTG​GGT​TTG​GCA​CTA​GCA​CAT​TT‑3'; 
reverse, 5'‑CTC​AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​
GTT​GAG​AGC​AAA​AA‑3'; U6, forward, 5'‑CTC​GCT​TCG​
GCA​GCA​CA‑3'; reverse, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​
GT‑3'; FOXO1, forward, 5'‑GTT​GCC​CAA​CCA​AAG​CTT​
CC‑3'; reverse, 5'‑TCT​CAG​TTC​CTG​CTG​TCA​GAC​AAT​C‑3'; 
GAPDH, forward, 5'‑AGA​AGG​CTG​GGG​CTC​ATT​TG‑3'; 
reverse, 5'‑AGG​GGC​CAT​CCA​CAG​TCT​TC‑3'. The cycling 
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parameters for mRNA and miRNA were as follows: 95˚C for 
30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 
30 sec. The cycling parameters for mRNA were as follows: 
95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 
60˚C for 30 sec. All reactions were performed in duplicate, and 
the number of independent experiments (n) was marked. Data 
analysis was performed using the comparative ΔΔCq method 
with Bio‑Rad Manager 2.1 software (Bio‑Rad Laboratories, 
Inc.) (50).

Western blot analysis. MCF‑7 (~105) and MDA‑MB‑231 (~106) 
cells cultured in 6‑well plates were lysed in radioimmunopre-
cipitation assay lysis buffer (Cell Signaling Technology, Inc.) 
supplemented with a protease inhibitor (Roche Diagnostics, 
Basel, Switzerland). A total of 20 mg cell lysates were resolved 
by 10% SDS‑PAGE and then transferred to polyvinylidene 
fluoride membranes. The membranes were blocked in 5% 
non‑fat dry milk in PBST for 2 h at 25˚C and incubated over-
night at 4˚C with the respective primary antibodies (anti‑LC3B 
antibody, anti‑SQSTM1/p62 antibody, anti‑FOXO1 antibody, 
anti‑GAPDH antibody, acetylated‑FOXO1 antibody) at a 
dilution of 1:1,000. The membranes were washed by PBST 
for 3 times, and then incubated at room temperature for 1 h 
with the appropriate HRP‑conjugated secondary antibodies 
as previously mentioned (Cell Signaling Technology, Inc.) and 
were visualized with a Plus‑enhanced chemiluminescence 
reagent (PerkinElmer, Inc., Waltham, MA, USA), according to 
the manufacturer's protocol.

Immunofluorescence. For the immunofluorescence experi-
ments, ~105 MCF‑7 and MDA‑MB‑231 cells were grown 
on glass coverslips that were pre‑coated with collagen and 
positioned in 24‑well plates. The cells were incubated in a 
5% CO2 humidified incubator at 37˚C. The cells were tran-
siently transfected with the miRNA mimic negative control or 
50 nM miR‑96‑5p mimic for 24 h. The cells were then fixed 
in 4% paraformaldehyde, which was followed by membrane 
permeabilization with 0.2% Triton X‑100. The cells were then 
blocked with 5% bovine serum albumin and incubated with 
an anti‑LC3B antibody overnight at 4˚C. Subsequently, cells 
were incubated with a green fluorescent protein (GFP)‑tagged 
secondary antibody (Thermo Fisher Scientific, Inc.) or with 
a green fluorescent secondary antibody without GFP‑tag 
(Thermo Fisher Scientific, Inc.) for 1 h at room temperature, 
followed by incubation at room temperature with DAPI (Roche 
Diagnostics) for 10 min. Images were captured by fluorescence 
microscopy (Carl Zeiss Axio Observer Z1; Carl Zeiss, Jena, 
Germany). The cells with >10 GFP‑LC3 dots were identified 
as positive cells, while all others were considered negative.

Cell proliferation assay. Cell proliferation was detected using 
a Cell Counting kit‑8 assay (CCK‑8; Dojindo Molecular 
Technologies, Inc., Shanghai, China) and a 5‑ethynyl‑2'‑de-
oxyuridine assay (EdU; RiboBio Co., Ltd.). The cells were 
seeded into 96‑well plates at a density of 3x103 cells/well and 
allowed to attach overnight. The cells that were transfected 
with the miRNA mimic or with the negative control were 
then incubated with 1% FBS + DMEM for 12 h subsequent 
to transfection at 37˚C. For the CCK‑8 assay, 10 µl CCK‑8 
solution was added to each well, and the cells were allowed 

to incubate at 37˚C for 1 h. The absorbance at 490 nm of each 
well was read on a spectrophotometer. For the EdU assay, the 
cells were incubated at 37˚C with 50 µM EdU solution for 
2 h and then fixed in 4% paraformaldehyde for 15 min. The 
cells were subsequently incubated at 37˚C with 100 µl Apollo 
reagent (Thermo Fisher Scientific, Inc.) for 30 min followed 
by 50 µl 1% Hoechst 33,342 for 30 min. Finally, the images 
were captured by fluorescence microscopy. The images 
were analyzed using Image‑Pro® Plus software 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). Three independent 
experiments were performed in quadruplicate.

Cell migration and invasion assay. A scratch assay was 
performed to assess the migratory potential of the cells. The 
cell layer was scratched with a pipette tip when the cells 
reached ~95% confluence, and were then incubated under 
serum starvation at 37˚C. The medium was changed every two 
days. Images were captured at x40 magnification immediately 
following the generation of the scratch, at 0, 12 and 24 h subse-
quent to the generation of the scratch. The cell invasion assay 
was performed in 8 µm pore size and 6.5 mm diameter Tran-
swell plates (Corning Life Sciences, Tewksbury, MA, USA) that 
were pre‑coated with Matrigel® basement membrane matrix at 
a concentration of 1 mg/ml (BD Biosciences, Franklin Lakes, 
NJ, USA), according to the manufacturer's protocol. A total of 
2x104 cells in 0.2 ml medium supplemented with 2% FBS were 
seeded into the upper chamber, and 0.6 ml medium supple-
mented with 10% FBS was placed in the lower chamber. The 
plates were incubated at 37˚C in an atmosphere of 5% CO2. 
After 48 h, the chambers were removed and a cotton swab 
was used to remove the non‑invading cells from the upper side 
of the chamber membrane. The cells on the lower membrane 
were then fixed in methanol for 10 min and stained with 0.1% 
crystal violet in 20% methanol for 30 min at room temperature.

Cell apoptosis assay. Apoptosis was assessed using an 
Annexin V‑FITC apoptosis detection kit (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's protocol. 
The cells were transfected with the miRNA mimic or with the 
negative control for 12 h prior to incubation with serum‑free 
DMEM for 48 h at 37˚C. The cells were harvested, resus-
pended in 500 µl binding solution from the Annexin V‑FITC 
apoptosis detection kit and incubated at room temperature 
with 5 µl Annexin V and 5 µl propidium iodide (PI) for 10 min 
in the dark. Apoptosis was analyzed by flow cytometry using 
a Beckman Coulter EPICS XL‑MCL, and the results were 
analyzed by Kaluza software (Beckman Coulter Inc., Brea, 
CA, USA).

Accession numbers of genes mentioned in the present study. 
miRNA‑96: Mus musculus, NCBI Gene ID: 407053; FOXO1: 
Mus musculus, NCBI Gene ID: 2308.

Investigation of target genes. The target genes of miRNA 
were investigated using a bioinformatics tool TargetScan 
(http://www.targetscan.org/).

Statistical analysis. The data are presented as histogram and 
gray intensity analysis in the results. An unpaired Student's 
t‑test or one‑way analysis of variation was used with GraphPad 
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Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA) 
to determine the differences between the treatment groups 
and the control groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

MiR‑96‑5p is overexpressed in breast cancer cell lines. To 
evaluate the differential expression of miR‑96‑5p in breast 
cancer cells and normal breast epithelial cells, RNA was 
extracted from the normal breast epithelial MCF‑10A cell line 
and six distinct breast cancer cell lines, MCF‑7, MDA‑MB‑231, 
BT‑549, HS 578T, T47D and ZR‑75‑1, at the proliferating time 
point. The differential expression of miR‑96‑5p was then deter-
mined by RT‑qPCR. The results demonstrated that miR‑96‑5p 
is upregulated in all breast cancer cell lines, as compared with 
in the normal breast cell line (Fig. 1).

Overexpression of miR‑96‑5p suppresses autophagy in 
MCF‑7 and MDA‑MB‑231 breast cancer cells. Firstly, 
miR‑96‑5p was transiently overexpressed in MCF‑7 and 
MDA‑MB‑231 breast cancer cells, and the autophagic flux 
was then estimated via western blot analysis (Fig. 2). This 
demonstrated that the elevation of miR‑96‑5p in breast cancer 
cells may repress the conversion of LC3‑I to LC3‑II, and that 
it may also block the degradation of sequestosome‑M1/tumor 
protein 62 (SQSTM1/p62). These data confirmed an inhibitory 
effect of miR‑96‑5p on autophagy.

Overexpression of miR‑96 ‑5p suppresses s tarva‑
tion‑induced autophagy in MCF‑7 and MDA‑MB‑231 
breast cancer cells. The present study investigated whether 
miR‑96‑5p may regulate starvation‑induced autophagy. 
A nutrient‑starvation environment was simulated via 
the application of EBSS for 4 h. As illustrated in Fig. 3, 
starvation significantly promoted autophagy (P=0.036), 
while the overexpression of miR‑96‑5p markedly repressed 
the accumulation of autophagic vacuoles in MCF‑7 and 
MDA‑MB‑231 cells that were exposed to starvation condi-
tions according to the GFP‑LC3 transfection experiment 
and the immunofluorescence staining for LC3. In this 
section, the cells with >10 GFP‑LC3 dots were identified 
as positive cells, while all others were considered negative. 
Additionally, western blotting confirmed that the conversion 
of LC3‑I to LC3‑II was inhibited whilst the degradation of 
SQSTM1/p62 was blocked in nutrient‑starved‑MCF‑7 and 
MDA‑MB‑231 cells, compared with control cells (Fig. 4).

miR‑96 post‑transcriptionally suppresses FOXO1 via 
interaction with its 3'UTR. To reveal the mechanism of 
the regulation of autophagy by miR‑96‑5p, potential target 
genes were investigated using bioinformatics tools, including 
TargetScan (http://www.targetscan.org/). Through this 
method, FOXO1 was identified as a target gene of miR‑96‑5p. 
The interaction between miR‑96‑5p and the FOXO1 3' 
untranslated region is illustrated in Fig. 5. To confirm this 
prediction, RT‑qPCR was performed in the normal breast 
epithelial MCF‑10A cell line, and in six breast cancer cell 
lines, MCF‑7, MDA‑MB‑231, BT‑549, HS 578T, T47D and 
ZR‑75‑1. The results demonstrated that FOXO1 mRNA levels 

were upregulated in MCF‑10A cells, but were downregulated 
in all of the breast cancer cell lines tested (Fig. 5). This result 
was in contrast with the expression of miR‑96‑5p in the same 
types of cell lines.

miR‑96 may inhibit autophagy via downregulation of 
the expression of FOXO1 and acetylated‑FOXO1. A 
significant decrease was observed in FOXO1 (P=0.047) and 
acetylated‑FOXO1 (P=0.024) protein expression levels in 
miR‑96‑5p‑overexpressing cells by western blot analysis 
(Fig. 6). This demonstrated a tendency towards an inverse 
expression pattern between miR‑96‑5p and FOXO1. Addi-
tionally, the expression of FOXO1 and acetylated‑FOXO1 
demonstrated a similar trend with autophagic activities in 
MCF‑7 and MDA‑MB‑231 cell lines that were cultured under 
starvation conditions (Fig. 6). Considering the previous reports, 
it is hypothesized that FOXO1 may be a target of miR‑96‑5p 
and may inhibit autophagy.

Figure 1. Reverse transcription‑quantitative polymerase chain reaction 
analysis of miR‑96‑5p expression in the MCF‑10A non‑malignant breast 
epithelial cell line, and in the breast cancer cell lines MCF‑7, MDA‑MB‑231, 
BT‑549, HS 578T, T47D and ZR‑75‑1. miR‑96‑5p is overexpressed in all 
of the breast cancer cell lines tested compared with MCF‑10A cell line 
(mean ±  standard deviation of independent experiments; ***P<0.001 vs. 
MCF‑10A). miR, microRNA; U6, U6 small nuclear RNA.

Figure 2. Western blot analysis indicated that the overexpression of 
miR‑96‑5p suppresses the autophagy‑associated conversion of LC3‑I to 
LC3‑II in MCF‑7 and MDA‑MB‑231 cells. miR, microRNA; LC, light chain; 
SQSTM1/p62, sequestosome‑1 m/tumor protein 62.
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Figure 3. The overexpression of miR‑96‑5p resulted in decreased starvation‑induced autophagic activity in MCF‑7 cells and MDA‑MB‑231 cells. (A) MCF‑7 
and MDA‑MB‑231 cells were co‑transfected with a miR‑96‑5p mimic or a control construct with a GFP‑LC3 plasmid. Autophagy was then assessed under 
nutrient starvation conditions, Earle's balanced salt solution treatment for 4 h, by fluorescence microscopy at magnification, x400. The cells with >10 GFP‑LC3 
dots were identified as positive cells, while all others were considered negative. This demonstrates that miR‑96‑5p blocked GFP‑LC3 dot formation in the 
setting of starvation‑induced autophagy in two different cell lines. (B) MCF‑7 and MDA‑MB‑231 cells were transfected with a miR‑96‑5p mimic or a control 
construct, and then endogenous LC3B was detected with an LC3B antibody and a green Alexa Fluor 488‑conjugated goat anti‑rabbit IgG. LC3 punctae were 
detected by fluorescence microscopy at magnification, x400, subsequent to exposure to starvation conditions for 4 h. The cells with >10 LC3 punctae were 
identified as positive cells, while all others were considered negative. This suggests that miR‑96‑5p blocked LC3 puncta formation in starvation‑induced 
autophagy in two different cell lines (***P<0.001 vs. mimic negative). miR, microRNA; GFP, green fluorescent protein; LC, light chain.
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miR‑96‑5p promotes proliferation, migration and invasion, 
but suppresses apoptosis in MCF‑7 and MDA‑MB‑231 
cells. To examine the effect of miR‑96‑5p on the malignant 
biological processes in breast cancer cells, including cell 
proliferation, migration and invasion, miR‑96‑5p was over-
expressed via the transfection of MCF‑7 and MDA‑MB‑231 
cells with a miR‑96‑5p mimic or a control construct. CCK‑8 
and EdU assays were then performed to evaluate the level of 
proliferation; scratch, Transwell and Matrigel invasion assays 
were used to analyze migration and invasion. As presented in 
Figs. 7 and 8, it was demonstrated that the overexpression of 

miR‑96‑5p significantly promoted cell proliferation, migra-
tion and invasion (P<0.001). Additionally, the transfected 
cells were treated and incubated without serum for 24‑48 h 
and then stained with Annexin V and PI; the apoptotic 
cells were subsequently quantified by flow cytometry. The 
overexpression of miR‑96‑5p significantly inhibited the rate 
of apoptosis of MCF‑7 (P<0.001) and MDA‑MB‑231 cells 
(P<0.005) (Fig. 8).

Discussion

miRNAs are a series of small RNAs that may affect biological 
features through the regulation of the expression of their 
target genes (51). In previous studies, it was demonstrated that 
miR‑96 is involved in several types of cancer, including breast 
cancer, and contributes to cancer progression  (37,52‑55). 
Therefore, miRNAs are considered potential therapeutic 
targets in cancer. In the present study, it was demonstrated 
that miR‑96‑5p is overexpressed in breast cancer cell lines and 
that this overexpression of miR‑96‑5p enhances the prolifera-
tion, migration and invasiveness of these breast cancer cells. 
In addition, it was revealed that the overexpression of miR‑96 
leads to the inhibition of apoptosis. Therefore, it was confirmed 
that miR‑96‑5p may promote the progression of breast cancer 
in a ‘traditional’ manner.

Additionally, autophagy is an important biological 
feature that occurs in cells. Autophagy is another form of 
programmed cell death that differs from apoptosis, in which 
cells undergo self‑digestion with increased autophagosome 

Figure 4. Western blotting indicated that an overexpression of miR‑96‑5p 
resulted in a decrease in the starvation‑induced autophagic activity of 
MCF‑7 and MDA‑MB‑231 cells. Starvation‑induced conversion of LC3‑I 
to LC3‑II and the degradation of SQSTM1/p62 were attenuated in the two 
types of miR‑96‑5p‑overexpressing cells. GAPDH was used as the loading 
control. The results are representative of three independent experiments 
(mean ± standard deviation of independent experiments). LC, light chain; 
SQSTM1/p62, sequestosome‑1 m/tumor protein 62; miR, microRNA.

Figure 5. (A) The miR‑96‑5p mature miRNA sequence and miR‑96‑5p 
binding target sequence in the 3' untranslated region of FOXO1 mRNA. 
(B) Expression levels of FOXO1 in MCF‑10A normal breast epithelial cells 
and the breast cancer cell lines MCF‑7, MDA‑MB‑231, BT‑549, HS 578T, 
T47D and ZR‑75‑1. FOXO1 expression levels in cell lines were measured 
using reverse transcription‑quantitative polymerase chain reaction. FOXO1 
was downregulated in all the breast cancer cell lines tested, as compared with 
in the non‑malignant breast cell line (mean ± standard deviation of five inde-
pendent experiments; ***P<0.001 vs. MCF‑10A). miR, microRNA; FOXO1, 
forkhead box O1; U, uracil; A, adenosine; c, cytosine.

Figure 6. miR‑96‑5p decreased FOXO1 and Ac‑FOXO1 expression levels in 
MCF‑7 and MDA‑MB‑231 cells. (A) MCF‑7 and MDA‑MB‑231 cells were 
transfected with a miR‑96‑5p mimic or a control construct. Western blotting 
demonstrated that FOXO1 and Ac‑FOXO1 protein expression was decreased 
with miR‑96‑5p overexpression. (B) MCF‑7 and MDA‑MB‑231 cells were 
transfected with a miR‑96‑5p mimic or a control construct and then treated 
with EBSS for 4 h. Western blotting illustrated that FOXO1 and Ac‑FOXO1 
levels were downregulated in the miR‑96‑5p overexpression groups, but no 
significant difference was observed between the non‑starved and starved 
cells. GAPDH was used as the loading control. The results are representative 
of three independent experiments (mean ± standard deviation of indepen-
dent experiments, n=3). FOXO1, forkhead box protein O1; Ac‑FOXO1, 
acetylated‑FOXO1; miR, microRNA.
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formation (8,9,56). Autophagy and apoptosis affect the rate 
cell death by parallel pathways under certain conditions (57). 
However, previous studies have demonstrated that autophagy 
serves as a pro‑survival response to several stressors, including 
starvation, hypoxia, radiation and chemotherapy, particularly 
in tumor cells (25,53-55,58-61). Autophagy may have anti-
tumor or pro‑tumor functions, and is thus considered to be a 
‘double‑edged sword’ in the field of oncology (25,53‑55,58-61). 
In breast cancer, autophagy may mitigate metabolic stress and 

genomic damage in mammary tumorigenesis (5). Addition-
ally, previous studies have demonstrated that the upregulation 
of autophagy assists cancer cells to survive common breast 
cancer therapies, including tamoxifen, trastuzumab, anthracy-
cline, taxane, temozolomide and radiotherapy, amongst others, 
which may markedly affect the prognosis of patients (60‑70). 
Additionally, the inhibition of autophagy increases drug 
sensitivity, such that chloroquine may restore sensitivity to 
trastuzumab in HER2‑positive breast cancer (62,64).

Figure 7. The overexpression of miR‑96‑5p promoted the proliferation and migration of MCF‑7 and MDA‑MB‑231 cells. First, the cells were transfected 
with 50 nmol/l miR‑96‑5p mimic or a control construct. (A and B) The proliferation of the MCF‑7 and MDA‑MB‑231 cells was determined using (A) a Cell 
Counting kit‑8 assay and (B) an EdU assay. (C and D) Cell migration was evaluated by (C) a scratch assay and (D) a Transwell assay at 0 and 24 h time points 
(***P<0.001). Hoechst 33342, bisbenzimide; miR, microRNA; EdU, 5‑ethynyl‑2'‑deoxyuridine.
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The aforementioned data suggest that the combination of 
autophagy inhibition and cancer therapy, particularly targeted 
therapy based on miRNAs, may serve as an effective approach 
for the treatment of tumors.

In the present study, miR‑96‑5p was introduced as 
an autophagy‑associated miRNA. The overexpression of 
miR‑96‑5p inhibited GFP‑LC3 dot formation, fluorescent 
LC3B accumulation, the conversion of LC3‑I to LC3‑II and 

Figure 8. The overexpression of miR‑96‑5p promoted invasion and inhibited apoptosis in MCF‑7 and MDA‑MB‑231 cells. (A) Tumor cell invasion ability 
was determined by Matrigel and Transwell assays. (B and C) Cell apoptosis. Subsequent to transfection, MCF‑7 and MDA‑MB‑231 cells were treated with 
serum‑free culture medium for 24‑48 h. The rates of apoptosis were then evaluated with an Annexin V and PI staining assay, followed by flow cytometry. Cells 
located in the lower right quadrant were apoptosis‑positive. Histogram results demonstrate that the apoptotic rate was significantly reduced by miR‑96‑5p 
(***P<0.001, **P<0.01). miR, microRNA; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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SQSTM1/p62 degradation. These are markers of the initia-
tion of standard and starvation‑induced autophagy, which is 
considered to be the classical and most effective method of 
stimulating autophagy (71), in two breast cancer cell lines, 
MCF‑7 and MDA‑MB‑231. Therefore, these data demonstrated 
that miR‑96‑5p is a key miRNA that regulates autophagy in 
breast cancer cells.

The present study aimed to determine the association 
between miR‑96‑5p and autophagy. According to the predic-
tion generated by TargetScan, a notable transcription factor, 
FOXO1, was observed as one of the target genes of miR‑96‑5p. 
FOXO1 is a member of the forkhead transcription factors of 
the O class family (FOXO) that includes FOXO1 (FKHR), 
FOXO‑3 (FKHRL1), FOXO‑4 (AFX) and FOXO‑6. FOXO1 
regulates the biological behavior of tumor cells, including 
apoptosis, differentiation and oxidative stimulation through 
the phosphoinositide 3‑kinase and protein kinase B signaling 
pathways (72,73). Guttilla et al (37) demonstrated that miR‑96 
was overexpressed in breast cancer cell lines, and that it 
downregulated the expression of FOXO1. Guo  et  al  (74) 
and Haflidadóttir et al (75) suggested that miR‑96 regulates 
FOXO1‑mediated cell apoptosis and proliferation in prostate 
cancer. The association between FOXO1 and autophagy 
in multiple types of cancer, including bladder transitional 
cell carcinoma, prostate cancer and endometrial carci-
noma, was identified in recent years  (42‑44,47,48,66,76). 
Hariharan  et  al  (47) demonstrated that the deacetylation 
of FOXO1 by Sirtuin 1 serves a key role in the mediation 
of starvation‑induced autophagy in cardiac myocytes. In a 
series of articles by Zhao et al (44,48,77), it was noted that 
cytosolic FOXO1 combined with ATG5 is essential for cancer 
cell autophagy, and may be suppressed by unspliced X‑box 
protein‑1 and induced by FOXO3 in varying conditions.

In the present study, it was determined that the expression 
of FOXO1 mRNA was lower in the breast cancer cell lines, as 
compared with in the normal breast epithelial cell line, but that 
the expression of miR‑96‑5p was high in the breast cancer cell 
lines. The overexpression of miR‑96‑5p significantly inhib-
ited the expression of FOXO1 and acetylated‑FOXO1; this 
effect was also observed under starvation‑induced conditions 
together with the inhibition of autophagy activation in the two 
breast cancer cell lines MDA‑MB 231 and MCF‑7.

Considering the results of previous studies, it is reasonable to 
predict that miR‑96‑5p may regulate the activation of autophagy 
in breast cancer cells through the target protein, FOXO1. During 
the preparation of this manuscript, Ma et al (78) published an 
article that hypothesized a biphasic regulation of autophagy by 
miR‑96 in prostate cancer cells in hypoxic conditions. These 
data suggests that there may be an expression level threshold 
of miR‑96 in certain situations, including hypoxia, and on 
either side of this threshold the miR‑96 may have the opposite 
effect. Therefore, additional studies are required to explore 
the mechanisms underlying the regulation of miR‑96 and 
FOXO1‑associated autophagy in breast cancer.

In conclusion, the present study demonstrated that 
miR‑96‑5p is overexpressed in breast cancer cells. The upreg-
ulation of miR‑96‑5p enhances proliferation, migration and 
invasion, but inhibits apoptosis. Notably, the overexpression 
of miR‑96‑5p may suppress standard and starvation‑induced 
autophagy in breast cancer cells, which is most likely to be 

regulated by FOXO1. Therefore, miR‑96‑5p is an important 
molecule in the study of chemotherapeutic sensitivity and 
tolerance, and it may become a potential therapeutic target in 
patients with breast cancer.
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