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Abstract. Clinical evidence indicates that drug resistance is 
a major obstacle in the treatment of breast cancer (BC). Drug 
resistance results in the disease being uncontrollable, and leads 
to high mortality rates. The aim of the present study was to 
investigate the chemosensitizing effect of microRNA (miR)‑16 
on Adriamycin (ADM)‑resistant BC cells and the associated 
mechanisms. BC tumors from 40 patients were collected and 
reverse transcription‑quantitative PCR was used to examine 
the expression of miR‑16. ADM‑sensitive  (MCF‑7/S) and 
‑resistant (MCF‑7/A) BC cell lines were used to determine 
the expression of miR‑16 prior to and following transfection 
with miR‑16 mimics or inhibitor. The effects of increased and 
decreased miR‑16 expression on the chemosensitivity of BC 
cells to ADM was analyzed using MTT, colony survival and 
flow cytometry assays. miR‑16 was found to regulate wild‑type 
p53‑induced phosphatase 1 (Wip1) and Bcl‑2 expression, as 
confirmed by western blotting, immunofluorescence staining 
and luciferase reporter assays. miR‑16 expression in drug‑resis-
tant tumor tissues and cells was decreased, compared with that 
the drug‑sensitive equivalents. Overexpression of miR‑16 in 
MCF‑7/A was associated with a sharp downregulation of Wip1 
and Bcl‑2 expression, leading to increased ADM‑induced cell 
apoptosis and sensitization of MCF‑7/A cells to ADM treat-
ment. Taken together, the results demonstrate that miR‑16 may 
serve as an effective chemosensitizing target to enhance the 
effects of chemotherapy in drug‑resistant BC cells with high 
Wip1 and Bcl‑2 expression. This provides a novel approach to 

improving the chemotherapeutic efficacy in drug‑resistant BC 
via regulation of miRs.

Introduction

Breast cancer (BC) is the most common malignancy among 
women, with increasing incidence and cancer‑associated 
mortality rates between 2003 and 2013 in China (1). Clinical 
treatment options for BC, such as surgery, radiotherapy and 
chemotherapy, are commonly used in clinical practice (2). As a 
member of the anthracycline antibiotics, Adriamycin (ADM), 
or doxorubicin, exerts strong antitumor effects by targeting 
the DNA of cancer cells, and has been widely used to treat 
numerous types of cancer, including BC (3‑5). However, the 
majority of women diagnosed with advanced BC develop 
resistance to ADM, which limits its further application and 
leads to long‑term chemotherapeutic resistance (6). Therefore, 
there is an urgent need to find novel strategies to overcome 
drug resistance, which will lead to better treatment outcomes 
for patients.

Drug resistance can be intrinsic or acquired during or after 
chemotherapy. Resistance occurs when the tumors are able to 
cope with drug‑induced damage; this may be through enhancing 
anti‑apoptotic signaling, or due to mutations in DNA damage 
response pathways (7). It has been reported that the increased 
apoptotic resistance of BC cells to ADM is associated with 
enhanced pro‑survival Bcl‑2 family proteins Bcl‑2, Bcl‑xL 
and Mcl‑1 (8). Furthermore, wild‑type p53‑induced phospha-
tase 1 (Wip1), encoded by the PPM1D gene, has been identified 
as an oncoprotein overexpressed in multiple types of human 
cancer (9). Recent evidence suggests that Wip1 is a critical 
inhibitor in the ataxia‑telangiectasia‑mutated/ataxia‑telangi-
ectasia‑Rad3‑related p53 DNA damage signaling pathway (9). 
Because of these roles in controlling DNA damage response 
and repair, the above proteins may be potential targets for BC 
therapy.

MicroRNAs (miRNAs/miRs) are defined as small 
non‑coding regulatory RNA molecules of 18‑25 nucleotides 
in length; they have a profound impact on diverse biological 
processes, including development, differentiation, growth 
and metabolism (10,11). miRNAs serve a role in negatively 
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regulating gene expression at the post‑transcriptional level 
via binding to complementary sequences in the coding 
3'untranslated region (3'UTR) of their target mRNAs (12‑14). 
A single miRNA may suppress several different transcripts, 
pathways and responses by regulating protein expression, 
and several miRNAs may also control a single pathway (15). 
Calin et al (16) reported the first experimental evidence of 
miR‑16 involvement in mammalian oncogenesis in B‑cell 
chronic lymphocytic leukemia (CLL). Further studies have 
demonstrated that miR‑16 expression is eradicated or attenu-
ated in solid tumors, including BC, suggesting that miR‑16 
is a significant factor in tumorigenesis  (17). In addition, 
DNA repair factors and oncogenes may be regulated by 
miRNAs. It has been demonstrated that miR‑16, as a pivotal 
tumor suppressor, participates in the induction of apoptosis 
by targeting Bcl‑2  (18‑20). Furthermore, the expression of 
Wip1 is suppressed by miR‑16 in the DNA damage signaling 
pathway (9).

Therefore, the present study aimed to investigate whether 
miR‑16 expression was associated with ADM resistance in BC 
by comparing drug‑resistant BC tumor tissues and a resistant 
cell line (MCF‑7/A) with ADM‑sensitive tumor tissues and 
drug‑sensitive cell line (MCF‑7/S). The expression of miR‑16 
was modulated to examine its influence on Bcl‑2 and Wip1 
expression, and ADM‑mediated apoptosis. The potential of 
miR‑16 targeting to be utilized as a therapeutic approach for 
sensitizing drug‑resistant BC to chemotherapy was explored.

Materials and methods

Tumor sample collection. Tumor samples were collected 
from female patients with BC (age range, 20‑65) undergoing 
breast biopsy or breast mass resection at Lianyungang Clinical 
College of Nanjing Medical University (Lianyungang, China) 
between March 2016 and March 2018. The study protocol 
was approved by the Ethics Committee of Nanjing Medical 
University, and all patients involved provided written informed 
consent. Resistance to ADM was defined as no response (tumor 
size unchanged or increased) to treatment, or relapse within six 
months of discontinuing treatment as adjuvant therapy (21). In 
total, 40 cases of BC (20 with ADM resistance and 20 without) 
were included in the study. Patient clinical data, including 
pathological grades and stages are presented in Table I. Tumor 
samples were collected before chemotherapy and divided into 
resistant and sensitive tumor groups according to the response 
to chemotherapy. The samples were stored in liquid nitrogen. 
Cancer staging was determined as stage 1 to 4 according to 
the Union for International Cancer Control TNM classifica-
tion system (22). Pathological grading (G1‑G3) was performed 
according to the modified Scarff‑Bloom‑Richardson 
grading system  (23). HER2 positive/negative status was 
determined according to the American Society of Clinical 
Oncology/College of American Pathologists guidelines for 
HER2 testing in breast cancer (24).

Cell culture. MCF‑7/S and MCF‑7/A cells were purchased 
from iCell Bioscience Inc. Cells were cultured in Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (Biological 
Industries), 100 U/ml penicillin and 100 mg/ml streptomycin 

sulfate (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2 in a 95% humidified atmosphere.

MTT assay. The half maximal inhibitory concentration (IC50) 
of ADM in MCF‑7/S and MCF‑7/A cells was determined by 
performing MTT assays. Cells (5x103) were seeded in 96‑well 
plates and cultured overnight at 37˚C. Next, cells were treated 
with increasing concentrations of ADM (Zhejiang Hisun 
Chemical Co., Ltd.) for 48 h. The concentrations of ADM 
for MCF‑7/S treatment were 0.01, 0.05, 0.2, 1, 5 and 10 µM, 
and the concentrations of ADM for MCF‑7/A treatment were 
0.01, 0.05, 0.2, 1, 5, 10, 20, 50 and 100 µM. MTT reagent 
(neoFroxx GmbH) was added to the culture for 4 h according 
to the manufacturer's protocol. Subsequently, formazan was 
dissolved with DMSO. Cell viability was determined using a 
microplate reader (Thermo Fisher Scientific, Inc.) at 570 nm.

Colony‑formation assay. MCF‑7/S and MCF‑7/A cells were 
seeded into 6‑well plates at 200 cells/well and maintained for 
24 h before ADM treatment (0, 1, 2, 5 and 10 µM). The treated 
cells were cultured for 21 days to allow colony formation. The 
medium with ADM was replaced every 7 days. Colonies were 
stained with 1% crystal violet at room temperature for 10 min 
and subsequently counted.

Overexpression and knockdown of miR‑16 by transfection 
with mimic and inhibitor. MCF‑7/S and MCF‑7/A cells (2x105) 
were seeded into 6‑well plates and incubated overnight. When 
70‑80% confluence was reached the next day, MCF‑7/S cells 
were transfected with 100 nM miR‑16 inhibitor or control, and 
MCF‑7/A cells were transfected with 50 nM miR‑16 mimic 
or control using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). miR‑16 mimic (5'‑UAG​CAG​CAC​GUA​
AAU​AUU​GGC​G‑3') and corresponding negative control 
(mi‑mNC; 5'‑UUC​UCC​GAA​CGU​GUC​ACG​U‑3'), as well as 
the miR‑16 inhibitor (5'‑CGC​CAA​UAU​UUA​CGU​GCU​GCU​
A‑3') and corresponding negative control (mi‑iNC; 5'‑CAG​UAC​
UUU​UGU​GUA​GUA​CAA‑3') were obtained from Shanghai 
GenePharma Co., Ltd. The cells were collected for 24  h 
after transfection for reverse transcription‑quantitative PCR 
(RT‑qPCR), and 48 h after transfection for western blot analysis.

miRNA target prediction. The analysis of predicted miRNA 
targets was performed using miRWalk 3.0 (http://zmf.umm.
uni‑heidelberg.de/apps/zmf/mirwalk2/index.html) and 
TargetScan 7.1 (http://www.targetscan.org/vert_71/) software.

Dual‑luciferase reporter assay. To confirm that miR‑16 has 
binding sites in the 3'UTRs of the genes encoding Wip1 
(PPM1D) and Bcl‑2, MCF‑7/S cells were seeded into 12‑well 
plates and co‑transfected, using Lipofectamine® 2000, with 
miR‑16 or mi‑mNC and pMIR‑PPM1D‑3'UTR (wild‑type 
and mutant) or pMIR‑BCL‑2‑3'UTR (wild‑type and mutant) 
reporter plasmids (Nanjing Genebay Biotech Co., Ltd.). 
Renilla luciferase plasmid (pRL‑TK vector; Nanjing Genebay 
Biotech Co., Ltd.) was transfected as the internal control. 
The lysate was prepared by adding cell lysis buffer 48  h 
after co‑transfection. A Dual‑Luciferase Reporter Assay kit 
(Promega Corporation) was used to measure activity, which 
was normalized to Renilla.
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Western blot analysis. miR‑16 mimic and inhibitor were 
transfected into MCF‑7/A and MCF‑7/S cells, respectively, 
in a 60‑mm dish. Additionally, mi‑mNC and mi‑iNC were 
transfected into MCF‑7/A and MCF‑7/S cells, respectively, as 
corresponding negative controls. After incubation for 48 h, 
cell lysates were prepared by adding radioimmunoprecipita-
tion assay lysis buffer (Beyotime Institute of Biotechnology) 
containing 1 mM PMSF. Protein concentration was deter-
mined using a bicinchoninic acid kit (Nanjing KeyGen Biotech 
Co., Ltd.). A total of 50 µg protein were loaded and separated 
by 10% SDS‑PAGE, followed by transfer onto polyvinylidene 
difluoride membranes. The membranes were blocked in 5% 
skimmed milk in Tris‑buffered saline containing 0.05% 
Tween‑20 (TBST) for 2 h at room temperature, and then washed 
three times using TBST buffer. Membranes were subsequently 
incubated overnight at 4˚C with primary antibodies (dilution, 
1:1,000) against Wip1 (cat. no. 11901), Bcl‑2 (cat. no. 4223) 
and β‑actin (cat. no. 4970), followed by incubation with a 

horseradish peroxidase‑conjugated secondary antibody (cat. 
no. 7074; dilution, 1:2,000; all Cell Signaling Technology, 
Inc.) at room temperature for 2 h. Bands were visualized 
with enhanced chemiluminescence on a ChemiDoc™ XRS+ 
imaging system (Bio‑Rad Laboratories, Inc.). Quantity One 
software v4.6.6 (Bio‑Rad Laboratories, Inc.) was used to 
quantify the blot intensities, which were normalized to that 
of β‑actin.

Immunofluorescent staining. MCF‑7/A and MCF‑7/S cells 
(2x103; no prior treatment) were grown on a 15‑mm confocal 
dish for 2 days and fixed in 4% paraformaldehyde at room 
temperature for 15 min. Subsequently, cells were washed with 
PBS and permeabilized with ice‑cold PBS containing 0.5% 
Triton X‑100 for 20 min at room temperature. The samples were 
incubated with the appropriate primary antibodies (Bcl‑2, cat. 
no. 15071; and Wip1, cat. no. 11901; Cell Signaling Technology, 
Inc.) at 4˚C overnight, and probed with Alexa Fluor® 647 

Table I. Clinicopathological characteristics of patients with breast cancer.

	 Cases, n
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 Adriamycin resistance (n=20)	 Adriamycin sensitivity (n=20)	 Overall (n=40)

Age, years
  <50	 8	 7	 15
  ≥50	 12	 13	 25
Tumor size, cm
  <2	 9	 14	 23
  ≥2	 11	 6	 17
Lymph node infiltrated
  No	 11	 10	 21
  Yes	 9	 10	 19
TNM stagea

  Stage I/II	 3	 15	 18
  Stage III/IV	 17	 5	 22
Pathological gradeb

  G1	 5	 7	 12
  G2	 8	 9	 17
  G3	 7	 4	 11
ER statusc

  Negative	 13	 9	 22
  Positive	 7	 11	 18
PR statusc

  Negative	 11	 8	 19
  Positive	 9	 12	 21
HER2 statusd

  Negative	 8	 9	 17
  Positive	 12	 11	 23

aCancer staging was performed according to the Union for International Cancer Control TNM classification system. bPathological grading 
was performed according to the modified Scarff‑Bloom‑Richardson grading system. cExpression of ER and PR in tumor cells ≥1% as positive 
value (<1% as negative value). dHER2 positive/negative was performed according to the American Society of Clinical Oncology/College of 
American Pathologists guidelines for HER2 testing in breast cancer. TNM, Tumor‑Node‑Metastasis; ER, estrogen receptor; PR, progesterone 
receptor; HER2, receptor tyrosine‑protein kinase erbB‑2.
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Conjugated (cat. no. 4410; Cell Signaling Technology, Inc.) 
or Alexa Fluor® 488 conjugated (cat. no. ab150077; Abcam) 
secondary antibodies (all dilutions, 1:1,000) for 20 min at 
room temperature. The nuclei were counterstained with DAPI 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 10 min at room 
temperature. Fluorescence was visualized and captured using 
a confocal microscope (magnification, x600; Leica TCS SP5 
MP; Leica Microsystems, Inc.).

RNA isolation and RT‑qPCR. TRIzol® reagent (Thermo Fisher 
Scientific, Inc.) was used to extract total RNA from the tissues 
or MCF‑7/S and MCF‑7/A cells treated with miR‑16 inhibitor or 
miR‑16 mimic, respectively, in 6‑well plates (2x105 cells/well). 
Then RNA was reverse transcribed into cDNA for 1 h at 
37˚C and 85˚C for 5 min using a Mir‑X miRNA First‑Strand 
Synthesis kit (cat. no. 638315; Takara Bio, Inc.). qPCR was 
performed using a SYBR Premix Ex Taq II kit (Takara Bio, 
Inc.) on a LightCycler system (Roche Molecular Diagnostics). 
The thermocycling conditions were as follows: 95˚C for 10 sec, 
95˚C for 5 sec and 60˚C for 20 sec for 40 cycles, followed by 
95˚C for 60 sec, 55˚C for 30 sec and 95˚C for 30 sec. miR‑16 
mRNA expression was quantified by normalizing to U6. Primer 
sequences were as follows: miR‑16 forward, 5'‑TAG​CAG​CAC​
GTA​AAT​ATT​GGC​G‑3'. The U6 forward and reverse primers 
along with miR‑16 reverse primers were included in the Mir‑X 
miRNA First‑Strand Synthesis kit. The 2‑ΔΔCq method was 
used to analyze the RT‑qPCR data (25).

Apoptosis assay. MCF‑7/S cells were transfected with 
miR‑16 inhibitor or mi‑iNC, and MCF‑7/A cells were trans-
fected with miR‑16 mimics or mi‑mNC, as aforementioned. 
After 48 h, cells were treated with 10 µM ADM for 48 h 
to induce apoptosis. The attached and floating cells were 
harvested, and flow cytometry analysis was performed using 
an Annexin V‑FITC/propidium iodide staining kit (Dojindo 
Molecular Technologies, Inc.) according to the manufacturer's 
protocol. Apoptotic cells were detected using a BD Accuri C6 
Plus flow cytometer (BD  Biosciences) and the data were 
analyzed by BD CSampler analysis software (cat. no. 653123; 
version 1.0.23.1; BD Biosciences). The percentage of apoptotic 
cells was calculated by dividing the number of proapoptotic 
and apoptotic cells by the total number of cells.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation of at least three replicates. Unpaired two‑tailed 
Student's t‑test was used to analyze the significance between 
two groups. For multiple comparisons, one‑way analysis 
of variance followed by Dunnett's or Bonferroni's post‑hoc 
test was performed using GraphPad Prism v5.01 (GraphPad 
Software, Inc.). Pearson's correlation analysis and calculation 
of the IC50 for ADM were also performed using GraphPad 
Prism. P<0.05 was considered to indicate a statistically 
significant difference.

Results

miR‑16 is decreased in tumor tissues from patients with 
drug‑resistant BC. It has been reported that miR‑16 is over-
expressed in multiple types of cancer, including BC  (26). 
To determine whether miR‑16 was associated with BC drug 

resistance, tumor tissues were collected from patients with 
BC, and miR‑16 expression was quantified by RT‑qPCR. 
The clinicopathological characteristics of the patients are 
presented in Table I. As shown in Fig. 1A, miR‑16 expression 
was decreased in drug‑resistant tumor samples compared 
with that in drug‑sensitive samples. To clarify the potential 
mechanism of the association between miR‑16 and BC drug 
resistance, the expression of Wip1 and Bcl‑2 was determined 
by western blotting. The expression of these two proteins 
in ADM‑resistant tumors was higher compared with that in 
drug‑sensitive tumors (Fig. 1B). Pearson's correlation analysis 
showed that miR‑16 expression was negatively correlated with 
the expression of Wip1 and Bcl‑2 (Fig. 1C and D), suggesting 
that miR‑16 may contribute to BC ADM resistance.

miR‑16 expression is decreased in ADM‑resistant cells. To 
evaluate miR‑16 expression in BC cells, a cell line sensitive 
to ADM (MCF‑7/S) and a resistant line (MCF‑7/A) were used. 
The IC50 values for ADM were determined in the MCF‑7/S and 
MCF‑7/A cells by MTT assay. As presented in Fig. 2A and B, 
the IC50 of ADM in MCF‑7/S and MCF‑7/A cells was 2.192 µM 
and 52.25 µM, respectively. The ratio of the IC50 in MCF‑7/A 
cells to the IC50 in MCF‑7/S cells was 23.84 (52.25/2.192), 
confirming that MCF‑7/A cells were resistant to this drug. In 
addition, colony‑formation assays were used to further confirm 
resistance to ADM in MCF‑7/A cells. The results revealed that 
the surviving fraction of MCF‑7/S cells was significantly lower 
compared with that in MCF‑7/A cells at the same concentra-
tion of ADM (Fig. 2C and D), consistent with the MTT assay 
results.

Wip1 and Bcl‑2 protein expression is higher in ADM‑resistant 
MCF‑7/A cells. miR‑16 expression in ADM‑sensitive and 
resistant BC cells was examined to illustrate the potential 
mechanism of ADM drug resistance. miR‑16 expression was 
significantly decreased in MCF‑7/A cells, compared with that 
in MCF‑7/S cells (Fig. 3A). Wip1 and Bcl‑2 mRNAs are poten-
tial targets of miR‑16 as the 3'UTRs of these genes contain 
highly conserved sites for miRNA binding. To assess whether 
miR‑16 impacted these targets in BC, the expression of Wip1 
and Bcl‑2 was determined in MCF‑7/S and MCF‑7/A cells. 
The results showed that the expression of these proteins was 
increased in MCF‑7/A cells, as determined by western blot-
ting (Fig. 3B). Higher Wip1 and Bcl‑2 protein expression was 
also observed in MCF‑7/A cells using immunofluorescence, 
suggesting that miR‑16 may regulate the expression of these 
two endogenous proteins in BC cells (Fig. 3C).

miR‑16 inhibits Wip1 and Bcl‑2 expression by targeting the 
3'UTR of PPM1D and BCL‑2. To confirm that miR‑16 regulates 
the expression of Wip1 and Bcl‑2 in MCF‑7 cells, the 3'UTR 
of the human PPM1D and BCL‑2 genes were predicted. It was 
found that 12 nucleotides from miR‑16 were complementary to 
target sequences in the 3'UTRs of these two genes (Fig. 4A). 
To further validate that PPM1D and BCL‑2 were targets of 
miR‑16, their 3'UTRs, containing the target sites of miR‑16, 
were cloned into a firefly luciferase reporter construct. Mutant 
versions of the 3'UTRs were transfected as controls. Luciferase 
activity was detected following co‑transfection of reporter 
constructs with miR‑16 into MCF‑7/S cells. In the presence 
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Figure 1. Expression of miR‑16 in R and S tissues from patients with BC. (A) miR‑16 expression in tumor samples was determined by reverse transcrip-
tion‑quantitative PCR; n=20 in each group; **P<0.01. (B) Protein expression of Wip1 and Bcl‑2 in BC tumor tissues was detected and semi‑quantified by western 
blotting. Correlation of (C) Wip1 and (D) Bcl‑2 expression with miR‑16 expression in BC tumor tissues. R, drug resistant; S, drug sensitive; miR, microRNA; 
BC, breast cancer; Wip1, wild‑type p53‑induced phosphatase 1.

Figure 2. Confirmation of ADM resistance in MCF‑7/A cells. IC50 of ADM in (A) MCF‑7/S and (B) MCF‑7/A cells was determined from MTT assay results 
using GraphPad Prism software. (C and D) Colony survival assays were performed to analyze the cytotoxicity of ADM in the two cell lines at the indi-
cated concentrations of ADM. Data are presented as the mean ± standard deviation from three independent experiments; **P<0.01. ADM, Adriamycin; 
miR, microRNA; IC50, half maximal inhibitory concentration.
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Figure 4. Wip1 and Bcl‑2 are directly targeted by miR‑16. (A) The predicted binding sites of miR‑16 in the 3'UTRs of the human PPM1D and BCL‑2 genes. 
Luciferase activity in MCF‑7/S cells co‑transfected with miR‑16 mimics or mi‑mNC and (B) pMIR‑PPM1D‑3'UTR (wt and mut) or (C) pMIR‑BCL‑2‑3'UTR 
(wt and mut). Data are from three independent experiments and is presented as the mean ± standard deviation. **P<0.01. miR, microRNA; UTR, untranslated 
region; Wip1/PPM1D, wt p53‑induced phosphatase 1; wt, wild‑type; mut, mutant; mi‑mNC, miR mimic negative control.

Figure 3. miR‑16, Wip1 and Bcl‑2 expression in MCF‑7/S and MCF‑7/A cells. (A) miR‑16 expression was measured by reverse transcription‑quantitative 
PCR in MCF‑7/S and MCF‑7/A cells. (B) Wip1 and Bcl‑2 expression in MCF‑7/S and MCF‑7/A cells was determined by western blotting. β‑actin was the 
loading control. (C) Co‑immunofluorescent staining was applied to measure the expression of Wip1 and Bcl‑2 in the indicated cells. Green, red and blue 
stains represent Wip1, Bcl‑2 and the DNA, respectively. Data are presented as the mean ± standard deviation from three independent experiments; **P<0.01. 
miR, microRNA; Wip1, wild‑type p53‑induced phosphatase 1.
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of miR‑16, the luciferase activity of constructs containing 
the wild‑type PPM1D and BCL‑2 3'UTR was significantly 
decreased by 75 and 55%, respectively  (Fig.  4B  and  C). 
However, luciferase activity was unaffected in cells trans-
fected with mutant PPM1D and BCL‑2 3'UTRs and miR‑16, 
indicating that the PPM1D and BCL‑2 genes are direct targets 
of miR‑16.

Downregulation of miR‑16 in MCF‑7/S cells contributes 
to ADM resistance. To investigate the effects of miR‑16 
on BC drug resistance, its expression in MCF‑7/S cells 
was downregulated by transfecting an inhibitor of miR‑16. 
Transfection with the miR‑16 inhibitor decreased expression 
of miR‑16 compared to untransfected MCF‑7/S cells and 
those transfected with a non‑targeting control  (Fig. 5A). 
Expression of miR‑16 in MCF‑7/S cells after trans-
fection with the inhibitor was comparable to miR‑16 
expression in untransfected ADM‑resistant MCF‑7/A cells. 
Downregulation of miR‑16 in MCF‑7/S cells resulted in 
increased Wip1 and Bcl‑2 protein expression compared with 
the negative control (Fig. 5B). To investigate the effects of 
downregulation of miR‑16 on ADM resistance, apoptosis 
following 10 µM ADM treatment was analyzed using flow 

cytometry (Fig. 5C and D). The apoptotic rate of MCF‑7/S 
cells treated with ADM was significantly higher compared 
with that of MCF‑7/A cells. Apoptosis in MCF‑7/S cells 
transfected with miR‑16 inhibitor and exposed to ADM was 
markedly decreased compared with that in the ADM‑treated 
mi‑iNC MCF‑7/S group.

Overexpression of miR‑16 sensitizes MCF‑7/A cells to ADM. 
To test the effect of miR‑16 on chemotherapy sensitization, 
MCF‑7/A cells were transfected with an miR‑16 mimic. 
Transfection with the miR‑16 mimic resulted in a 17‑fold 
increase in miR‑16 expression compared with the mi‑mNC 
group  (Fig. 6A). Next, Wip1 and Bcl‑2 protein expression 
were examined by western blotting. As presented in Fig. 6B, 
expression of these proteins was decreased in MCF‑7/A cells 
transfected with miR‑16 mimic compared with mi‑mNC 
MCF‑7/A cells. Additionally, apoptosis was assessed following 
exposure to ADM (Fig.  6C and D). It was found that the 
apoptotic rate in the ADM‑treated group was significantly 
increased, compared with the untreated group, particularly in 
MCF‑7/S cells. However, in MCF‑7/A cells transfected with 
miR‑16 mimic, apoptosis was further elevated, compared with 
the ADM‑treated mi‑mNC group.

Figure 5. Resistance in ADM‑sensitive MCF‑7/S cells is enhanced by knockdown of miR‑16. (A) Expression of miR‑16 in MCF‑7/S cells following transfection 
with miR‑16 inhibitor, and in untransfected MCF‑7/A cells. (B) Protein expression of Wip1 and Bcl‑2. (C and D) Apoptosis in response to 10 µM ADM treat-
ment for 48 h in MCF‑7/S cells following transfection with miR‑16 inhibitor, and in untransfected MCF‑7/A cells. Data are presented as the mean ± standard 
deviation from three independent experiments. **P<0.01. ADM, Adriamycin; miR, microRNA; Wip1, wild‑type p53‑induced phosphatase 1; PI, propidium 
iodide; mi‑iNC, miR inhibitor negative control.
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Discussion

Conventional chemotherapy is regarded as the main treat-
ment option for cancer, but its effectiveness is often blocked 
by intrinsic or acquired drug resistance (27). The repression 
of apoptosis or growth signaling pathways may confer cancer 
cell resistance to chemotherapy (28). In addition, cancer cells 
activate DNA damage repair pathways to alleviate cytotoxic 
stress induced by chemotherapeutics (28). Therefore, novel 
targets that can enhance apoptosis are required to improve 
chemotherapy efficacy.

Previous studies have demonstrated that alterations in 
miRNA expression occur in numerous types of human 
cancer, including BC, suggesting that miRNAs may be 
potential biomarkers for cancer diagnosis, prognosis and 
pathogenesis (29,30). miR‑16 is a tumor‑suppressor miRNA 
that has been found to suppress proliferation, promote apop-
tosis and inhibit tumorigenicity in  vitro and in  vivo  (17). 
miR‑16 regulates the expression of a variety of proteins by 
targeting multiple oncogenes, including BCL‑2  (18) and 
PPM1D/Wip1 (9,31). Bcl‑2 is highly conserved and is a vital 
regulator of apoptosis (32). Overexpression of miR‑16 prevents 
cell death induced by most chemotherapy agents and results 

in drug resistance in multiple types of cancer (33,34). It has 
been revealed that Wip1 directly phosphorylates the Ser15 site 
of p53 to inactive it (31). As a tumor‑suppressor gene, TP53 
blocks cell cycle progression to induce apoptosis and promote 
DNA repair (35). Overexpression and mutations of TP53 are 
associated with enhanced drug resistance and are adverse 
prognostic markers for patients diagnosed with BC (36,37). 
In the present study, the MCF‑7 cell line used expresses 
wild‑type p53 (38). However, in p53‑mutant BC cells, the anti-
tumor effect of miR‑16 may depend on other targets instead of 
p53. Therefore, gene sequencing is recommended in clinical 
practice for selecting appropriate targets and strategies for 
cancer treatment.

Decreased miR‑16 expression contributes to inhibition 
of apoptosis (18); therefore, it was hypothesized that miR‑16 
expression in ADM‑resistant MCF‑7/A cells may be lower 
than that in the more sensitive cell line, MCF‑7/S, and that 
this reduction in miR‑16 could lead to ADM resistance by 
targeting Bcl‑2 and Wip1. The findings of the present study 
demonstrated that the expression of miR‑16 in drug‑resistant 
tumor tissues was decreased compared with drug‑sensitive 
tissues, and was negatively correlated with Wip1 and Bcl‑2 
expression. Additionally, it was found that MCF‑7/A cells had 

Figure 6. Resistance in ADM‑resistant MCF‑7/A cells is reduced by miR‑16 overexpression. (A) Expression of miR‑16 in MCF‑7/A cells following transfection 
of miR‑16 mimic, and in untransfected MCF‑7/S cells. (B) Protein expression of Wip1 and Bcl‑2. (C and D) Apoptosis in response to 10 µM ADM treatment 
for 48 h in MCF‑7/A cells following transfection with miR‑16 mimic, and in untransfected MCF‑7/S cells. Data are presented as the mean ± standard devia-
tion from three independent experiments. **P<0.01. ADM, Adriamycin; miR, microRNA; Wip1, wild‑type p53‑induced phosphatase 1; PI, propidium iodide; 
mi‑mNC, miR mimic negative control.
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lower miR‑16 expression and higher Wip1 and Bcl‑2 expres-
sion compared with MCF‑7/S cells, which was consistent 
with the tumor tissue results. Confirming that Wip1 and Bcl‑2 
expression was regulated by miR‑16, overexpression of miR‑16 
reduced luciferase activity in cells transfected with PPM1D 
and BCL‑2 3'UTRs. The present study further demonstrated 
that the chemosensitivity of MCF‑7/A cells was enhanced by 
overexpressing miR‑16 through transfection with an miR‑16 
mimic. Expression of Wip1 and Bcl‑2 was decreased in 
response to increased miR‑16, and apoptosis induced by ADM 
was increased. These results demonstrated that the decreased 
expression level of miR‑16 in MCF‑7/A cells may contribute 
to ADM resistance in this cell line. Conversely, miR‑16 
knockdown in ADM‑sensitive MCF‑7/S cells enhanced the 
expression of Wip1 and Bcl‑2 and reduced apoptosis after 
ADM treatment. Taken together, these results suggest that 
targeting miR‑16 may be a promising approach to improve 
the effectiveness of chemotherapy in advanced BC. Future 
research will focus on inducing normal BC cells to become 
drug resistant, in order to further investigate the findings of 
the present study.

A study reported that the miR‑15/16 cluster resides at 
chromosome 13q14.3, and its overexpression led to increased 
transcription of 265 genes and suppression of 3,300 genes (16). 
Among the suppressed genes, 27  coded for proteins that 
were also found to be repressed by miR‑15/16 using proteomics 
analysis  (16). A number of the downregulated proteins 
were associated with tumorigenesis, cell growth or apoptosis, 
and eight were predicted to be targets of miR‑15/16  (16). 
Furthermore, TP53‑binding sites were identified upstream 
of the miR‑15/16 cluster, and p53 stimulates the transcrip-
tion of the miR‑15/16 cluster (39). In addition, the 3'UTR of 
TP53 contains binding sites for miR‑16 (39), suggesting that 
this miRNA may influence the regulation of intracellular 
homeostasis by p53 and the response to chemotherapeutics. 
Other proteins of significance have been reported as targets 
of miR‑16. For example, it has been reported that miR‑15/16 
inhibits expression of the cell cycle regulator, cyclin D1 in 
several malignancies  (40,41). In addition, the myeloid cell 
leukemia 1 oncogene in CLL, and the BMI1 polycomb ring 
finger oncogene in BC have also been identified to be miR‑16 
targets (16,42). According to the findings of the present study, 
miR‑16 increases chemosensitivity in ADM‑resistant cells. 
However, drug resistance is a complex clinical obstacle and 
targeting more than one site may achieve a more effective clin-
ical outcome. Therefore, further study is required to verify the 
effects of miR‑16 on proteins associated with drug resistance 
in BC. To confirm the potential clinical application of miR‑16 
as a chemosensitizing agent and investigate the mechanism, 
further research is required using primary cell culture and 
animal models of tumorigenesis.
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