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Abstract. MircroRNAs (miRNAs) are considered as essential 
regulators in the tumorigenesis and chemoresistance of multiple 
cancer types. In the present study, it was demonstrated that 
the expression levels of miR‑125b were significantly down-
regulated in the tissues of patients with breast cancer (BC), 
as well as the BC cell lines in vitro. To study the association 
between chemoresistance and miR-125b in BC, doxorubicin 
(DOX)-resistant MCF-7 (MCF-7/R) cells were established, and 
gain- and loss-of-function experiments were performed. It was 
demonstrated that the overexpression of miR-125b increased 
the sensitivity of MCF-7/R cells to DOX. Furthermore, it 
was revealed that the sensitization of miR-125b mimics to 
DOX-induced cell death was regulated by the hematopoietic 
cell‑specific protein 1‑associated protein X‑1 (HAX‑1) vector 
and HAX‑1 small interfering RNA. These results emphasized 
the notable function of miR‑125b and its target of HAX‑1 in 
regulating DOX-resistance. In addition, it was demonstrated 
that the miR-125b mimics promoted the loss of the mitochon-
drial membrane potential and the generation of reactive oxygen 
species induced by DOX treatment in MCF-7/R cells. These 
data suggest that the miR‑125b‑HAX‑1‑mitochondria pathway 
has a notable function in the treatment of DOX-resistant BC 
cells, which may provide a novel target for the chemotherapy 
of BC.

Introduction

Breast cancer (BC) is the most common type of malignant 
cancer in the female population globally, resulting in the 
leading cause of cancer-associated mortality due to the 

metastatic spread of the cancer to vital organs (1). Therapy for 
primary breast cancer usually involves tumor resection, radia-
tion therapy and chemotherapy. Surgery usually extends the 
survival of patients; however, for patients with the advanced 
stage of the disease, chemotherapy is considered as the 
alternative option (2). Unfortunately, systemic chemotherapy 
is usually ineffective due to the low sensitivity of cancer cells 
to chemotherapeutic drugs (3). Doxorubicin (DOX) is one 
type of antitumor antibiotic, which is widely used in multiple 
cancer types, including BC (4). The mechanism by which DOX 
kills the cancer cells is dependent on the apoptotic pathway, as 
DOX is able to embed into the DNA, and inhibit the synthesis 
of RNA and DNA, which is the initial signal of apoptosis (5). 
Despite the fact that DOX is widely used for the treatment of 
BC, the resistance of BC cells to the apoptotic pathway limits 
the clinical effectiveness of DOX (6,7). Therefore, there is a 
requirement to decrease DOX-resistance by enhancing the 
sensitivity of BC cells to apoptosis.

MicroRNAs (miRNAs) a re endogenous,  smal l 
non-coding RNAs with ~22 nucleotides in length. They are 
able to regulate various genes by binding to the 3'-untrans-
lated region (3'-UTR) of their target mRNAs, leading to 
mRNA degradation or translational inhibition. As >30% of 
protein-coding genes are regulated by miRNAs, they are 
involved in various biological and pathological processes, 
including cell proliferation, metastasis, differentiation, and 
apoptosis (8-10). Studies have demonstrated that numerous 
miRNAs are dysregulated in BC (11,12). Therefore, the 
expression profiles of miRNAs have been investigated for the 
development of diagnostic biomarkers and therapeutic targets 
for the treatment of BC (11,12). Recently, studies have indi-
cated that the dysregulation of miRNAs is associated with 
the sensitivity of cancer cells to chemotherapy. For example, 
miR-221 and miR-27a is usually dysregulated in breast 
cancer, which contributes to cisplatin resistance (13,14). 
However, the role and the mechanism of miRNAs in BC cell 
DOX-resistance remain unclear.

In the present study, the potential role of miR-125b in 
BC was investigated. The expression of miR-125b in tumor 
tissue samples from patients with BC were examined and it 
was demonstrated that miR-125b was downregulated in BC. 
Notably, it was revealed that the absence of miR-125b was 
involved in the development of DOX‑resistance. These findings 
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may provide a novel strategy for decreasing the resistance of 
chemotherapy in BC.

Materials and methods

Clinical specimens and cell lines. A total of 30 pairs of BC 
tumor and corresponding adjacent non‑tumor tissues were 
obtained from patients who underwent tumor resection at 
Dongyang People's Hospital (Jinhua, China) between August 
2013 and December 2015. All of the patients were female 
and the median age of the patients was 55 years (range, 
32-78 years). The use of clinical tissues for the present study 
was approved by the Ethical Committee of Dongyang People's 
Hospital and all of the patients provided written informed 
consent. Human BC cell lines MCF‑7, MDA‑MB‑231, T‑47D 
and the human normal breast epithelial cell line MCF-10A 
were obtained from the Institute of Biochemistry and Cell 
Biology, Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). Cells were cultured at 37˚C in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) in a humidified 5% CO2 incubator. 
To investigate the chemoresistance of BC, a DOX-resistant 
MCF-7 cell line (MCF-7/R) was established by stepwise 
exposure of MCF-7 cells to increasing concentrations of DOX 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). Briefly, 
the MCF-7 cells were initially treated with DOX at 0.2 µg/ml 
for 2 months and the DOX concentration was increased every 
3 weeks by 0.04 µg/ml up to a final concentration of 0.6 µg/ml. 
To eliminate the influence of residual DOX in culture medium, 
the MCF-7/R cells were cultured in DOX-free DMEM for 
3 weeks prior to the experiments.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from the 
tissues of patients with BC patients or BC cell lines in vitro 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). 
For analysis of miR-125b expression, the total RNA was 
reverse transcribed using stem-loop RT primers from the 
PrimeScript RT reagent kit according to the manufacturer's 
protocol (Takara Bio, Inc., Otsu, Japan). The miR-125b RT 
primer (Guangzhou RiboBio Co., Ltd., Guangzhou, China) 
had the following sequence: 5'-CTC AAC TGG TGT CGT GGA 
GTC GGC AAT TCA GTT GAG TCA CAG GT-3'. qPCR was 
performed in triplicate using the SYBR Premix Ex Taq (Takara 
Bio, Inc.) on an ABI PRISM 7900 Sequence Detection system 
(Applied Biosystems). The relative expression of miR-125b 
was determined using the 2-ΔΔCq analysis method (15), 
whereby U6 snRNA was used as an internal reference. The 
PCR reaction mix consisted of 12.5 µl 2X SYBR® Premix Ex 
Taq II (cat no. RR820A; Takara Bio, Inc.), 1 µl forward primer 
(10 µM), 1 µl reverse primer (10 µM), 2 µl cDNA and 8.5 µl 
H2O. PCR was performed under the following thermocycling 
conditions: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 30 sec, and one cycle of 95˚C for 15 sec, 
60˚C for 60 sec and 95˚C for 15 sec for dissociation. PCR 
primers were obtained from Guangzhou RiboBio Co., Ltd. and 
had the following sequences: miR-125b forward, 5'-ACA CTC 
CAG CTG GGT CCC TGA GAC CCT TTA AC-3' and reverse, 
5'-TGG TGT CGT GGA GTC G-3'; and U6 forward, 5'-CTC GCT 

TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT 
TGC GT-3'.

Plasmid and transfection. For enforced expression of 
hematopoietic cell-specific protein 1-associated protein 
X‑1 (HAX‑1), the eukaryotic expression vector (pcDNA3.1 
plasmid containing HAX‑1 open reading frame; Invitrogen; 
Thermo Fisher Scientific, Inc.) was conducted. For transfec-
tion, 2 µg/ml HAX‑1 vector, 50 pmol/ml miR‑125b mimics 
(5'-AGU GUU CAA UCC CAG AGU CCC U-3'), 50 pmol/ml 
negative control oligonucleotide (miR-NC, 5'-AGU CAU CCG 
UAC UCA GUG UCC A‑3'), and 50 pmol/ml HAX‑1 small inter-
fering (si)RNA (forward 5'-GAG UGA UGC AAG AAG UGA 
AUU-3', reverse 5'-UUC ACU UCU UGC AUC ACU CUU-3') 
were transfected into the MCF-7 and MCF-7/R cells using 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. All the RNA 
oligonucleotides were purchased from Shanghai GenePharma 
Co., Ltd. (Shanghai, China).

Luciferase reporter assay. Bioinformatics analysis using 
TargetScan (http://www.targetscan.org/) indicated that 
HAX‑1 represents a target gene of miR‑125b. To verify 
this, the wild-type of the putative miR-125b binding sites 
of HAX‑1 3'‑UTR were cloned into the downstream of 
firefly luciferase gene in the pMIR-REPORT™ miRNA 
Expression Reporter Vector (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. To mutate the 
seed region of the miR-125b-binding sites (CUCAGGG to 
CUCUAGG), the QuikChange Site‑Directed Mutagenesis 
kit (Agilent Technologies, Inc., Santa Clara, CA, USA) was 
used based on the wild-type conducted pMIR-REPORT™ 
vector following the manufacturer's protocol. To perform 
the luciferase reporter assay, the MCF-7/R cells were incu-
bated in 48‑well plates overnight at 37˚C. The cells were 
then co-transfected with the wild-type (or mutant-type) 
of pMIR-REPORT vectors, Renilla luciferase pRL-TK 
vectors (Promega Corporation, Madison, WI, USA), and the 
miR-125b mimics using Lipofectamine 2000. After 48 h of 
transfection, the cells were collected and lysed using a lysis 
buffer provided by Promega Corporation (cat no. E1910). 
Luciferase activity was then measured using a Dual 
Luciferase Reporter Assay system according to the manufac-
turer's protocol (cat no. E1910, Promega Corporation). The 
relative Firefly luciferase activity was normalized to Renilla 
luciferase activity.

Western blot analysis. BC cells were lysed in the RIPA 
lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, 
USA). A total of 50 µg total protein extracted from the lysed 
cells was separated by 12.5% SDS-PAGE and transferred 
to a polyvinylidene fluoride membrane (EMD Millipore, 
Billerica, MA, USA). Non-specific binding was blocked 
using 5% (w/v) skimmed milk in Tris-buffered saline with 
1% Tween-20 for 2 h at room temperature. The membranes 
were then incubated with the primary antibodies mouse 
anti‑HAX‑1 monoclonal antibody (mAb) (cat. no. sc‑166845; 
dilution, 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), cleaved caspase-9 rabbit mAb (cat. no. 7237; dilution, 
1:1,000; Cell Signaling Technology, Inc.), cleaved caspase-3 
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rabbit mAb (cat. no. 9661; dilution, 1:1,000; Cell Signaling 
Technology, Inc.), cleaved poly(ADP-ribose)polymerase 
(PARP) rabbit mAb (cat. no. 5625; dilution, 1:1,000; Cell 
Signaling Technology, Inc.) and β-actin rabbit mAb (cat. 
no. 4970; dilution, 1:1,000; Cell Signaling Technology, Inc.) 
overnight at 4˚C. The membranes were then incubated with 
horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
immunoglobulin G (IgG; cat no. 7074; dilution, 1:2,000; Cell 
Signaling Technology, Inc.) for detection of cleaved caspase-9, 
cleaved caspase-3, cleaved PARP and β-actin. Membranes 
with HAX‑1 protein were probed by mouse IgGκ light chain 
binding protein conjugated with horseradish peroxidase 
(m-IgGκ BP‑HRP, cat no. sc‑516102; dilution, 1:2,000; Santa 
Cruz Biotechnology, Inc.). After 2 h incubation at 4˚C, proteins 
were detected by using an enhanced chemiluminescence 
detection kit (Pierce; Thermo Fisher Scientific, Inc.).

Cell viability and the half maximal inhibitory concentration 
(IC50). BC cells were seeded in 96-well plates at a density 
of 5x103 per well and transfected with RNAs and plasmids. 
Then, 24 h after transfection, the cells were treated with 
DOX for 48 h and the cell viability was evaluated using an 
MTT assay, in which dimethyl sulfoxide was used to dissolve 
the purple formazan (Sigma-Aldrich; Merck KGaA) (16). 
The absorbance was read at 570 nm using a microplate 
reader. The IC50 was calculated according to the cell 
viability curve.

Cell apoptosis detection. BC cells were collected after the 
24 h transfection followed by the 48 h DOX treatment. The 
cells were then stained with Annexin V/propidium iodide 
(cat no. APOAF; Sigma-Aldrich; Merck KGaA) for 15 min at 
room temperature according to the manufacturer's protocols. 
Cell apoptosis was analyzed using a flow cytometer and 
FlowJo 10 software (FlowJo LLC, Ashland, OR, USA).

Measurement of mitochondrial membrane potential 
(MMP; ΔΨm) and reactive oxygen species (ROS). BC cells 
were collected after the 24 h transfection followed by the 
48 h DOX treatment. The MMP was detected using JC-1 
(Molecular Probes; Thermo Fisher Scientific, Inc.) as the 
indicator (17) according to the manufacturer's protocol. 
Generation of ROS was measured using dihydroethidium 
(DHE; Molecular Probes; Thermo Fisher Scientific, Inc.) 
staining (18) according to the manufacturer's protocol. 
N-acetylcysteine (NAC; Sigma-Aldrich; Merck KGaA) was 
used as a ROS scavenger (18). The MMP and ROS were 
detected using a flow cytometer and analyzed using FlowJo 10 
software (FlowJo LLC).

Statistical analysis. Data are represented as mean ± standard 
error obtained from three independent experiments. For 
comparison analysis, two-tailed Student's t-tests were 
used to estimate the statistical differences between two 
groups. One-way analysis of variance and Bonferroni's post 
hoc test were used to determine the differences between 
three or more groups. Statistical analysis was performed 
using SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Downregulation of miR‑125b is associated with DOX‑ 
resistance in BC. The expression of miR-125b was detected 
in the tumor tissues of 30 patients with BC and their adjacent 
normal tissues using RT-qPCR. As presented in Fig. 1A, 
the miR-125b levels were significantly downregulated in 
BC tissues compared with the corresponding normal tissues. 
Furthermore, the results in vitro demonstrated that the expres-
sion levels of miR-125b in BC cell lines (MCF-7, MDA-MB-231, 
and T-47D) were significantly higher compared with that 
in the normal breast epithelial cell line MCF-10A (Fig. 1B). 
These results suggest that miR-125b may function as a tumor 
suppressor in BC. To investigate chemoresistance in BC, a 
DOX-resistant MCF-7 cell line (MCF-7/R) was established. 
It was observed that the MCF-7/R cells were significantly 
resistant to the DOX treatment compared with their parental 
MCF-7 cells (Fig. 1C). To investigate the association between 
miR-125b and DOX-resistance, RT-qPCR analysis was 
performed in MCF-7 and MCF-7/R cells. Notably, the expres-
sion of miR‑125b was significantly lower in MCF‑7/R cells 
compared with that in the parental MCF-7 cells, suggesting the 
dysregulation of miR-125b is an important factor to promote 
the DOX-resistance in BC (Fig. 1D).

Enforced expression of miR‑125b resensitizes MCF‑7/R cells 
to DOX treatment. To confirm the hypothesis that the down-
regulation of miR-125b promotes DOX-resistance, MCF-7/R 
cells as well their parental MCF-7 cells were transfected with 
miR‑125b mimics (the transfection efficiency is presented in 
Fig. 2A). In addition, as treatment with 4 µg/ml DOX induced 
slight cell death in MCF-7/R (Fig. 1C), this concentration of 
DOX was chosen for combination treatment with miR-125b 
mimics. As expected, transfection of miR-125b mimics was 
observed to significantly enhance the anti‑tumor effect of DOX 
on MCF-7/R cells (Fig. 2B). Enforced expression of miR-125b 
decreased the IC50 of DOX by 74.6% in MCF-7/R cells and by 
27.1% in MCF-7 cells (Fig. 2C). These results indicated that 
the DOX-resistant MCF-7 cells are more sensitive to miR-125b 
compared with the routine MCF-7 cells and enforced expres-
sion of miR-125b is able to resensitize the MCF-7/R cells to 
DOX treatment.

HAX‑1 is the target of miR‑125b in MCF‑7/R. To investi-
gate the target of miR-125b, which is associated with the 
DOX-resistance in MCF-7/R, the public database of TargetScan 
was used. It was demonstrated that the HAX‑1 gene was a 
putative target of miR-125b (Fig. 3A). In accordance with this, 
the expression of HAX‑1 was significantly higher in T‑47D, 
MDA-MB-231 and MCF-7 BC cell lines compared with the 
MCF‑10A cells. Furthermore, the expression level of HAX‑1 
was upregulated in MCF-7/R cells compared with that in the 
parental MCF-7 cells (Fig. 3B). Therefore, it was hypothesized 
that the HAX‑1 is the target of miR‑125b, its overexpression 
of which is responsible for inducing the DOX-resistance in 
MCF-7/R. To validate this, a luciferase reporter assay was 
performed to directly investigate whether HAX‑1 was targeted 
by miR-125b. It was observed that the miR-125b mimics 
significantly decreased the luciferase activity of wild‑HAX‑1 
reporter, but not the mutant or empty reporter (Fig. 3C). 
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Furthermore, transfection of miR‑125b significantly downreg-
ulated the protein level of HAX‑1 in MCF‑7/R cells (Fig. 3D). 
Taken together, these results suggest that HAX‑1 is the target 
of miR-125b in DOX-resistant MCF-7 cells.

Enforced expression of miR‑125b resensitizes MCF‑7/R 
cells to DOX via downregulation of HAX‑1. To confirm 

whether miR-125b regulates the DOX-resistance via targeting 
the HAX‑1, MCF‑7/R cells were transfected with HAX‑1 
siRNA, HAX‑1 vector and miR‑125b mimics (the transfec-
tion efficiency is presented in Fig. 4A). It was demonstrated 
that HAX‑1 siRNA serves a similar role with the miR‑125b 
in promoting DOX‑induced cell death. However, overexpres-
sion of HAX‑1 significantly decreased the cytotoxicity in the 

Figure 2. Overexpression of miR-125b resensitizes the MCF-7/R cells to DOX treatment. (A) 50 pmol/ml miR-125b mimics were transfected into the MCF-7 
and MCF‑7/R cells. The transfection efficiency of miR‑125b was measured by RT‑qPCR. *P<0.05. (B) MCF-7/R cells were transfected with 50 pmol/ml 
miR-125b mimics. After 24 h incubation, the cells were treated with 4 µg/ml DOX for another 48 h. MTT assay was then performed to evaluate the viability of 
MCF-7/R cells. *P<0.05 vs. DOX+miR-NC group. (C) MCF-7/R and MCF-7 cells were transfected with 50 pmol/ml miR-125b mimics. After 24 h incubation, 
the cells were treated with different concentrations of DOX. The IC50 of DOX was determined according to the cell viability curves. *P<0.05. DOX, doxoru-
bicin; miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; MCF-7/R, DOX-resistant MCF-7 cells; IC50, half maximal 
inhibitory concentration; NC, negative control.

Figure 1. Dysregulation of miR-125b is associated with DOX-resistance in BC. (A) The expression of miR-125b in tumor tissues of patients with BC and their 
adjacent normal tissues was detected by RT‑qPCR. *P<0.05 vs. non-tumor tissues. (B) The expression of miR-125b in BC cell lines (MCF-7, MDA-MB-231, 
and T-47D) and normal breast epithelial MCF-10A cell line was detected by RT-qPCR. *P<0.05 vs. MCF-10A. (C) The sensitivity of MCF-7 cells and MCF-7/R 
cells to DOX was determined by MTT assays. The IC50 of DOX was determined according to the cell viability curves. *P<0.05 vs. MCF-7. (D) The expression of 
miR-125b in MCF-7/R and its parental MCF-7 cell line was detected by RT-qPCR. *P<0.05 vs. MCF-7. DOX, doxorubicin; BC, breast cancer; miR, microRNA; 
RT-qPCR, reverse transcription-quantitative polymerase chain reaction; MCF-7/R, DOX-resistant MCF-7 cells; IC50, half maximal inhibitory concentration.
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combination treatment of DOX+miR-125b (Fig. 4B). These 
results indicated that the miR‑125b/HAX‑1 signaling pathway 
regulates the DOX-resistance in BC.

miR‑125b promotes DOX‑induced cell death through 
caspase‑dependent apoptosis in MCF‑7/R cells. As the afore-
mentioned results demonstrated that the downregulation of 
HAX‑1 is essential for reversing DOX‑resistance in MCF‑7/R 
cells, the effect of the combination with DOX and miR-125b on 
the cell death pathway was next investigated. As presented in 
Fig. 5A, it was observed that although the DOX alone treatment 
induced apoptosis slightly in MCF-7/R cells, the combina-
tion with miR-125b promoted the DOX-induced apoptosis 
significantly (Fig. 5A). Furthermore, it was revealed that the 
combination of DOX and miR-125b resulted in significant 
activation of caspase-9, caspase-3 and their substrate PARP, 
in addition, the activation of caspase activity was significantly 
impaired by the HAX‑1 vector (Fig. 5B). Thus, it was demon-
strated that miR-125b promotes DOX-induced apoptosis through 
the caspase‑dependent signaling pathway by targeting HAX‑1.

miR‑125b‑promoted apoptosis is dependent on the 
HAX‑1‑MMP‑ROS signaling pathway. Previous reports 
have indicated that HAX‑1 is an important regulator for 
the mitochondrial pathway of apoptosis (19). Therefore, the 
role of the mitochondrial pathway in miR-125b-promoted 
apoptosis was investigated. As presented in Fig. 6A, it was 
demonstrated that although miR‑125b alone did not influence 

Figure 3. HAX‑1 is negatively regulated by miR‑125b in MCF‑7/R cells. (A) Putative miR‑125b binding sequence in the 3'‑UTR of HAX‑1 mRNA was predicted 
using the TargetScan database. (B) Western blot analysis was performed to detect the expression levels of HAX‑1 in MCF‑10A, T‑47D, MDA‑MB‑231, MCF‑7 
and MCF-7/R cells. (C) The relative luciferase activity was measured using the Dual-Luciferase Reporter system. *P<0.05. (D) MCF-7/R cells were transfected 
with 50 pmol/ml miR‑NC or miR‑125b. After 24 h incubation, western blot analysis was performed to evaluate the protein levels of HAX‑1. miR, microRNA; 
MCF‑7/R, DOX‑resistant MCF‑7 cells; HAX‑1, hematopoietic cell‑specific protein 1‑associated protein X‑1; UTR, untranslated region; NC, negative control.

Figure 4. miR-125b reverses DOX-resistance via downregulating the level 
of HAX‑1. (A) The effect of miR‑125b, HAX‑1 siRNA and HAX‑1 vector on 
regulating the expression of HAX‑1 was measured by western blot analysis. 
(B) DOX-resistant MCF-7 cells were transfected with RNAs and plasmids for 
24 h. Then, the cells were treated with 4 µg/ml DOX for another 48 h. MTT 
assay was performed to measure the viability of MCF-7/R cells. *P<0.05 vs. 
DOX+ miR-NC group; #P<0.05 vs. DOX+ miR-125b group. DOX, doxorubicin; 
miR, microRNA; siRNA, small interfering RNA; HAX‑1, hematopoietic 
cell‑specific protein 1‑associated protein X‑1; NC, negative control.
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the MMP of MCF‑7/R cells, miR‑125b significantly promoted 
DOX-induced mitochondrial damage. Furthermore, the effect of 
miR‑125b on mitochondria was inhibited by the HAX‑1 vector. 
Previous studies have indicated that the generation of ROS may 
be induced by the mitochondrial dysfunction. Thus, ROS gener-
ation was assessed by DHE staining using a previously descried 
method (18,20). It was observed that miR‑125b significantly 
promoted the generation of ROS induced by DOX treatment. 
Notably, the HAX‑1 vector and NAC, a scavenger of ROS (18), 
inhibited ROS generation, indicating the important role of 
HAX‑1 in the mitochondrial pathway of DOX‑based treatment 
in MCF‑7/R cells (Fig. 6B). Furthermore, the HAX‑1 vector 
and NAC significantly inhibited DOX‑ and miR‑125b‑induced 
cell death in MCF-7/R cells (Fig. 6C). Taken together, this data 
suggested that miR-125b promoted DOX-induced apoptosis 
through the HAX‑1‑MMP‑ROS pathway.

Discussion

An increasing number of studies have demonstrated that 
miR-125b acts as a tumor suppressor in multiple cancer 
types. Zhao et al (21) demonstrated that the expression of 
miR-125b in tumor tissues is lower compared with that in 
adjacent normal tissues. Furthermore, the overexpression of 
miR-125b inhibited cell proliferation, migration and caused 
cell cycle arrest in G1 phase in bladder cancer (21). In ovarian 
cancer cells, miR-125b was reported to suppress tumor 
invasion and migration by targeting eukaryotic translation 
initiation factor 4E binding protein 1 (22). The present study 
demonstrated that miR‑125b was significantly downregulated 
in the tumor tissues of patients with BC and BC cell lines, 
when compared with adjacent non‑tumor, and normal 
MCF-10A cells, respectively. Furthermore, it was revealed 

Figure 5. miR-125b promotes DOX-induced cell death through caspase-dependent apoptosis in MCF-7/R cells. (A) MCF-7/R cells were transfected with 
RNAs and plasmids for 24 h. Then, the cells were treated with 4 µg/ml DOX for another 48 h. Annexin V/PI staining was performed to detect the apoptosis 
rate in MCF-7/R cells. *P<0.05 vs. DOX+miR-NC group; #P<0.05 vs. DOX+miR-125b group. (B) Western blot analysis was performed to measure the cleavage 
of caspase‑9, caspase‑3 and its substrate PARP. DOX, doxorubicin; miR, microRNA; MCF‑7/R, DOX‑resistant MCF‑7 cells; PI, propidium iodide; HAX‑1, 
hematopoietic cell‑specific protein 1‑associated protein X‑1; NC, negative control; PARP, poly(ADP‑ribose)polymerase.
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Figure 6. Role of the HAX‑1‑MMP‑ROS pathway in DOX‑based treatment of MCF‑7/R cells. (A) MCF‑7/R cells were transfected with RNAs and plasmids 
for 24 h. Then, the cells were treated with 4 µg/ml DOX for another 48 h in the presence or absence of 5 mM NAC. The mitochondrial membrane potential 
was analyzed by JC‑1 staining. (B) The generation of ROS was measured by DHE staining. (C) The cell viability was determined by MTT assays. *P<0.05 
vs. DOX+miR-NC group; #P<0.05 vs. DOX+miR-125b group. DOX, doxorubicin; BC, breast cancer; miR, microRNA; MCF-7/R, DOX-resistant MCF-7 cells; 
NAC, N‑acetylcysteine; MMP, mitochondrial membrane potential; ROS, reactive oxygen species; DHE, dihydroethidium.
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that the MCF-7 cells exhibited a more extensive decline in 
miR-125b expression when they became DOX-resistance. 
Therefore, we hypothesized that miR-125b is a tumor 
suppressor in BC.

Previously, studies have confirmed that the dysregula-
tion of miRNAs is associated with the curative effect of 
chemotherapy in cancer. For example, miR-193b which 
is downregulated in HCC has been demonstrated to be 
essential for cisplatin-induced apoptosis (23). The knock-
down of miR-155 is able to reverse DOX-resistance in lung 
cancer (24). Overexpression of miR-125b in chondrosarcoma 
cells inhibits cell growth rates and increases the sensitivity 
of cells to DOX (25). To investigate chemoresistance in BC, 
a DOX-resistant MCF-7 cell line was established. Several 
reports have demonstrated that P-glycoprotein, which leads to 
drug efflux, is overexpressed and mediates drug‑resistance in 
chemoresistant BC cells (26). However, in the current study, 
it was revealed that the miRNA dysregulation also mediated 
chemoresistance. To investigate whether or not downregulated 
miR-125b was associated the chemoresistance, the MCF-7/R 
cells were treated with DOX in the presence or absence of 
miR-125b mimics. It was observed that the combination 
with miR‑125b significantly decreased the IC50 of DOX in 
MCF-7/R cells. Therefore, the role of miR-125b in reversing 
DOX-resistance was demonstrated.

HAX‑1 is an important anti‑apoptotic protein, which is 
located on the mitochondrial outer membrane (27). Previous 
studies have reported that the overexpression of HAX‑1 
impedes apoptosis of cancer cells, resulting from the protec-
tion of mitochondria from damage induced by drugs and 
environmental factors (28). Therefore, numerous malignan-
cies exhibit a high level of HAX‑1, including BC (29). In the 
present study, HAX‑1 was identified as a target of miR‑125b 
and the promotion of miR-125b mimics on DOX-induced 
cell death is dependent on the downregulation of HAX‑1 in 
MCF-7/R cells.

As HAX‑1 is an apoptosis‑associated protein, the 
results of the current study revealed that the overexpres-
sion of miR-125b reversed DOX-resistance and promoted 
DOX‑induced apoptosis through the HAX‑1 signaling 
pathway. To further explore the underlying mechanisms, the 
MMP was measured, which is the downstream of HAX‑1 
signaling. The results indicated that miR-125b-induced 
inhibition of HAX‑1 promoted the DOX to damage the mito-
chondria. In combination with miR‑125b and DOX, HAX‑1 
induced a decrease in the MMP, which was responsible 
for the release of mitochondrial components into the cyto-
plasm (30). Among these components, ROS is a key inducer 
of mitochondrial apoptosis (20). In the current study, it was 
observed that the elimination of ROS by NAC inhibited cell 
death induced by the combination of miR-125b and DOX 
in MCF-7/R cells. This suggests that the overexpression of 
miR-125b resensitizes the MCF-7/R cells to DOX through 
the mitochondrial-ROS pathway.

In summary, the present study demonstrates that miR-125b 
acts as a tumor suppressor in BC. Additionally, the absence of 
miR-125b may be essential for developing DOX-resistance in 
BC. miR‑125b/HAX‑1‑targeted therapy may be considered as 
a novel strategy for reversing the resistance of cancer cells to 
DOX treatment.
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