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1  | INTRODUC TION

Breast cancer is the most frequently diagnosed cancer and the 
leading cause of female cancer- associated death worldwide, ac-
counting for 25% of all cancer cases and 15% of all cancer deaths 
among females.1,2 Although the causes of breast cancer are not 
fully understood, some risk factors, including age, genetics, a fam-
ily history of breast cancer and estrogen exposure, are known 
to affect its development.3,4 Most hereditary breast cancers are 

associated with alterations in either BRCA1 or BRCA2 (breast can-
cer susceptibility genes).5 However, in sporadic breast cancers, the 
most important gene is p53, given that it is a tumor suppressor 
gene that is mutated in >50% of human cancers.6 According to 
previous reports, p53 is also mutated in approximately 20%- 40% 
of breast cancers.7,8 Recent data from The Cancer Genome Atlas 
revealed that 37% of breast cancer specimens had alterations 
in p53 (72% in [human epidermal growth factor] HER2- rich and 
80% in basal- like breast cancer cases), indicating that it is a critical 
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Mitochondria- eating protein (Mieap), encoded by a p53- target gene, plays an impor-
tant role in mitochondrial quality control (MQC). Mieap has been reported to have a 
critical role in tumor suppression in colorectal cancer. Here, we investigated its role 
as a tumor suppressor in breast cancer. The enforced expression of exogenous Mieap 
in breast cancer cells induced caspase- dependent apoptosis, with activation of both 
caspase- 3/7 and caspase- 9. Immunohistochemistry revealed endogenous Mieap in 
the cytoplasm in 24/75 (32%) invasive ductal carcinomas (IDC), 15/27 (55.6%) cases 
of ductal carcinoma in situ (DCIS) and 16/18 (88.9%) fibroadenomas (FA) (IDC vs 
DCIS; P = 0.0389, DCIS vs FA; P = 0.0234, IDC vs FA; P < 0.0001). In IDC, the Mieap 
promoter was methylated in 6/46 (13%) cases, whereas p53 was mutated in 6/46 
(13%) cases. Therefore, the p53/Mieap- regulated MQC pathway was inactivated in 
12/46 IDC (26.1%). Interestingly, all tumors derived from the 12 patients with Mieap 
promoter methylation or p53 mutations pathologically exhibited more aggressive and 
malignant breast cancer phenotypes. Impairment of p53/Mieap- regulated MQC 
pathway resulted in significantly shorter disease- free survival (DFS) (P = 0.021), al-
though p53 status is more prognostic in DFS than Mieap promoter methylation. 
These results indicate that p53/Mieap- regulated MQC has a critical role in tumor 
suppression in breast cancer, possibly in part through mitochondrial apoptotic 
pathway.
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driver of tumor development even in breast cancer.9 p53 is clini-
cally very important not only because of its high mutation rate but 
also because mutation is associated with more aggressive disease 
and worse overall survival.10

p53 is a transcription factor that activates the expression of 
various downstream genes in response to DNA damage.11 The 
central functions of this protein in tumor suppression are cell cycle 
arrest, apoptosis, DNA repair and anti- angiogenesis.12-16 In partic-
ular, apoptosis is so important a function for p53- related tumor 
suppression that p53 activates target genes, including Bax, Noxa, 
Puma, Apaf- 1 and p53AIP1, in response to DNA damage by ra-
diation, UV and oxidative stress.11,13,17 Although the mechanisms 
of apoptosis induced by DNA damage have been clarified, mito-
chondria are a pivotal organ for apoptosis, where these apoptosis- 
related proteins localize and play an important role in mitochondria 
through caspase activation.18 Recently, mitochondrial quality con-
trol has been revealed to be a novel function of p53. This function 
is regulated by a novel p53- inducible protein called mitochondria- 
eating protein (Mieap).19,20 Mieap plays an important role in mi-
tochondrial quality control (MQC) by repairing or eliminating 
unhealthy mitochondria. Mieap carries out its repair function by 
inducing the accumulation of intramitochondrial lysosomal pro-
teins to eliminate oxidized mitochondrial proteins in response to 
mitochondrial damage, in a process called Mieap- induced accumu-
lation of lysosome- like organelles within mitochondria (MALM). 
This leads to a decrease in reactive oxygen species (ROS) gen-
eration and an increase in mitochondrial ATP synthesis. When 
MALM is inhibited, Mieap induces the formation of a vacuole- like 
structure known as the MIV. This engulfs the damaged mitochon-
dria and results in the accumulation of lysosomes, leading to the 
degradation of unhealthy mitochondria.20 Further in vitro study 
revealed that BNIP3 and NIX co- localized with Mieap in mitochon-
dria and reduced ROS. The physical interaction of Mieap, BNIP3 
and NIX at the mitochondrial outer membrane may play a critical 
role in the translocation of lysosomal proteins from the cytoplasm 
to the mitochondrial matrix.21

Although Mieap has been shown to be a key player in mito-
chondrial quality control, emerging evidence suggests that it also 
plays an important role in tumor suppression. In a mouse model, 
Mieap- deficient (adenomatous polyposis coli) ApcMin/+ mice had 
a much shorter lifespan and increased numbers and sizes of in-
testinal tumors compared to those in Mieap- wild type ApcMin/+ 
mice, suggesting that loss of Mieap increases ROS production 
in the intestinal mucosa and accelerates tumor progression.22 
Furthermore, Mieap- regulated mitochondrial quality control is fre-
quently inactivated in human colorectal cancer by Mieap promoter 
methylation, BNIP3 promoter methylation or p53 mutation.23 
Considering that Mieap is a downstream target of p53, this novel 
mechanism for mitochondrial quality control is a new function of 
the p53 tumor suppressor. These results strongly prompted us to 
speculate that p53/Mieap- regulated mitochondrial quality control 
might be involved in tumor suppression in human breast cancer. In 
this study, we investigated this role.

2  | MATERIAL S AND METHODS

2.1 | Cell lines, cell culture, and drug

Breast cancer cell lines MCF- 7 (luminal type), SK- BR- 3 (HER2 type) 
and MDA- MB- 231 (triple negative) were purchased from the ATCC 
(Manassas, VA, USA). All cell lines were grown in DMEM supple-
mented with 10% FBS (Sigma- Aldrich, St. Louis, MO, USA), antibi-
otics (Sigma- Aldrich) and non- essential amino acids in a humidified 
atmosphere of 5% CO2 at 37°C. Etoposide was obtained from 
Sigma- Aldrich.

2.2 | Adenovirus

Mieap- expressing adenovirus (Ad- Mieap) was constructed as pre-
viously described.19,20 As controls, we used Ad- EGFP, Ad- BNIP3 
and Ad- α1- 273 (Δ817), which express enhanced green fluorescent 
protein (EGFP), BNIP3 and a Mieap deletion mutant lacking the C- 
terminal region (amino acids:1- 273) of the Mieap protein (273 amino 
acids), respectively.20,21 BNIP3 is a BH3- only protein that belongs 
to the Bcl- 2 family and is suggested to induce apoptosis by inhibit-
ing anti- apoptotic proteins.24 Our group recently demonstrated that 
BNIP3 is a co- factor of Mieap for MQC.21

2.3 | Fluorescence activated cell sorting analysis

We overexpressed Mieap using the constructed adenovirus in 
breast cancer cell lines. In addition, we treated these cells with 
etoposide (10 μmol/L). MCF- 7, SK- BR- 3 and MDA- MB- 231 cells 
were infected with the adenovirus at a moi of 30 and 60, re-
spectively; cells were then trypsinized and washed with PBS. 
Subsequently, the cells were fixed in cold 70% ethanol at 4°C. 
Fixed cells were washed and then incubated for 30 minutes at 
37°C with PBS containing 0.2 mg/mL RNase, and then incubated 
for a further 30 minutes at approximately 22°C with PBS contain-
ing 20 μg/mL propidium iodide. Cells were analyzed using the 
EC800 Flow Cytometry Analyzer (Sony, Tokyo, Japan). For each 
analysis, 5000- 20 000 cells were recorded, and the percentages 
of cells in different cell cycle phases (subG1, G1, S and G2/M) were 
determined using EC800 analysis software. The subG1 fraction 
was regarded as the apoptotic cell population.25

2.4 | Caspase activity assay

Breast cancer cell lines were treated using the same conditions as 
described previously herein. Caspase activities were measured as 
described previously.25 The cell pellets were resuspended in cell 
lysis buffer (50 mmol/L HEPES, 100 mmol/L NaCl, 0.1% CHAPS, 
1 mmol/L EDTA, 10% glycerol, 0.1% NP40, pH 7.4) for 15- 30 min-
utes on ice. Total protein (10- 30 μg) was added to the reaction 
buffer (the same as the cell lysis buffer (except for the addition 
of 0.1% NP40) containing NAc- Asp- Glu- Val- Asp- pNA (Ac- DEVE- 
pNA, a substrate of caspase- 3/7; Sigma- Aldrich), followed by 
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incubation for 1- 2 hours at 37°C. The free pNA cleaved from 
its precursor was quantified using a spectrometer at 405 nm 
(Bio- Rad, Hercules, CA, USA). The Caspase- Glo 9 Assay reagent 
(Promega, Madison, MI, USA) was used as the substrate for acti-
vated caspase- 9. An equal volume of cell lysate and caspase- Glo 
9 reagent was added to each well, mixed, and incubated in the 
dark for 1 hour at room temperature. The resultant luminescence, 
which is proportional to caspase- 9 activity, was measured using 
a luminometer (Bio- Rad). Absorbance was determined using an 
Envision 2104 multilabel reader (Perkin- Elmer, Waltham, MA, 
USA). Data were analyzed using Student’s t- test. A P- value <0.05 
was considered statistically significant.

2.5 | Western blotting

Caspase plays a central role in apoptosis, and the cleavage of poly 
ADP- ribose polymerase (PARP) facilitates cellular disassembly. 
Cleaved PARP is a marker of cells undergoing apoptosis.26 Breast 
cancer cell lines were treated using the same conditions as those 
described previously herein. Cells were resuspended in radioimmu-
noprecipitation assay (RIPA) buffer (Sigma- Aldrich) with protease 
inhibitors for 15- 30 minutes on ice. Protein (8 μg) was subjected to 
SDS- PAGE and then transferred to PVDF membranes. The mem-
branes were blocked for 1 hour and then incubated with respec-
tive primary antibodies overnight at 4°C. The anti-Mieap antibody 
(rabbit, 1:1000) was prepared as described previously.19 Anti- 
caspase- 3 antibody (rabbit, 1:1000), anti- caspase- 7 antibody (rab-
bit, 1:1000), anti- caspase- 9 (rabbit, 1:1000), anti- cleaved PARP: 
poly (ADP- ribose) polymerase (rabbit, 1:2000), anti- Puma (rabbit, 
1:1000), anti- Bax(rabbit, 1:1000), anti- Noxa (rabbit, 1:1000), anti- 
Bak (rabbit, 1:1000) (from Cell Signaling Technology, Danvers, MA, 
USA), anti- Apaf- 1(rat,1:100), anti- caspase- 8 (mouse, 1:200) (from 
Santa Cruz, Santa Cruz, CA, USA), anti- NIX (mouse, 1:250; Abnova, 
Taipei City, Taiwan) and anti- BNIP3 (mouse, 1:1000; Abcam, 
Cambridge, UK). The blots were stripped and re- probed with a β- 
actin antibody (1:5000; Cell Signaling Technology) to ensure equal 
protein loading. After washing, the membrane was incubated with 
secondary antibody (1:20000; ProteinTech, Chicago, IL, USA) for 
1 hour at room temperature. The immunoreactive proteins were 
visualized and captured using the LAS- 4000 system (Fujifilm, 
Tokyo, Japan).

2.6 | Immunohistochemistry

We examined the expression of Mieap in vivo using surgical speci-
mens dissected at the Gifu University Hospital (invasive ductal 
carcinomas [IDC]: 75, ductal carcinoma in situ [DCIS]: 27, fibroad-
enomas [FA]: 18). Immunohistochemistry (IHC) was performed using 
Dako EnVision+ Dual Link System- HRP (Dako, Glostrup, Denmark). 
For antigen retrieval, sections were pretreated with 0.2% trypsin in 
10 mmol/L tris- HCI (pH 7.6) containing 0.1% CaCl2, for 30 minutes at 
37°C. Sections were incubated overnight at 4°C with the rabbit pol-
yclonal anti- human Mieap antibody (diluted 1:200). Then, sections 

were incubated with EnVision reagents for 1 hour at room tempera-
ture.22 IHC evaluation was performed by experienced pathologists. 
When we started IHC for human cancer tissues in vivo, we repeated 
preliminary experiments for appropriate conditions using pre- 
immune serum. For subsequent runs, we did not use this due to its 
shortage. However, as we found endothelial cells and smooth mus-
cle of blood vessels to be good positive controls, we show Mieap-
expressing endothelial cells in Figure S1.

Informed consent was obtained from all patients who agreed to 
provide a surgical specimen. This study was approved by the central 
ethics committee of Gifu University.

2.7 | Methylation- specific PCR and p53 
mutation search

Methylation- specific PCR was performed as described previ-
ously.19,23 We used cryopreserved surgical specimens obtained 
from May 2011 to May 2012 at the Gifu University Hospital, 
most of which were also used for IHC, described previously. We 
extracted genomic DNA from 46 samples that were cryopre-
served, among 75 IDC cases examined by immunohistochemis-
try, using DNeasy (Qiagen, Hilden, Germany). Bisulfite- treated 
genomic DNA was subjected to MSP. The MSP for Mieap, NIX 
and BNIP3 promoters was carried out using specific primers 
under the following conditions: 1 cycle at 94°C for 5 minutes; 
35 cycles at 94°C for 30 seconds, 57°C for 30 seconds and 72°C 
for 1 minute; and a final extension step at 72°C for 7 minutes. 
The p53 mutation search was performed as described previ-
ously.23 Genomic PCR was performed, followed by DNA se-
quence analysis.

2.8 | Statistical analysis

Immunohistochemistry for Mieap was analyzed using the χ2- test. 
Disease- free survival (DFS) was estimated using the Kaplan- Meier 
method, and comparisons between groups were performed using 
a 2- sided log- rank test. Results were considered significant at 
P < 0.05.

3  | RESULTS

3.1 | Mieap induces cell death in breast cancer cells

First, we investigated the expression level of Mieap protein in 
breast cancer cells (MCF- 7, SK- BR- 3 and MDA- MB- 231) infected 
with Ad- Mieap (at a moi of 30- 60). Twenty- four hours after ade-
novirus infection, exogenous Mieap protein was observed in each 
cell line by western blotting, and this was compared to that in con-
trol cells infected with EGFP- expressing adenovirus (Figure S2A). 
When Mieap was expressed in breast cancer cell lines, vacuole- 
like structures (Mieap- induced vacuoles [MIV]) were observed 
in the cytoplasm after 24 hours as previously reported (Figure 
S2B).20



     |  3913GAOWA et Al.

MCF- 7 cells were infected with Ad- Mieap at a moi of 5, 10, 20, 
30 and 60. After 72 hours, we observed morphological changes 
microscopically and performed FACS analysis. MCF- 7 cells were 
morphologically smaller, fragmented, and floated freely in the me-
dium, and this phenomenon occurred in a dose- dependent manner 
(Figure 1A). FACS analysis demonstrated an increase in the subG1 
fraction, suggesting nuclear DNA degradation in a moi- dependent 
manner (Figure 1B). We also examined the effect of Mieap on  
various breast cancer cells. After 48- 72 hours of infection with 
Ad- Mieap (30- 60 moi), each cell line was harvested for FACS 
analysis. Most cells were smaller and floating, particularly MCF- 7 
and SK- BR- 3 cells, when compared to Ad- EGFP- infected cells 
(Figure 1C). The subG1 fractions were 56.94% for MCF- 7 (30 moi, 
72 hours) and 43.27% for SK- BR- 3 (30 moi, 48 hours). In contrast, 
most MDA- MB- 231 cells remained attached, with a subG1 frac-
tion of 28.21% (60 moi, 72 hours; Figure 1D).

3.2 | Mieap- induced cell death is apoptosis

As a preliminary experiment, we treated 3 cell lines with etoposide. 
We found cleaved caspase- 3/7/9 with activation of mitochondrial 
apoptotic factors particularly in SK- BR- 3 and MDA- MB- 231 (Figure 
S3).17,27 To investigate the association between Mieap- induced 
cell death and caspases, we determined the expression levels and 
activation of caspase- 3/7 and caspase- 9 by western blotting and 
caspase activity assays. We found that SK- BR- 3 was the most sen-
sitive cell line to Mieap- induced cell death (Figure 1D). Forty- eight 
hours after Ad- Mieap infection (30 moi), not only caspase- 3/7 but 
also caspase- 9 was significantly elevated in SK- BR- 3 cells (caspase-
 3/7: P = 0.000003, caspase- 9: P = 0.0003). In MCF- 7 cells (Ad- 
Mieap: 30 moi), caspase- 3/7 was significantly activated (P = 0.023). 
However, in MDA- MB- 231 cells (Ad- Mieap: 60 moi), no caspase 
activation was observed (Figure 2A). To confirm the activation 

F IGURE  1 Mieap- induced cell death in breast cancer cells occurs in a multiplicity of infection (moi)- dependent manner. A, After 72 h 
of Ad- Mieap infection, morphological changes were captured (100× magnification). Cell nuclei were fragmented, and the cell number was 
decreased in a moi- dependent manner. B, Adenovirus- infected cells (MCF- 7) were collected and subjected to FACS analysis. Moi number 
and percentage of the subG1 fraction (apoptotic cells) are shown in the upper right of each diagram. C, Morphological changes in 3 breast 
cancer cell lines (MCF- 7, SK- BR- 3 and MDA- MB- 231) 48- 72 h after infection at a moi of 30- 60 with Ad- Mieap. Ad- Mieap- infected cells were 
decreased in number and size. D, After incubation for the indicated time, cells were evaluated by flow cytometry. The sub G1 fraction was 
elevated after Ad- Mieap infection. The subG1 fractions were 56.94% for MCF- 7 (30 moi, 72 h) and 43.27% for SK- BR- 3 (30 moi, 48 h). In 
contrast, most MDA- MB- 231 cells remained attached, with a subG1 fraction of 28.21%
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of caspases, we performed western blotting for caspase- 3/7 and 
PARP. In SK- BR- 3 cells, caspase- 3 was cleaved 48 hours after Ad- 
Mieap infection. In MCF- 7 cells, caspase- 7, but not caspase- 3, was 

cleaved under the same conditions because caspase- 3 is deficient in 
MCF- 7 cells.28 Cleaved PARP, which is produced through cleavage 
by activated caspases,29 was detected 48- 72 hours after Ad- Mieap 

FIGURE 2 Mieap activates mitochondrial apoptotic pathways in human breast cancer cells in a caspase- dependent manner. A, After 48 h (SK- BR- 3) 
and 72 h (MCF- 7, MDA- MB- 231) treatments with adenovirus (30 multiplicity of infection (moi) for MCF- 7 and SK- BR- 3 and 60 moi for MDA- 
MB- 231), caspase- 3/7 (left) and caspase- 9 (right) activities were measured. Caspases were significantly elevated in SK- BR- 3 and MCF- 7 cells but not 
in MDA- MB- 231 cells. B, Western blotting data for cleaved caspase- 3/7 (red arrows) and cleaved poly (ADP-ribose) polymerase are indicated. Cell 
lysates from 3 breast cancer cell lines were harvested under the indicated conditions (48- 72 h, 30- 60 moi). Caspase- 3- deficient MCF- 7 cells showed 
cleavage of caspase 7. No cleaved caspase- 8 was detected in any of the cells and caspase- 9 was cleaved in SK- BR- 3 cells (arrow and dotted box). No 
mitochondria- associated apoptotic factors were altered in MCF- 7 cells. In SK- BR- 3 cells, NIX was elevated, resulting in caspase- 9 activation. Despite 
activation of both NOXA and NIX, caspases including caspase- 9 were not activated in MDA- MB- 231 cells. Based on these data, Mieap can activate 
the mitochondria apoptotic pathway. However, the occurrence of Mieap- induced cell death depends on caspase activation. PC indicates positive 
control. No infection (−), Ad- EGFP, Ad- BNIP3 and Ad- Δ817 (deletion mutant [273 amino acids] of Mieap) were used as negative controls
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infection in both cell lines. These results indicate that activation of 
caspase is a major cause of Mieap- induced cell death. In contrast, in 
MDA- MB- 231 cells, we could detect neither the activation of these 
caspases nor cleaved PARP, indicating that MDA- MB- 231 cells might 
be resistant to Mieap- induced cell death (Figure 2B).

Interestingly, in SK- BR- 3 cells, cleaved caspase- 9/3 was de-
tected after 48 hours of Ad- Mieap treatment and was associated 
with NIX elevation. Although in MDA- MB- 231 cells NOXA and NIX 
were elevated, neither caspases nor PARP was cleaved. In MCF- 7 
cells, which are caspase- 3- deficient cells, only caspase- 7 was 
cleaved, with no upregulation of mitochondrial apoptotic factors. 
We further investigated the expression of BNIP3/NIX in each cell 
line. Both proteins were not expressed in steady- state conditions; 
however, NIX was elevated in SK- BR- 3 and MDA- MB- 231 after Ad- 
Mieap infection. BNIP3 was not expressed irrespective of enforced 
Mieap expression. These results indicated that Mieap is involved 
in the mitochondrial apoptotic pathway in a caspase- dependent 
manner. Based on these results, we concluded that Mieap- induced 
cell death is apoptosis and that it is mediated by the mitochondrial 
apoptotic pathway.

3.3 | Mieap expression is downregulated in tumors 
from breast cancer patients with an aggressive and 
malignant phenotype

We next performed IHC using surgical specimens obtained from 120 
patients (IDC: 75, DCIS: 27, and FA: 18) to examine the expression 
of Mieap in vivo. Mieap was detected in the cytoplasm, and repre-
sentative cases (both positive and negative cases, respectively) are 
shown in Figure 3. Mieap was positive in 32% (24/75) of IDC, 55.6% 
(15/27) of DCIS and 88.9% (16/18) of FA. Its expression was also sig-
nificantly higher in FA compared to that in DCIS (P = 0.0234), in DCIS 
compared to that in IDC (P = 0.0389), and in FA compared to that in 
IDC (P < 0.0001), indicating that its expression decreases with ma-
lignant potential (Table 1).

3.4 | The p53/Mieap- regulated mitochondrial quality 
control pathway is genetically and epigenetically 
inactivated in aggressive and malignant breast cancer

To investigate inactivation of the p53/Mieap- regulated MQC path-
way, we performed MSP for Mieap, NIX and BNIP3 promoters, as well 
as a p53 mutation search, because NIX and BNIP3 have been shown 
to be co- factors for MQC.21 We investigated 46 IDC, which had been 
stored as frozen tissue for DNA extraction. MSP revealed methyla-
tion of the Mieap promoter in 6 of 46 IDC (13%). However, there was 
no methylation of the NIX or BNIP3 promoters (Figure 4). Genetic al-
terations of p53 were found in 6 of 46 IDC (13%). The p53/Mieap- 
regulated MQC pathway was inactivated in 12 of 46 IDC (26.1%; 
Table 2). Of 12 cases, 6 with methylated Mieap promoter were luminal 
B and the other 6 with mutant p53 were triple negative as follows: 4, 
HER2- rich; 1, luminal B; 1, whose subtypes were clinically more ag-
gressive and malignant phenotypes in breast cancer (Table 3).30,31

Interestingly, the group with inactivation of the p53/Mieap- 
regulated MQC pathway showed shorter DFS than that without 
these genetic alterations (P = 0.021, Figure 5). Four of six recurrent 
cases showed inactivation in the p53/Mieap- regulated MQC path-
way. Of 46 cases, we separately showed DFS curves for individu-
als with or without Mieap promoter methylation or those with or 
without p53 alterations (Figure S4). As shown in Figure S4A, there 
was no significant difference between those with Mieap promoter 
methylation (n = 6) and those without (n = 40). Six cases with a 
methylated Mieap promoter showed no expression of Mieap by IHC. 
However, as shown in Figure S4B, there was a significant difference 
between those with p53 mutations (n = 6) and those without (n = 40; 
P = 0.00035). Considering p53- mutated cases, 4 of 5 revealed no 
Mieap expression. Mieap expression was completely undetectable 
in 10 of 11 cases with either methylated Mieap promoter or p53 al-
terations. In addition, as shown in Figure S4C, among 75 IDC eval-
uated by IHC (in Figure 3), there were no significant differences 
between 24 Mieap- positive IDC cases and 51 Mieap- negative cases. 
These results suggest that Mieap might not be prognostic, at least to 
the same extent as p53. Based on the previous reports that Mieap 
expression is regulated by either p53 status or methylation of Mieap, 
BNIP3 and NIX promoters, we suggest that it is important to evaluate 
MQC based on these factors (i.e. MQC pathway through p53 and 
BNIP3/NIX to Mieap).

F IGURE  3  Immunohistochemistry for Mieap in breast 
tumors in vivo. Immunohistochemical staining of Mieap in tissue 
specimens obtained from patients with invasive ductal carcinomas 
(IDC), ductal carcinoma in situ (DCIS) and fibroadenomas (FA). 
Representative cases (Mieap- positive [+], Mieap- negative [−]) 
are indicated. Mieap is expressed in the cytoplasm. The scale 
bars represent 500 μm (upper row) and 100 μm (lower row) 
photomicrographs
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4  | DISCUSSION

According to a previous report, we demonstrated the physiological func-
tions related to MQC, which were classified mainly into 2 mechanisms. 
One is referred to as MALM, whereas the other is MIV, which occurs 
when salvage of the damaged mitochondria appears to be impossible for 
recovery and survival.20 These mechanisms might be used depending 
on the degree of mitochondrial damage. In this study, we focused on the 
MIV, followed by Mieap- induced cell death, and found strong evidence 
supporting the role of Mieap in breast cancer tumor suppression.

First, Mieap induced caspase- dependent apoptosis in breast 
cancer cells. We infected adenoviruses at a moi of 30- 60 into each 
cell (for MIV), for which Ad- Mieap mois were 5- 10- fold greater com-
pared to that for MALM. This Mieap- induced apoptosis was likely 

consistent with the mitochondrial intrinsic pathway because Mieap 
activated caspase- 9/3 as observed in SK- BR- 3 cells. However, given 
that MCF- 7 cells are known to be a caspase- 3- deficient cell line,28 
caspase- 7 was suggested to function instead, as Ac- DEVE- pNA is a 
substrate for both caspase- 3 and caspase- 7. Lakhani et al26 report 
that both caspase- 3 and caspase- 7 regulate mitochondrial events in 
the apoptotic pathway. These results suggest that apoptosis induced 
by Mieap occurs via a caspase- dependent intrinsic pathway through 
the mitochondria. Through our experiments using 3 cell lines, we 
identified at least 3 patterns against Mieap: (i) good response: in SK- 
BR- 3 cells, Mieap activates apoptotic factors in the mitochondria in 
a caspase (9/3)- dependent manner; (ii) fair response: in MCF7 cells, 
Mieap activates apoptotic factors in mitochondria; however, cells do 
not undergo enough apoptosis, exhibiting activation of caspase- 7, but 

F IGURE  4 Methylation- specific PCR (MSP) and breast cancer clinical outcome based on inactivation of Mieap- regulated mitochondrial 
quality control (MQC). MSP analysis of the Mieap, NIX and BNIP3 promoters. Genomic DNA was extracted from surgically dissected invasive 
breast cancer and then treated with bisulfite treatment and subjected to MSP for Mieap/NIX/BNIP3 promoters. The results of MSP from 11 
representative cases are shown. Mieap promoter methylation was detected in 6 cases. However, no samples showed NIX/BNIP3 methylation. 
M, methylated; U, unmethylated

TABLE  1  Immunohistochemistry for Mieap in vivo using human breast cancer tissues

Paraffin- embedded specimens obtained from surgery (invasive ductal carcinomas [IDC]: 75, ductal carcinoma in situ [DCIS]: 27, and fibroadenomas 
[FA]: 18) were examined using an anti- human- Mieap antibody. Positive rates in IDC, DCIS and FA were 32%, 55.6% and 88.9%, respectively. The posi-
tive rate for Mieap in IDC was significantly lower than that in DCIS (P = 0.0389) and FA (P < 0.0001).
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TABLE  2 Association between regulatory factors of Mieap expression and subtypes

Case
Mieap 
methylated

NIX 
methylated

BNIP3 
methylated p53 mutation

Mieap 
expression Subtype

1 + − − − − Luminal B

4 + − − − − Luminal B

15 + − − − − Luminal B

28 + − − − − Luminal B

39 + − − − − Luminal B

55 + − − − − Luminal B

10 − − − Deletion in exon 4 − Triple negative

32 − − − Deletion in exon 4 − Triple negative

35 − − − Deletion in exon 7 − Triple negative

42 − − − TGC→TGG(176C→W) + Triple negative

52 − − − CGT→TGT (273R→C) − Luminal B

56 − − − GAC→CAC (281D→H) NE HER2

13 − − − − + Luminal A

33 − − − − + Triple negative

40 − − − − + Luminal B

44 − − − − + Luminal A

49 − − − − + Luminal B

50 − − − − + Luminal B

2 − − − − − Luminal A

6 − − − − − HER2

11 − − − − − Luminal/HER2

12 − − − − NE Luminal/HER2

16 − − − − − Luminal A

17 − − − − − Luminal A

18 − − − − − Luminal B

19 − − − − − Luminal A

20 − − − − − Luminal A

22 − − − − − Luminal A

23 − − − − − Luminal B

24 − − − − − Luminal A

25 − − − − − Luminal A

26 − − − − − Luminal B

27 − − − − − Luminal B

29 − − − − NE Luminal B

30 − − − − − Luminal A

31 − − − − − Luminal A

34 − − − − NE Luminal A

37 − − − − − Triple negative

38 − − − − − Luminal A

41 − − − − − Luminal B

43 − − − − − Triple negative

46 − − − − − Luminal A

47 − − − − − Luminal A

48 − − − − NE Luminal A

53 − − − − − Luminal B

(Continues)
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Case
Mieap 
methylated

NIX 
methylated

BNIP3 
methylated p53 mutation

Mieap 
expression Subtype

54 − − − − − Luminal A

6/46 (13%) 0/46 (0%) 0/46 (0%) 6/46 (13%) 7/41 (17%)

NE, not examined.
Results of MSP for Mieap/NIX/BNIP3 promoters and p53-mutation search (exons 4- 8) are summarized. Methylation of the Mieap promoter was positive 
in 6/46 (13%) cases, whereas NIX/BNIP3 promoters were negative. Genetic alterations in p53 were detected in 6/46 (13%) cases. Finally, inactivation 
of the p53/Mieap/NIX/BNIP3- regulated mitochondrial quality control (MQC) pathway was observed in 12/46 (26.1%) cases. These cases were aggres-
sive phenotypes such as Luminal B, triple negative and HER2- enriched. Among them, ten cases of 11 subjected to IHC lost Mieap expression.

TABLE  2  (Continued)

TABLE  3 Summary of clinicopathological parameters in human breast cancers

Case Age Gender Subtype TN Stage Recurrence Histopathological diagnosis

1 58 Female Luminal B T4bN1 IIIB − Scirrhous carcinoma

4 46 Female Luminal B T2N0 IIA − Scirrhous carcinoma

15 76 Female Luminal B T1N0 I − Invasive lobular carcinoma

28 48 Female Luminal B T2N1 IIB + Solid-tubular carcinoma

39 51 Female Luminal B T3N1 IIIA − Scirrhous carcinoma

55 72 Female Luminal B T2N0 IIA − Scirrhous carcinoma

2 74 Female Luminal A T2N0 IIA − Solid-tubular carcinoma

6 36 Female HER2 T2N1 IIB + Scirrhous carcinoma

10 69 Female Triple negative T1N1 IIA − Solid-tubular carcinoma

11 45 Female Luminal/HER2 T1N0 I − Scirrhous carcinoma

12 75 Female Luminal/HER2 T1N2 IIB − Solid-tubular carcinoma

13 72 Female Luminal A T1N0 I − Scirrhous carcinoma

16 51 Female Luminal A T1N1 IIA − Papillotubular carcinoma

17 60 Female Luminal A T2N0 IIA − Papillotubular carcinoma

18 43 Female Luminal B T2N0 IIA − Papillotubular carcinoma

19 66 Female Luminal A T1N1 IIA − Scirrhous carcinoma

20 79 Female Luminal A T1N0 I − Solid-tubular carcinoma

22 58 Female Luminal A T1N1 IIA − Scirrhous carcinoma

23 84 Female Luminal B T1N0 I − Scirrhous carcinoma

24 62 Female Luminal A T2N0 IIA − Scirrhous carcinoma

25 63 Female Luminal A T2N0 IIA + Scirrhous carcinoma

26 49 Female Luminal B T1N1 IIA − Solid-tubular carcinoma

27 48 Female Luminal B T2N0 IIA − Scirrhous carcinoma

29 57 Female Luminal B T2N1 IIB − Mucinous carcinoma

30 61 Female Luminal A T2N1 IIB − Scirrhous carcinoma

31 64 Female Luminal A T2N1 IIB − Scirrhous carcinoma

32 52 Female Triple negative T2N0 IIA − Solid-tubular carcinoma

33 69 Female Triple negative T2N0 IIA − Papillotubular carcinoma

34 51 Female Luminal A T1N0 I − Papillotubular carcinoma

35 46 Female Triple negative T2N0 IIA + Solid-tubular carcinoma

37 62 Female Triple negative T1N0 I − Scirrhous carcinoma

38 53 Female Luminal A T1N0 I − Papillotubular carcinoma

40 42 Female Luminal B T2N1 IIB − Papillotubular carcinoma

41 68 Female Luminal B T1N0 I − Solid-tubular carcinoma

42 57 Female Triple negative T2N1 IIB + Scirrhous carcinoma

43 79 Female Triple negative T2N0 IIA − Papillotubular carcinoma

(Continues)
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not caspase- 9/3 and (iii) poor response: in MDA- MB- 231 cells, Mieap 
activates apoptotic factors in the mitochondria (however, no caspases 
are activated, resulting in resistance to Mieap- induced cell death).

Second, Mieap protein was downregulated in tumors with more ag-
gressive and malignant phenotypes of human breast cancer. In FA, which 
consists of both glandular breast tissue and stromal tissue, Mieap was 
expressed in the cytoplasm of glandular tissue in 16/18 (88.9%) cases. 
Interestingly, Mieap expression tended to decrease with malignant 
transformation (DCIS; 15/27 [55.6%], IDC; 24/75 [32%]; Table 1). These 
data suggest that Mieap plays an important role in preventing the ma-
lignant transformation and/or progression of breast tumors. Given that 
Mieap is under the control of p53, it is understandable that benign glan-
dular tissues might express Mieap to suppress malignant transformation.

Third, p53/Mieap- regulated MQC is genetically and epige-
netically inactivated in tumors with more aggressive and ma-
lignant human breast cancer phenotypes. The p53/Mieap/
BNIP3- regulated MQC pathway is inactivated in >70% of colorec-
tal cancers, suggesting that Mieap- regulated MQC has a critical 
role in colorectal cancer suppression in vivo.23 In this study, we 
found that this pathway was inactivated in 12/46 (26.1%) invasive 
breast cancers via the promoter methylation of Mieap or p53 mu-
tations, which occurred at a lower frequency compared to that ob-
served for colorectal cancer. This might be due to the BNIP3 status 
in breast cancer. The promoter methylation of BNIP3 was not de-
tected in any breast cancer samples, whereas it occurred in nearly 
50% colorectal cancer specimens. Interestingly, among 12 cases 
exhibiting inactivation of the pathway, 6 cases with methylation of 
the Mieap promoter were luminal B type, which comprises aggres-
sive and fast- growing estrogen receptor- positive breast cancers. 
The other 6 cases with a p53 mutation were also aggressive types 
(triple negative, 4; HER2- rich, 1; luminal B, 1).30,31 Furthermore, as 
shown in Table 2, there were 6 cases with p53 alterations, in which 
5 were subjected to IHC for Mieap. Four of five cases did not ex-
press Mieap. Specifically, Mieap expression completely disap-
peared in 10 of 11 cases with either Mieap promoter methylation 
or p53 alterations. In contrast, only 1 expressed Mieap, despite 

the presence of a p53 mutation. This might be explained by the 
possibility that not only Mieap but some other p53- target genes 
are often induced in a p53- independent manner.

Fourth, the group with p53 mutation or Mieap promoter methylation 
showed shorter DFS, suggesting that inactivation of the p53/Mieap- 
regulated MQC pathway might lead to failed cell death induction, re-
sulting in enhanced malignant potential and aggressiveness in vivo.

In summary, Mieap induces caspase- dependent apoptosis in 
breast cancer cells in vitro. Moreover, p53/Mieap- regulated MQC is 
inactivated in breast cancers with more aggressive and malignant phe-
notypes in vivo. Therefore, p53/Mieap- regulated MQC plays a critical 
role as a tumor suppressor in human breast cancer. Although there 
were limitations to our present work, this study forms the basis for 
future research projects to develop novel strategies to treat cancer.

F IGURE  5 Kaplan- Meier curve showing disease- free survival 
(DFS) in breast cancer patients based on Mieap- regulated 
mitochondrial control (MQC) expression. The group with 
inactivated Mieap- regulated MQC (dotted line; n = 12) exhibited 
shorter DFS than that without genetic alterations (solid line; n = 34; 
P = 0.021)

Case Age Gender Subtype TN Stage Recurrence Histopathological diagnosis

44 51 Female Luminal A T1N0 I − Papillotubular carcinoma

46 64 Female Luminal A T1N0 I − Papillotubular carcinoma

47 63 Female Luminal A T1N0 I − Scirrhous carcinoma

48 73 Female Luminal A T1N0 I − Papillotubular carcinoma

49 33 Female Luminal B T1N0 I − Scirrhous carcinoma

50 58 Female Luminal B T2N0 IIA − Solid-tubular carcinoma

52 74 Female Luminal B T4bN1 IIIB + Scirrhous carcinoma

53 46 Female Luminal B T2N0 IIA − Papillotubular carcinoma

54 70 Female Luminal A T1N0 I − Papillotubular carcinoma

56 68 Female HER2 T2N0 IIA − Mucinous carcinoma

Clinicopathological parameters of 46 invasive breast cancer patients are shown followed by Table 2.

TABLE  3  (Continued)
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