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Abstract: This study was aimed to investigate the functional role of miR-15a in breast cancer cells in response to 
DNA damage and to illustrate the possible potential underlying molecular mechanism(s). Human breast cancer cell 
lines MCF-7 cells and/or MDA-MB-231 cells were pre-treated with or without bleomycin. Cells were transfected with 
corresponding vectors. qRT-PCR was used to detect the expression of mRNA or miRNA, and immunoprecipitation 
and immunoblot analysis were performed to explore the status of protein association. Cell apoptosis was analyzed 
with flow cytometry. The results showed that neuronal apoptosis inhibitory protein (NAIP) was negatively regulated 
by p53 in MCF-7 cells, and NAIP expression was still high in bleomycin-treated MCF-7 cells. In addition, we observed 
that miR-15a expression was regulated by p53, and the effects of miR-15a on DNA damage was also mediated by 
p53. Furthermore, the results revealed that the cell apoptosis was mediated by miR-15a. Taken together, this study 
reveals that p53 negatively regulates NAIP expression by targeting miR-15a processing from primary into precursor 
miRNA in breast cancer.

Keywords: Breast cancer, neuronal apoptosis inhibitory protein (NAIP), DNA damage, miR-15a, tumor suppressor 
p53

Introduction

Breast cancer remains to be one of the most 
common malignancies among females world-
wide, which is characterized by a high morbi- 
dity [1]. To date, the mechanism of multi-drug 
resistance (MDR) in breast cancer is compli-
cated [2]. Therefore, this would be of great sig-
nificance to explore the possible potential un- 
derlying molecular mechanism and novel mo- 
lecular targets for breast cancer.

Neuronal apoptosis inhibitory protein (NAIP) is 
a protein encoded by NAIP gene in humans. 
The gene is a part of a 500 kb inverted dupli- 
cation on chromosome 5q13 [3]. It has been 
reported that NAIP is abnormally expressed in 
different cancers and is involved in some sig-
nificant signaling pathways [4]. Recently, rese- 

arch on NAIP has become one of the hot spots 
in the anti-tumor therapy method [5, 6]. In addi-
tion, cell apoptosis is an active and program- 
med death process that is regulated by the 
endogenous genes [7]. Cell apoptosis has been 
well acknowledged to be closely correlated with 
the progress of breast cancer [7, 8]. Previous 
study reported that NAIP was highly expressed 
in breast cancer, and it may play an important 
role in the mechanisms of MDR in tumor cells  
to various chemotherapeutic agents [9, 10]. 

It has been reported that tumor suppressor 
p53 expression is altered in a variety of can-
cers [11, 12]. p53 plays pivotal roles in various 
cell functions including cell cycle arrest, DNA 
damage, and apoptosis [13, 14]. Previous stud-
ies have reported that p53 regulates several 
microRNAs (miRs), such as miR-34 and miR-15 
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at both transcriptional level and post-transcrip-
tional level [15, 16]. The maturation of miRNA 
consists of two steps, from primary miRNA (pri-
miR) into precursor miRNA (pre-miR), and fur-
ther interacts with DICER to become mature 
miRNA [17]. Kazuya et al. has reported that 
abnormal expression of p53 inhibits the B- 
cell lymphoma-2 (Bcl-2) in response to DNA 
damage in non-small cell lung carcinoma (NS- 
CLC) cell lines by regulation of the miR-1915 
processing [18]. However, little information is 
available regarding the potential roles of p53 
expression in the miR-15a processing in regu-
lating the process of NAIP in response to DNA 
damage in breast cancer.

Therefore, in the current study, we investigated 
how p53 regulated anti-apoptotic NAIP in the 
breast cancer cells. Our study revealed that 
miR-15a regulated the cell apoptosis in breast 
cancer cells by negative mediation of NAIP ex- 
pression, and this process was mediated by tu- 
mor suppressor p53 at the post-transcriptional 
level. Our study might provide a novel mecha-
nism by which p53 negatively modulates NAIP 
expression by controlling miR-15a processing.

Materials and methods

Cell culture

MCF7 cells and MDA-MB-231 cells were ob- 
tained from the Chinese Academy of Scien- 
ces’ Type Culture Collection (Shanghai, China). 
Cells were maintained in high-glucose Dulbec- 
co’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum  
(FBS; Sigma-Aldrich, St Louis, MO, USA), 100 μg 
of streptomycin/ml (Sigma-Aldrich), and 100 U 
of penicillin/ml (Sigma-Aldrich). Cultures were 
incubated at 37°C in 5% CO2. Small interfering 
RNA (siRNA) and miRNA inhibitors were trans-
fected by using of Lipofectamine RNAiMAX (In- 
vitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol.

Immunoprecipitation and immunoblot analysis

Cells were suspended in 1% Nonidet P-40 lysis 
buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 
1% Nonidet P-40, 10 mM NaF, 1 mM Na3VO3,  
1 mM dithiothreitol, 1 mM phenylmethylsulfo-
nyl fluoride, 10 µg/mL leupeptin, and 10 µg/mL 
pepstatin), and then were incubated on ice for 
30 min. After centrifugation, cell lysates were 

immunoprecipitated with anti-NAIP or anti-p53 
antibodies (Abcam, Cambridge, UK). The immu-
noprecipitates were washed three times with 
0.1% Nonidet P-40 lysis buffer and immunoblot 
analysis was carried out. Cell lysates or im- 
munoprecipitated proteins were subjected to 
sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (PAGE) gels and then were 
transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore, Bedford, MA, USA). Th- 
ereafter, the membranes were incubated with 
anti-NAIP, anti-p53, or anti-α-tubulin antibod-
ies. Immunoreactive protein bands were visual-
ized using chemiluminescence (PerkinElmer, 
Wellesley, MA, USA).

siRNA transfection

Complementary DNA (cDNA) of p53 was am- 
plified by PCR from a human fetal brain cDNA 
library, and then cloned into the pcDNA3-Flag-
vector. Gene-specific siRNA for p53 (Qiagen, 
Hilden, Germany), and control siRNA (Qiagen) 
were used. Cell transfection was performed 
using the Liperfection 2000 based on manu-
facture’s protocol.

Real-time RT-PCR

Total RNAs were isolated from cells with TRI- 
sure (Bioline, London, UK) according to the 
manufacturer’s protocol. cDNA was synthe-
sized with the PrimeScript 1st strand cDNA 
Syntheses kit (Takarabio, Shiga, Japan) ac- 
cording to the supplied protocol. Real-time 
RT-PCR was performed with the KAPA SYBR- 
FAST ABI Prism qPCR kit (Nippon Genetics, 
Tokyo, Japan) according to manufacturer’s in- 
structions. The following conditions were used: 
incubation for 10 min at 95°C, denaturation  
for 15 s at 95°C, annealing for 60 s at 60°C, 
and extension for 30 s at 72°C. 

Cell apoptosis assay

Cells apoptosis was quantified with a flow cy- 
tometry using Annexin V-FITC cell apoptosis  
kit (Invitrogen, USA) according to manufactur-
er’s protocol. Briefly, after transfection, the cell 
medium was replaced with serum-free RPMI 
1640 medium (Invitrogen, Carlsbad, CA). Cells 
were harvested, washed 3 times with phos-
phate buffer saline (PBS) buffer (PH 7.4), and 
then were resuspended in the staining buffer. 
Thereafter, 5 μL of annexin-V-FITC and 5 μL of 
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propidium iodide (PI) were mixed with the  
cells. After incubation at room temperature for 
10 min, the mixtures were analyzed using the 
FACS can flow cytometry system (Scalibur-Be- 
cton Dickinson, SanJose, CA). Annexin V-posi- 
tive and propidium iodide-negative cells were 
considered as apoptotic cells.

Statistical analysis

All data were expressed as mean ± standard 
error of mean (SEM). Independent sample t- 
test was used to calculate the difference be- 
tween two groups using the graph prism 5.0 
software (GraphPad Prism, San Diego, CA). 
Post-hoc Tukey-test was used to calculate the 
difference among groups. A value of P<0.05 
was considered as statistically significant.

Results

NAIP protein expression was negatively regu-
lated by p53

To analyze the correlation between NAIP expre- 
ssion and p53, MCF-7 cells were treated with  
or without bleomycin and then were transfect-
ed with the si-p53. The expression levels of 
NAIP were determined by immunoblot analy- 

sis. As shown in Figure 1A, the results show- 
ed that the expression level of p53 was sig- 
nificantly increased and while NAIP level was 
statistically decreased in response to bleomy-
cin administration. Interestingly, we found that 
the effects of bleomycinon the expression of 
NAIP were reversed by silencing of p53. In ad- 
dition, the results revealed that the express- 
ion of NAIP was upregulated following admi- 
nistration of bleomycin (Figure 1B). These re- 
sults indicated that p53 negatively regulated 
NAIP expression in MCF-7 cells.

P53 regulated miR-15a in response to DNA 
damage

To address whether p53 regulated the expres-
sion of NAIP via mediating miR-15a, we first 
investigated whether miR-15a was a target of 
p53 in two breast cancer cell lines, MCF-7 cells 
and MDA-MB-231 cells (Figure 2). The results 
showed that miR-15a was highly expressed in 
the two cell lines transfected with the Flag-p53 
(both P<0.01) (Figure 2A and 2B), and while 
NAIP expression was markedly decreased by 
Flag-p53 (Figure 2C and 2D). In addition, miR-
15a expression was significantly decreased in 
the two kinds of cells treated with silenced  
p53, but was highly expressed in cells treated 
with Bleomycin (both P<0.01) (Figure 2E and 
2F). These results suggested that the induc- 
tive effect of p53 on NAIP expression was  
mediated by miR-15a in breast cancer cells, 
namely, p53 controlled the expression of miR-
15a in response to bleomycin exposure.

The processing of miR-15a was mediated by 
p53

To further investigate the correlation between 
p53 and miR-15a processing, we therefore 
transfected the vectors of Flag-p53 and con- 
trol vector into two breast cancer cell lines, 
MCF-7 cells and MDA-MB-231 cells (Figure 3). 
The above results showed that the expression 
of miR-15a was regulated by p53, we further 
analyzed whether p53 regulated miR-15a in a 
transcriptional dependent manner. Compared 
with the control group (pri-miR-34 in cells), no 
significant differences were found in pri-miR-
15a expression between Flag-p53 group and 
control group in both MCF-7 cells and MDA-
MB-231 cells (Figure 3A and 3B), but the ex- 
pression of pre-miR-15a was significantly in- 

Figure 1. Neuronal apoptosis inhibitory protein 
(NAIP) was negatively regulated by p53 in MCF-7 
cells. A: NAIP expression was increased in MCF-7 
cells treated with silenced p53; B: Bleomycin treat-
ment produced high level of NAIP in MCF-7 cells. *: 
P<0.05 compared to the control.
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creased in the Flag-p53 treated MCF-7 cells 
and MDA-MB-231 cells compared to the con- 
trol group (both P<0.01) (Figure 3C and 3D). Be- 
sides, the expression of pri-miR-15a was not 

significantly changed in the MCF-7 cells treated 
with silenced p53 and bleomycin compared to 
that in the control group (miR-34) (Figure 3E), 
whereas the pre-miR-15a expression was sig-

Figure 2. Expression of miR-15a in two breast cancer cell lines MCF-7 cells and MDA-MB-231 cells treated with Flag-
p53 or si-p53. A, B: miR-15a expression was mediated by p53 in the two kinds of breast cancer cells; C, D: NAIP 
expression was negatively regulated by p-53 in the two kinds of breast cancer cells; E, F: Further results showed 
that miR-15a expression was decreased by the silenced p53, but was increased in cells treated with bleomycin. **: 
P<0.01 and #: P<0.05 compared to the control.
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nificantly increased in bleomycin group in the 
MCF-7 cells (P<0.01; Figure 3F). These results 

indicated that p53 regulated miR-15a expres-
sion in a transcriptional dependent manner. 

Figure 3. miR-15a expression was regulated by p53 in a transcriptional dependent manner in breast cancer cells. 
A, B: No significant difference was found in the pri-miR-15a expression in cells treated with Flag-p53 compared to 
the miR-34 group in both MCF-7 cells and MDA-MB-231 cells; C, D: Pre-miR-15a was significantly increased in the 
Flag-p53 cells compared to the control group in both MCF-7 cells and MDA-MB-231 cells; E: Pri-miR-15a expression 
was not apparently changed in MCF-7 cells among different groups compared to the miR-34 group; F: Pre-miR-15a 
expression was significantly increased in the bleomycin group. **: P<0.01 compared to the control.
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miR-15a reduced the NAIP expression and in-
duced cell apoptosis

To further investigate the correlation between 
miR-15a and NAIP and the effects of miR-15a 
abnormal expression on cell apoptosis, we ana-
lyzed the expression of NAIP in miR-15a inhib-
ited cells (Figure 4). After MCF-7 cells were 
treated with bleomycin, the NAIP protein ex- 
pression was markedly decreased compared  
to its control, however, NAIP expression was 
also notably decreased in the miR-15a inhibit-
ed cells compared to its control (Figure 4A), 
suggesting that inhibition of miR-15a could 
reduce the NAIP expression. In addition, we 
analyzed the influence of miR-15a abnormal 
expression on cell apoptosis in both MCF-7 
cells and MDA-MB-231 cells. The data showed 
that the cell apoptosis was significantly indu- 
ced bleomycin in bothMCF-7 cells and MDA-
MB-231 cells treated with bleomycin (both 
P<0.01) (Figure 4B and 4C). When the cells 
were treated with miR-15a inhibitor, the apop-
totic cells were also significantly increased 
compared to its control (both P<0.05). These 
data revealed that inhibition of miR-15a could 
induce cell apoptosis in breast cancer cells.

Discussion

Accumulating studies have demonstrated that 
miRNAs play significant roles in the pathogen-
esis of breast cancer, including the cell prolif-
eration, apoptosis, and/or metastasis [19, 20]. 
It has been well demonstrated that cell apop- 
tosis is responsible for the progress and de- 
velopment of breast cancer [21, 22]. The tumor 
suppressor p53 was reported to be abnormal- 
ly down-expressed in breast cancer [23, 24]. In 
this study, we analyzed the significant roles of 
miR-15a, a cancer-related suppressor protein, 
in the induction of breast cancer cell apoptosis 
and tried to illustrate its potential underlying 
molecular mechanism. 

Breast cancer cells were pre-treated with or 
without bleomycin, an anti-tumor drug that is 
often used to induce the cell apoptosis [25]. In 
agreement with a previous study [26], our re- 
sults showed that the cell apoptosis inhibitor 
protein NAIP was highly expressed in breast 
cancer cells treated with the anti-tumor drug 
bleomycin. Then, the cells were treated with  
or without bleomycin and silenced p53 to fur-
ther investigate the effects of administration of 

Figure 4. miR-15a expression mediated the expression of NAIP at post-transcriptional level and induced cell apopto-
sis. A: Protein level of NAIP in miR-15a inhibited MCF-7 cells; B, C: The percentage of apoptotic cells was increased 
by administration of bleomycin, but was decreased by the inhibited miR-15a in both MCF-7 cells and MDA-MB-231 
cells. **: P<0.01 and #: P<0.05 compared the control.
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bleomycin and silencing of p53 on expression 
of NAIP. The data showed that NAIP express- 
ion was negatively correlated with the p53 ex- 
pression. These data suggested that the tu- 
mor suppressor p53 was down-regulated while 
NAIP was highly expressed in the bleomycin-
treated breast cancer cells, and we therefore 
speculated that the abnormal expression of 
NAIP might be correlated with breast cancer.

Subsequently, we tested the expression of miR-
15a in breast cancer cells. Previous evidence 
had shown that miR-15a was abnormally down-
expressed in various kinds of cancers, such as 
lung cancer, prostate cancer and ovarian can-
cer [27-29]. Recently, lorio et al. has proved 
that miR-15a is down-regulated in breast can-
cer cells [30]. However, few studies have been 
conducted to examine the functional role of 
miR-15a in the pathogenesis of breast cancer. 
Our data showed that miR-15a was significantly 
up-regulated in the p53 overexpressed cells, 
indicating that miR-15a expression was regu-
lated by p53. Further results showed that  
miR-15a expression was increased in bleomy-
cin treated cells, but was significantly down-
regulated in the bleomycin treated and silen- 
ced p53 cells, suggesting that miR-15a expres-
sion was regulated by p53 in response to DNA 
damage caused by bleomycin. Meanwhile, we 
tested the effects of miR-15a expression on 
cell apoptosis and NAIP expression. It has been 
proved that NAIP in bleomycin treated cancer 
cells was often up-regulated. NAIP is a direct 
inhibitor of the cell apoptosis executor cas-
pase-3 and caspase-7 [31]. Our results show- 
ed that NAIP expression was induced by the 
silenced miR-15a, suggesting that miR-15a 
was negatively correlated with NAIP express- 
ion in breast cancer. Besides, Cimmino et al. 
proved that miR-15 could induce cell apoptosis 
by targeting Bcl-2 in cancers [32], and Bonci  
et al. demonstrated that miR-15a controlled 
the apoptosis in prostate cancer [28]. The data 
presented in our study showed that cell apop- 
tosis was reduced by silenced miR-15a in the 
bleomycin treated cells, suggesting that miR-
15a is a promoter of breast cancer cell apopto-
sis but was an inhibitor of NAIP expression.

Furthermore, it has been well-known that p53 
is involved in various biological processes by 
regulating the miRNAs at the transcriptional  
or post-transcriptional level [33]. Kazuya et al. 
proved that miR-1915 was involved in DNA 

damage, and this process was mediated by 
p53 at the post-transcriptional level [18]. Simi- 
lar evidence was also found in the lung cancer 
in the study of Rahman et al. [34]. Our study 
showed that the pri-miR-15a expression was 
not apparently changed in the Flag-p53 treat- 
ed cells, but the expression of pre-miR-15a  
was significantly increased. Based on our re- 
sults, we speculated that p53 might regulate 
the miR-15a processing at the post-transcrip-
tional level.

To sum up, the data presented that down-regu-
lation of miR-15a reduced the NAIP expression 
and induced the cell apoptosis in response to 
DNA damage in breast cancer cells, and this 
process was mediated by the tumor suppres-
sor p53 at the post-transcriptional level. This 
study may provide theoretical basis for illustrat-
ing the significant roles of miR-15a in regu- 
lating cell apoptosis in breast cancer, and  
may provide a new insight for the anti-tumor 
drug application in breast cancer. However,  
further studies should be performed to  
confirm the significant roles of miR-15a in 
breast cancer.
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