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Abstract. Recent studies have shown that microRNAs (miRs) 
play a key role in the regulation of cancer development. In the 
present study, reverse transcription‑quantitative PCR was used 
to detect the expression of miR‑1 in breast cancer and adja-
cent tissues, and survival analysis was performed to compare 
the low‑expression groups with the Kaplan-Meier method. 
Overexpression of miR‑1 was used to observe the effects on 
the proliferation, migration and invasion of breast cancer cells 
in vitro and in vivo. Moreover, Bcl‑2 expression was measured by 
western blotting and luciferase assays after the overexpression 
of miR‑1. The present study reported that miR‑1 is expressed 
at low levels in breast cancer and that cell proliferation, migra-
tion and invasion are inhibited in miR‑1‑overexpressing cells. 
Enhanced miR‑1 expression can also increase cell apoptosis. 
The present study also demonstrated that Bcl‑2 is a potential 
target of miR‑1. In vivo studies indicate that overexpression of 
miR‑1 decreases tumor volume and weight in nude mice. The 
data from the present study demonstrated for the first time that 
overexpression of miR‑1 increases the sensitivity of breast cancer 
cells to paclitaxel and cisplatin. The present study provided new 
evidence for the important role of miR‑1 in the tumorigenesis 
and drug sensitivity of breast cancer.

Introduction

Breast cancer (BC) is the most frequently diagnosed malig-
nant tumor and the second leading cause of cancer‑related 
mortality in women (1). Despite advances in early detection 
and treatment, ~30% of BC patients develop tumor metastasis 
during treatment (2,3). Due to the diversity of breast tumors, 
the discovery of effective treatments is challenging. Although 

currently available chemotherapies have led to an increase 
in overall survival, numerous breast tumors may acquire 
resistance following the initial response (4,5). It is therefore 
important to identify and investigate new molecular targets 
that inhibit BC progression and metastasis by affecting gene 
pathways and restoring drug susceptibility.

A previous study indicated that non‑coding RNA plays 
an important regulatory role in BC development and progres-
sion (6). MicroRNAs (miRNAs/miRs) belong to a class of 
evolutionarily conserved RNAs that influence gene expression 
at the post‑transcriptional level (7). Experimental studies have 
shown that abnormal expression of miRNA is associated with 
tumorigenesis and cancer metastasis (8,9).

miR‑1 is abundantly expressed in muscle, where it inhibits 
the proliferation of progenitor cells and promotes myogenesis. 
It is expressed in the cytoplasm of carcinoma cells and had 
been shown to suppress tumor growth in numerous cancer 
types (10). For example, miR‑1 is the lowest expressed miRNA 
in prostate tumors and is considered a candidate tumor 
suppressor and prognostic marker for prostate cancer (11).

Previous reports suggest that miR‑1 may suppress tumor 
proliferation in BC (12,13). The aim of the present study was 
to determine a novel molecular network involved in BC devel-
opment by investigating the functional role of miR‑1 using 
in vitro and in vivo experiments.

Materials and methods

Patient samples. Breast cancer tissues and adjacent normal breast 
tissues were obtained from the Breast Surgery Department of 
the Hospital of Shanghai, Jiaotong University. A total number 
of 47 women aged from 30‑75 years old with histologically 
confirmed invasive ER‑positive subtype BC were included. 
Patients were recruited from 2015 September to 2017 August. 
Immunohistochemical staining of ER/progesterone receptor (PR) 
and fluorescent in situ hybridization of human epidermal growth 
factor receptor (HER) 2 after surgery was performed as a regular 
procedure by pathologists. There was no radiotherapy or chemo-
therapy prior to surgery. All BC patients provided written consent 
for the use of their specimens in the present study, which was 
approved by the independent ethics committee of Renji Hospital, 
School of Medicine, Shanghai Jiaotong University (China). Breast 
tissue samples were collected immediately following resection 
and then stored at ‑80˚C before RNA extraction.
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RNA isolation and reverse transcription‑quantitative (RT‑q) 
PCR. Total RNA from 1x106 cultured cells and tissue samples 
was isolated using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). The quality and concentration of RNA was 
detected with NanoDrop 2000 (Thermo Fisher Scientific, 
Inc.). A miRcute miRNA first‑strand cDNA synthesis kit 
and a miRcute miRNA qPCR kit were used to detect the 
miRNA expression level according to the manufacturer's 
protocols (Tiangen Biotech Co., Ltd.). The primers used for 
U6 snRNA (CD201‑0145) and miR‑1 (CD201‑0003) were also 
obtained from Tiangen Biotech Co., Ltd. The mRNA expres-
sion level was detected by RT‑PCR using a Takara Reverse 
Transcriptase kit and a SYBR Green PCR kit according to 
the manufacturer's protocols (Takara Biotechnology Co., 
Ltd.). The following thermocycling conditions were used for 
the qPCR: Initial denaturation at 95˚C for 30 sec; followed by 
40 cycles of denaturation at 95˚C for 5 sec, annealing at 60˚C 
for 10 sec and extension at 72˚C for 30 sec. Each sample was 
tested in triplicate. Expression levels were quantified using the 
2‑ΔΔCq method (14) and normalized to the internal reference 
gene, U6 for miR‑1 expression or GAPDH for other genes. The 
primer sequences were as follows: GAPDH forward, 5'‑GAA​
GGT​GAA​GGT​CGG​AGT​C‑3' and reverse 5'‑GAA​GAT​GGT​
GAT​GGG​ATT​TC‑3'; and Bcl‑2 forward, 5'‑AGT​CTG​GGA​
ATC​GAT​CTG​GA‑3' and reverse 5'‑GCA​ACG​ATC​CCA​TCA​
ATC​TT‑3'. The primers used for miR‑1 and U6 were described 
in a previous report (15).

Cell culture. Human breast cancer cell lines (MCF‑7 and 
ZR‑7530) were cultured in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.) and 1% (v/v) peni-
cillin/streptomycin. All cells were cultured in a humidified 
atmosphere of 5% CO2 and 95% air at 37˚C. The cells were 
purchased from The Type Culture Collection of the Chinese 
Academy of Sciences.

Overexpression of miR‑1 in cells. The pLV‑hsa‑miR‑1 plasmid 
and the negative control pLV‑miRNA‑vector were purchased 
from Shanghai GenePharma Co., Ltd. The viruses were 
packaged in 293T (Type Culture Collection of the Chinese 
Academy of Sciences) cells according to standard protocols 
and the virus particles were harvested 72 h later. The pack-
aged lentiviruses were termed LV‑miR‑1, while the empty 
lentiviral vector LV‑ctrl was used as a control. Cells were 
infected with viral particles (MOI = 10 for each) for 24 h and 
5 µg/ml Polybrene, which was followed by selection with puro-
mycin (2 µg/ml) for ≤7 days. Polybrene and puromycin were 
purchased from Shanghai GenePharma Co., Ltd.

Cell proliferation assay. The Cell Counting Kit‑8 method was 
used according to the manufacturer's protocol to determine cell 
proliferation (Dojindo Molecular Technologies, Inc.). MCF‑7 
and ZR‑7530 cells transfected with either LV‑miR‑1 or LV‑ctrl 
were seeded into 96‑well plates at a density of 5x103 cells/well, 
and then 10 µl CCK‑8 solution was added to each well so that 
the final volume of culture medium was 200 µl. To perform 
the clonogenic assay, 5x103  cells were seeded in a 10  cm 
dish. Visible colonies were fixed in 4% formaldehyde at 
room temperature for 30 min and after 10 days, the colonies 

were stained with 0.1% crystal violet at room temperature 
for 30 min. EdU incorporation assay was performed using 
EdU incorporation assay kit (Guangzhou RiboBio Co., Ltd.) 
according to the manufacturer's instructions.

Cell migration and invasion assays. Cell migration and inva-
sion capacity were determined using a Transwell assay using 
Transwell permeable supports (Corning, Inc.). A total of 
1x105 breast cancer cells/well were plated in the upper cham-
bers of Transwell plates with serum‑free DMEM medium, of 
which membranes were or were not precoated with Matrigel 
(BD Biosciences) for the invasion and migration assay, respec-
tively. Modified Boyden chambers containing Matrigel were 
placed in a 24‑well culture plate. Matrigel was precoated for 12 h 
at 37˚C. A total of 800 µl DMEM medium supplemented with 
10% FBS was plated in the lower chambers. After 24 h incuba-
tion in wells without Matrigel or 48 h with Matrigel, migration 
and invasion were assessed, respectively. Then, cells in the lower 
chambers were fixed in 4% paraformaldehyde at room tempera-
ture for 30 min and stained with a 0.5% crystal violet fixative 
solution for 30 min at room temperature, following which the 
cells were counted using an inverted fluorescent microscope 
(magnification, x200; Leica Microsystems, Inc.).

Apoptosis assay. Cells transfected with the LV‑miR‑1 or 
the negative control (NC) were collected and stained with 
Annexin‑V‑FITC and 7‑AAD using an FITC Annexin  V 
apoptosis detection kit (PE Annexin V Apoptosis Detection 
kit; BD Pharmingen; BD Biosciences) according to the manu-
facturer's protocol. Apoptosis was subsequently detected using 
a FACScan flow cytometer (BD Biosciences). Flow cytom-
etry data was analyzed by BD FACSDiva software V6.1.3 
(BD Biosciences). The cells were divided into dead cells, 
early apoptotic cells, apoptotic cells and viable cells and the 
percentages of apoptotic cells calculated. Cells considered 
viable were PE Annexin V‑ and 7‑AAD‑negative, early apop-
totic cells were PE Annexin V‑positive and 7‑AAD‑negative, 
and late apoptotic cells and dead cells were positive for both 
PE Annexin V and 7‑AAD.

Western blotting. Breast cancer cells were harvested 
3  days after transfection and were lysed in RIPA buffer 
(Beyotime Institute of Biotechnology). Total protein was 
quantified using a bicinchoninic acid assay kit. A total of 
30 µg protein/lane was separated by 8 or 12% SDS‑PAGE 
followed by transfer of the proteins to a nitrocellulose filter 
membrane. After blocking in 5% BSA (Shanghai Shenggong 
Biology Engineering Technology Service, Ltd.) at 25˚C 
for 2 h, the membranes were subjected to incubation with 
primary antibodies (1:1,000) overnight at 4˚C. Following the 
primary antibody incubation, membranes were incubated with 
horseradish peroxidase‑conjugated goat anti‑rabbit secondary 
antibodies (1:5,000; cat. no. 7074; Cell Signaling Technology, 
Inc.). β‑actin served as the loading control. The protein 
immunoreactive bands were visualized by the ECL detection 
instrument (Thermo Fisher Scientific, Inc.) plus chemilumi-
nescent substrate. Densitometry analysis was performed using 
ImageJ software (version 1.8.0; National Institutes of Health) 
with β‑actin as the internal control. Detailed information on 
the antibodies used is given in Table SI.
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Dual luciferase reporter assay. The Bcl‑2 3'UTR sequences 
to which miR‑1 potentially bind were searched by TargetScan 
(http://www.targetscan.org). Then, the DNA fragments of the 
3'UTR of Bcl‑2 were cloned into the dual‑luciferase expression 
vector, pmirGLO (Promega Corporation), which was termed 
wt‑Bcl2. The mutant vector was generated by mutating the 
miR‑1 seed region binding site and this vector was termed 
mut‑Bcl2. The miR‑1 mimics, the miR‑1 control, the firefly 
luciferase reporter plasmid and the Renilla luciferase vector 
(pRL‑SV40, Promega Corporation) were co‑transfected into 
BC cells using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) and the luciferase activity was evaluated using a 
dual‑luciferase reporter assay kit (Promega Corporation).

Analysis of the epigenetic silencing of miR‑1. 5‑Azacytidine 
(5‑AzaC) and trichostatin A  (TSA) were purchased from 
Sigma‑Aldrich (Merck KGaA). Brief ly, ZR7530 and 
MCF‑7 cells were plated at a density of 1x106 cells per 10 cm 
and were then treated with 5‑AzaC (5  µM) and/or TSA 
(0.3 µM). Cells were cultured in this medium at 37˚C for 
2 days before they were harvested for RNA extraction.

Effect of miR‑1 on paclitaxel and cis‑platinum sensitivities. 
The MCF‑7 cells transfected with either LV‑miR‑1 or LV‑ctrl 
were seeded into 96‑well plates(1x104 cells/well). After 24 h, 
the appropriate cytotoxic drug was added: 10 nM paclitaxel 
or 0.2 µM cisplatin (DDP). Drug sensitivities were measured 
using a CCK‑8  assay, as described above. DDP‑resistant 
MDA‑MB‑231 cells were obtained from Shanghai Longhua 
Hospital. The IC50 of MDA‑MB‑231 and MDA‑MB‑231/DDP 
to DDP was 17.72 and 173.70 µg/ml, respectively, and the 
fold‑resistance of MDA‑MB‑231/DDP  cells to DDP was 
9.80 (16).

Animal studies. A total of 16 female BALB/C athymic nude 
mice (age, 6 weeks; weight, 23 g; SLAC, Shanghai, China) were 
housed and manipulated according to the protocols approved 
by the Renji Hospital Medical Experimental Animal Care 
Commission. The nude mice were housed in pathogen‑free 
environment with 12‑h light/dark cycle, controlled humidity 
(50%) and temperature (28˚C) and had free access to food and 
water. For the in vivo studies, 5x106 LV‑miR‑1 or LV‑miR‑ctrl 
cells were injected subcutaneously in the backs of nude mice. 
The length and width of the tumors was measured every 
week and tumor volumes were calculated using the following 
formula: Volume (mm3)=length (L; mm) x width (W; mm)2/2. 
Then, 4 weeks following injection, the mice were euthanized 
by cervical dislocation and the tumors removed and weighed. 
The mice were maintained under specific pathogen‑free condi-
tions and fed sterile chow. Mice were housed and manipulated 
in accordance with the principles and guidelines approved 
by the Renji Hospital Medical Experimental Animal Care 
Commission.

Analysis of The Cancer Genome Atlas (TCGA) dataset. A 
normalized mRNA and miRNA expression dataset for BC 
was downloaded from the TCGA (http://www.tcga.org) (17) 
and Spearman's correlation coefficient was calculated for the 
BC samples. The expression of miR‑1 in tumor and normal 
tissues was analyzed using data from TCGA project. The box 

plot in Fig. 1A presenting the median and range was download 
from the ENCORI Pan‑Cancer Analysis Platform (http://star-
base.sysu.edu.cn/panCancer.php).

Statistical analysis. Data are presented as the mean ± SEM 
from three independent experiments. Statistical calculations 
were performed with R program (version 3.4; Rstudio, Inc.). 
The differences between the means were tested by Student's 
t‑test or one‑way ANOVA followed by Tukey post hoc test. 
Spearman's correlation analyses were used to identify the 
correlation between miR‑1 and Bcl‑2. P<0.05 was considered 
to indicate a statistically significant difference. StarBase3 
database was used to analyze the expression of miR‑1 in 
breast cancer tissues and healthy tissues (http://starbase.sysu.
edu.cn/). The Kaplan‑Meier analysis of patient survival data in 
METABRIC and the Dataset GSE19783 were performed on 
Kaplan Meier‑plotter (https://kmplot.com/analysis/).

Results

miR‑1 expression is downregulated in BC and the low 
expression of miR‑1 is correlated with poor survival. To 
determine whether miR‑1 was involved in the tumorigenesis 
of BC, the expression of miR‑1 was analyzed using StarBase3 
database and the data showed that miR‑1 was expressed at 
significantly low levels in BC samples compared with normal 
samples (P<0.0001; Fig. 1A). Patient survival was analyzed 
according to the different patient groups and it was found 
that low miR‑1 expression was correlated with poor overall 
survival only in luminal‑type (ER‑positive) patients, but 
not in human epidermal growth factor receptor 2‑positive 
or triple‑negative patients (Fig. S1). miR‑1 expression was 
compared in 47 pairs of ER‑positive BC tissues and normal 
breast tissues using the patient samples described above. 
The data demonstrated that miR‑1 was expressed at low 
levels in BC tissues compared with normal breast tissues 
(P<0.05; Fig. 1B), which indicated that miR‑1 was a potential 
tumor suppressor in BC. A Kaplan‑Meier analysis of patient 
survival data in METABRIC (Fig.  1C) and the Dataset 
GSE19783 (Fig.  1D) revealed that low miR‑1 expression 
was correlated with poor overall survival. In hepatocellular 
carcinoma and prostate cancer, it has been reported that low 
expression of miR‑1 is mediated by methylation (18,19). To 
investigate whether miR‑1 is epigenetically silenced in BC, 
MCF‑7 cells were treated with either 5‑AzaC or TSA. 5‑AzaC 
is a well‑known DNA hypomethylating agent and TSA is a 
histone deacetylase inhibitor. It was observed that miR‑1 
expression was activated following treatment with 5‑AzaC 
and TSA (P<0.01; Fig. 1E), which indicates that miR‑1 may 
be epigenetically silenced in BC cells and may be why miR‑1 
is downregulated in BC. This experiment demonstrated that 
miR‑1 is expressed at low levels in breast cancer tissues and 
that a low level of miR‑1 is correlated with poor survival.

Upregulation of miR‑1 inhibits BC  cell proliferation. To 
investigate the role of miR‑1 in cancer cell growth, BC cells 
(ZR‑7530, MCF‑7) were transfected with the LV‑miR‑1 and 
the expression of miR‑1 was significantly increased (Fig. 2A). 
A CCK‑8 assay demonstrated that overexpression of miR‑1 
significantly inhibited the growth capacity of BC  cells 
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(Fig. 2B). Similarly, a clonogenic survival assay of BC cells 
demonstrated that upregulation of miR‑1 significantly inhib-
ited BC cell colony formation efficiency (Fig. 2C). A EdU 
proliferation assay also revealed that the capacity of BC cell 
proliferation was decreased in the LV‑miR‑1 group (Fig. 2D). 
Taken together, the data showed that enhanced miR‑1 expres-
sion inhibits the proliferation of BC cells.

Upregulation of miR‑1 inhibits cell migration and invasive‑
ness of BC. Transwell migration and invasion assays were 
used to evaluate the effect of miR‑1 on BC cell metastasis. As 

shown in the figures, migration (Fig. 3A) and invasion (Fig. 3B) 
were both significantly decreased in miR‑1‑transfected cells 
compared with the negative control. These results indicated 
that overexpression of miR‑1 inhibits BC cell migration and 
invasion potential.

Upregulation of miR‑1 can promote BC cell apoptosis. The 
flow cytometric analysis demonstrated that upregulation 
of miR‑1 increased the rate of apoptosis in MCF‑7  cells 
compared with the control (Fig.  4A). In addition, the 
expression levels of Bax, Bad, cleaved poly ADP ribose 

Figure 1. Expression level of miR‑1 in BC. (A) miR‑1 was expressed at low levels in BC tissues analyzed by the StarBase3 database. (B) miR‑1 was expressed 
at low levels in BC tissues compared with normal breast tissues (n=47, P=0.04604). (C) A high level of miR‑1 was correlated with a good overall survival 
in BC patients according to data in METABRIC, P=0.00012. (D) A low level of miR‑1 was correlated with poor overall survival in BC patients according 
to Dataset GSE19783, P=0.0011. (E) The miR‑1 level was increased in MCF‑7 human BC cells following 5‑AzaC and TSA treatment (n=3, P<0.01). miR, 
microRNA; BC, breast cancer; 5‑AzaC, 5‑Azacytidine; TSA, trichostatin A; RPM, reads per million.
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Figure 2. miR‑1 inhibits BC cell growth. (A) Validation of miR‑1 overexpression in BC cells (n=3, P<0.01). (B) A high level of miR‑1 inhibited BC cell 
proliferation, as shown by CCK‑8 assay (1‑5: 12, 24, 48, 72 and 96 h), n=6, **P<0.01. (C) A high level of miR‑1 inhibited BC cell clone formation, n=3, P<0.01. 
(D) A high level of miR‑1 inhibited BC cell proliferation, as demonstrated by EdU essay, n=3, P<0.01. miR, microRNA; BC, breast cancer; NC, normal control; 
ctrl, control; LV, lentiviral.
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polymerase (PARP), and cleaved caspase‑3, which are 
well‑defined protein markers of apoptosis, were increased in 
miR‑1‑overexpressing cells (Fig. 4B). The expression levels 
of proliferation markers, such as p‑AKT, p‑ERK1/2, myeloid 
cell leukemia 1 (Mcl‑1) and anti‑binding immunoglobulin 
protein (BIP), were decreased in miR‑1‑overexpressing 
cells (Fig. 4C). Genes that regulate the cell cycle and DNA 
damage were also examined (Fig. S2A). However, for cyclin 
dependent kinase (CDK)4, CDK6 and BRCA2, no significant 
difference was observed between the BC cells that stably 

expressed miR‑1 and the negative control cells. However, 
increased expression of p21 was observed in miR‑1‑overex-
pressing BC cells. Furthermore, the cell adhesion proteins 
E‑cadherin and claudin‑1 were upregulated, while the 
epithelial‑mesenchymal transition (EMT)‑related protein 
zinc finger E‑box binding homeobox (ZEB)1 was down-
regulated in miR‑1‑overexpressing cells (Fig. 4D). The above 
results demonstrated that miR‑1 may inhibit BC progression 
and metastasis by promoting the apoptosis of BC cells and by 
inhibiting cell proliferation and EMT.

Figure 3. Overexpression of miR‑1 inhibits cell migration and invasion. (A) A high level of miR‑1 inhibits the migration ability of BC cells, n=3, P<0.01). 
(B) A high level of miR‑1 inhibits the invasion ability of BC cells, n=3, P<0.01, (scale bar=200 µm). miR, microRNA; NC, normal control.
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Bcl‑2 is a target of miR‑1. The TargetScan search showed 
that the 3'UTR of the Bcl‑2 gene contains miR‑1 binding sites 
(Fig. 5A). Bcl‑2 expression was analyzed in patient samples and 
Bcl‑2 was highly expressed in BC tissues in contrast to normal 
breast tissues (Fig. S2B). Then, whether miR‑1 can regulate 
the expression level of Bcl‑2 was investigated and it was found 
that miR‑1 downregulated Bcl‑2 expression at the mRNA and 
protein levels in MCF‑7 (Fig. 5B and C) and ZR‑7530 cells 
(Fig. S2C and D). The wild‑type and mutant Bcl‑2 3'UTR 
were subcloned downstream of the luciferase gene and named 
wt‑Bcl2 and mut‑Bcl2, respectively and were then transfected 
together with miR‑1‑3p mimics. It was observed that the lucif-
erase activities of the wt‑Bcl2 vector was reduced following 
treatment with miR‑1 mimics. In addition, luciferase activity 
in cells transfected with the mut‑Bcl2 and miR‑1 mimic was 
almost comparable with that of the control cells (Fig. 5D). In 
addition, it was found that the expression level of miR‑1 and 
Bcl‑2 in BC tissues were negatively correlated according to 
data downloaded from the TCGA database (Fig. 5E), which 
also demonstrated that Bcl‑2 may be a target of miR‑1. Bcl‑2 in 
MCF‑7 cells were also modulated in the presence or absence 
of miR‑1 mimics and then migration and invasion evaluated, 
as shown in Fig. S3A and B. The number of migrating and 
invading cells returned to levels similar to that of the NC group 
following ectopic Bcl‑2 expression in miR‑1‑overexpressing 

cells. This finding demonstrated that overexpression of miR‑1 
inhibited cell migration and invasion, which is reversed by 
Bcl‑2 overexpression. These data also showed that miR‑1 can 
bind directly to Bcl‑2 through their respective miRNA recog-
nition sites. Thus, it was demonstrated that Bcl‑2 is a target 
gene of miR‑1.

In vivo tumor growth is suppressed by upregulation of miR‑1. 
To explore the role of miR‑1 in tumor growth in vivo, BC cells 
with a high level of miR‑1 or the negative control cells were 
injected subcutaneously into nude mice. After 4 to 5 weeks, 
the mice were euthanized and intact tumors were removed 
(Fig. 6A). The tumor volumes and weight were measured 
and the results showed that the average tumor volumes were 
decreased in the miR‑1 group compared with the negative 
control group (Fig. 6B). The tumor weight was also signifi-
cantly decreased in the miR‑1‑overexpressing group (Fig. 6C). 
These results indicated that upregulation of miR‑1 can suppress 
the growth of BC cells in vivo.

Upregulation of miR‑1 enhances drug sensitivity in BC cells. 
It has been reported that overexpression of Bcl‑2 and its close 
relatives is a major component of chemo‑resistance (20), and 
since it was observed that miR‑1 could downregulate Bcl‑2, it 
was hypothesized that miR‑1 may influence the sensitivity of 

Figure 4. Upregulation of miR‑1 promotes MCF‑7 cell apoptosis. (A) miR‑1 promotes apoptosis of MCF7 cells, as demonstrated by fluorescence activated 
cell sorting, n=3, P<0.01. (B) Proteins that promote apoptosis were upregulated in miR‑1‑overexpressing cells. (C) Proteins that inhibit apoptosis and induce 
proliferation were decreased in miR‑1‑ overexpressing cells. (D) The cell adhesion protein claudin‑1 was upregulated and the EMT‑related proteins ZEB1 and 
E‑cadherin were upregulated in miR‑1‑overexpressing cells. miR, microRNA; ctrl, control; NC, normal control; PARP, poly ADP ribose polymerase; Mcl‑1, 
myeloid cell leukemia 1; Bip, binding immunoglobulin protein; EMT, epithelial‑mesenchymal transition; ZEB1, zinc finger E‑box binding homeobox 1.; 
LV, lentiviral.
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BC cells to drugs. Thus, cell viability was observed following 
treatment with paclitaxel or DDP. The results showed that 
overexpression of miR‑1 can enhance the sensitivity of 
BC cells to paclitaxel and DDP because cell proliferation 
was decreased in the miR‑1‑overexpressing group compared 
with the control group (Fig. 7A and B). The expression level 
of miR‑1 in DDP‑resistant BC cells was also tested and the 
results demonstrated that the expression of miR‑1 is signifi-
cantly decreased in resistant BC cells compared with parental 
BC cells (P=0.046; Fig. 7C). Taken together, the data from the 
present study indicated that overexpression of miR‑1 could 
enhance drug sensitivity in BC cells.

Discussion

miR‑1 has been shown to be downregulated in some cancer 
types, where it inhibits tumor growth (21,22). However, the 
specific role and mechanism of miR‑1 in BC requires further 
elucidation. It was revealed that miR‑1 was expressed at a low 
level in BC tissues and that overexpression of miR‑1 inhibited 
BC cell proliferation and migration. For the first time, to the 
best of the authors' knowledge the present study illustrated 
the interaction between miR‑1 and Bcl‑2 in BC cells and 
showed that miR‑1 promoted cell apoptosis through Bcl‑2 
downregulation. It also demonstrated for the first time that 

Figure 5. Bcl‑2 is a direct target of miR‑1. (A) The Bcl‑2 5'UTR contains binding sites for miR‑1 and the mutated sequence of the Bcl‑2 3'UTR. (B) Bcl2 mRNA 
was decreased in miR‑1‑ overexpressing MCF‑7 cells, n=3, P<0.01. (C) Bcl2 protein was also decreased in miR‑1‑overexpressing MCF‑7 cells. (D) Luciferase 
reporter assays in MCF7 cells showed that miR‑1 can directly bind to the 3'UTR of WT Bcl2 and decreased the luciferase activity, n=3, P<0.01. (E) The 
expression levels of miR‑1 and Bcl‑2 in BC tissues were negatively correlated according to data downloaded from the TCGA, P=0.016. miR, microRNA; 
BC, breast cancer; NC, normal control; MUT, mutant; WT, wild type.
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miR‑1‑overexpressing BC cells are more sensitive to paclitaxel 
and DDP.

The present study found that miR‑1 was expressed at 
low levels in BC tissues. Therefore, it was hypothesized that 

miR‑1 may be a tumor suppressor gene in BC. In vitro experi-
ments indicated that transfection of MCF‑7 and ZR‑7530 cells 
with miR‑1 can inhibit cell growth. Flow cytometry analysis 
revealed that overexpression of miR‑1 can promote cell 

Figure 6. Upregulation of miR‑1 leads to tumor suppression in vivo. (A) Tumors were resected 4 weeks or 5 weeks after initial cell inoculation in the 
ZR‑7530 group and the MCF‑7 group, respectively (n=5 for the ZR‑7530 group; n=3 for the MCF‑7 group). (B) Upregulation of miR‑1 decreased the tumor 
volume compared with the control. (C) Upregulation of miR‑1 decreased the tumor weight compared with the control. **P<0.01. miR, microRNA; NC, normal 
control; ctrl, control; LV, lentiviral; ctrl, control.
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apoptosis. These results were consistent with those of a 
previous study, which reported that a high level of miR‑1 
can inhibit the growth of hepatocellular carcinoma cells by 
promoting apoptosis (18). Western blotting data also showed 
that proteins that promote apoptosis such as Bax, cleaved 
PARP and cleaved caspase‑3, were increased in miR‑1‑over-
expressing cells. In contrast, p‑AKT, Bip and Mcl‑1, which 
are important for proliferation, were decreased in the miR‑1 
overexpression group. To evaluate the role of miR‑1 in the 
regulation of the cell cycle or DNA damage in BC cells, the 
expression of related genes was analyzed, but no significant 
difference was observed between BC cells in which miR‑1 was 
stably expressed and negative control cells. Only p21, which 
mediates the p53 tumor suppressor gene, was upregulated in 
LV‑miR‑1 cells. Notably, in agreement with the findings of 
the present study, p21 has also been shown to be regulated 

by miR‑1 in rhabdomyosarcoma (23). Further investigation 
revealed that overexpression of miR‑1 can inhibit cell migra-
tion and invasion. In addition, the EMT‑related protein ZEB1 
was downregulated in miR‑1‑overexpressing cells. These data 
implied that miR‑1 may act as a tumor suppressor gene in BC 
by promoting apoptosis and inhibiting EMT.

The potential target genes of miR‑1 were investigated next. 
Bcl‑2 belongs to a group of related proteins that play key roles in 
apoptosis, or programmed cell death (20,24). The over‑expression 
of Bcl‑2 protein has been identified in numerous types of tumors, 
including BC. Western blot analysis revealed that miR‑1 can 
bind to Bcl‑2 and decrease Bcl‑2 protein levels in BC cells. A 
luciferase assay also provided evidence that miR‑1 can directly 
regulate Bcl‑2 mRNA expression by targeting the Bcl‑2 3'‑UTR. 
Consistent with the results of the present study, Tang et al (25) 
reported that miR‑1 is closely related to ischemia/reperfusion 
injury in a rat model and that the level of miR‑1 is inversely corre-
lated with Bcl‑2 expression in cardiomyocytes in a I/R rat model.

Finally, the function of miR‑1 in drug resistance was investi-
gated. The over‑expression of Bcl‑2 has been shown to regulate 
the development of drug resistance in BC (26,27). Paclitaxel and 
DDP are among the well‑known chemotherapy drugs used to 
treat numerous types of tumors, including BC (28). The authors' 
previous study demonstrated that neoadjuvant chemotherapy 
consisting of a paclitaxel and DDP combination was highly 
effective for BC patients (29). However, drug resistance is a key 
obstacle to the success of chemotherapy (30). It was therefore 
hypothesized that miR‑1 may sensitize BC cells to anticancer 
drugs by targeting Bcl‑2, which protects BC cells from apoptosis. 
Indeed, the data from the present study showed that paclitaxel‑ 
and DDP‑induced apoptosis was increased in BC cells that 
overexpressed miR‑1. Similar the current study, Hua et al (31) 
reported that miR‑1 overexpression improved DDP sensitivity 
by inhibiting ATG3‑mediated autophagy in non‑small cell lung 
cancer cells. Thus, miR‑1 may have a role in the treatment of 
BC patients who are administered paclitaxel and DDP, but the 
specific mechanism requires further investigation in the future.

The present study illustrated that miR‑1 is expressed at low 
levels in BC samples and can regulate cell proliferation and 
migration by downregulating Bcl‑2. The data also showed that 
miR‑1 can increase the sensitivity of BC cells to paclitaxel and 
DDP. In conclusion, miR‑1 is a candidate tumor suppressor in 
human BC and increasing the expression of miR‑1 may be a 
potential treatment strategy for BC.
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