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Abstract. Breast cancer stem‑like cells (BCSCs) have been 
identified and proven to play critical roles in tumorigenesis and 
progression. Hypoxia is a common pathologic feature of breast 
cancer and potentially, at least in part, regulates the initiation, 
progression, and recurrence of breast cancer. However, less 
is known about how hypoxia regulates BCSCs. As several 
well‑known microRNAs respond to hypoxia, we aimed to 
determine how hypoxia regulates the physiological processes 
of BCSCs by regulating the corresponding microRNAs. As 
expected, microRNA‑137 (miRNA‑137 or miR‑137) was 
downregulated upon hypoxic exposure, indicating that it may 
play critical roles in BCSCs. Introduction of miR‑137 mimics 
promoted cell cycle entry and inhibited hypoxia‑induced cell 
apoptosis as determined by cell cycle assay and apoptosis 
assay. By detecting mitochondrial reactive oxygen species 
(ROS), it was found that miR‑137 inhibited ROS accumula-
tion induced by hypoxic exposure and thus suppressed cell 
apoptosis. Introduction of miR‑137 mimics under hypoxia 
inhibited mitophagy/autophagy by targeting FUN14 domain 
containing  1 (Fundc1) and thus promoted mitochondrial 
functions, including mitochondrial mass, ATP synthesis and 

mitochondrial transcriptional activity, which was similar to 
the effects of Fundc1 knockdown by specific siRNA. Based 
on these observations, we hypothesized that the survival of 
BCSCs under hypoxia was mediated by miR‑137 by regulating 
mitochondrial dysfunction. We demonstrated here that the 
introduction of exogenous miR‑137 promoted mitochondrial 
function, indicating that it may be a potential therapeutic 
target in BCSCs.

Introduction

Worldwide, breast cancer, which is induced by diverse factors, 
such as heredity and lifestyle, is the most frequently diag-
nosed cancer and the leading cause of cancer‑related deaths 
among women (1,2). Breast cancer stem‑like cells (BCSCs) 
are heterogeneous tumor cells with self‑renewal ability and 
multidifferentiation potential that participate in tumorigen-
esis, metastasis and therapy resistance of breast cancer (3). 
Many studies have demonstrated that BCSCs play an essential 
role in the poor clinical outcome of breast cancer by inves-
tigating markers, ALDH(+), CD44(+) and CD24(‑) (4‑7). In 
addition, the BCSC‑related signaling pathways, Wnt, Notch 
and hedgehog, are involved in malignant tumor behavior, 
such as proliferation, colony formation and migration (8‑10). 
Therefore, drugs targeting these signaling pathways are 
promising treatment strategies (11‑13).

Hypoxia is a common tumor microenvironment phenom-
enon that is characterized by decreased oxygen levels in 
tissues. Hypoxia affects the survival of cells, including 
disseminated tumor cells (DTCs), through transcriptional, 
metabolic and mobility changes (14,15). Mitochondria are the 
major consumer organelles, as well as the potential source of 
reactive oxygen species (ROS). The lack of oxygen results in 
mitochondrial fusion and fission, mitophagy, oxidative phos-
phorylation and eventually mitochondrial dysfunction (16). 
Hypoxia has been confirmed to exert a crucial effect on the 
viability of CSCs (17). It has become increasingly clear that 
hypoxia impacts cellular processes through a group of genetic 
transcription activators termed hypoxia‑inducible factors 
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(HIFs) (18). HIFs are composed of an alpha (HIF‑α) and a beta 
(HIF‑β) subunit, and the oxygen‑dependent HIF‑α subunit 
is the key protein determining the transcriptional activity of 
HIFs, while the HIF‑β subunit is structurally expressed in the 
cell nucleus (19). A large number of reports have revealed that 
oxygen deficit induces the generation of HIFs in human embry-
onic stem cells (hESCs), which have the ability to activate the 
Wnt and Notch self‑renewal signaling pathways (20,21) and 
vascular endothelial growth factors (VEGFs) so that HIFs can 
maintain cells in an undifferentiated state and promote tumor 
vessel formation (22).

MicroRNAs (miRNAs or miRs) are small noncoding 
single‑stranded RNAs with a length of 22 nucleotides 
that affect the regulation of posttranscriptional gene 
expression (23). During a hypoxic period, specific miRNAs, 
called hypoxia‑regulated miRNAs (HRMs), are differentially 
expressed, some of which are downregulated while others are 
upregulated (24). MicroRNA‑137 (miRNA‑137 or miR‑137) is 
considered a representative HRM (25). Li et al (26) concluded 
that miR‑137 effectively protected retinal ganglion cells 
against hypoxia‑induced apoptosis by attenuating Notch1 
expression. One study demonstrated that miR‑137 could 
promote PI3K/AKT/mTOR and ERK pathway activation 
to induce mitophagy and autophagy of brain cells exposed 
to hypoxia  (27). Moreover, microRNA‑210 (miRNA‑210 
or miR‑210) is regarded as the main hypoxia‑controlled 
RNA (24), and Wang et al discovered that miR‑210 exerted 
a negative effect on HIF1‑α protein expression, accompa-
nied by the activation of T cells (28). Interestingly, results 
from various experiments have shown that miRNAs share 
a strong connection with mitochondria. Primarily, miRNAs 
affect mitochondrial metabolism and dynamics by positively 
regulating translation (29‑32). Moreover, the levels of some 
miRNAs are abnormal in different types of cancer (33). For 
example, miR‑34 accelerates gastric cancer progression by 
maintaining cancer stemness properties (34).

The studies mentioned above provide insight into the role 
of hypoxia in malignant tumor behaviors, including the expres-
sion of miRNAs and the function of mitochondria (35‑37). 
However, the mechanism by which hypoxia regulates 
mitochondrial function and mitophagy by affecting miRNA 
expression remains largely unclear. In the present study, we 
examined the mitochondrial function in BCSCs after deoxy-
genation and analyzed the related microRNAs to characterize 
the underlying regulatory mechanism.

Materials and methods

Cell culture. The human breast cancer cell lines SKBR‑3, 
MCF‑7, MDA‑MB‑231 were acquired from the American 
Type Culture Collection (ATCC). Cells were maintained in 
high‑glucose Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.) and 
incubated at 37˚C with 95% humidity and 5% CO2.

Macrospheroid formation. SKBR‑3, MCF‑7 and MDA‑MB‑231 
cells were cultured in serum‑free medium (SFM) consisting 
of DMEM/F‑12 (Gibco; Thermo Fisher Scientific, Inc.) (1:1), 
2% B27 (Invitrogen; Thermo Fisher Scientific, Inc.), 10 ng/ml 

EGF and 10 ng/ml bFGF (PeproTech, Inc.). The medium was 
half‑refreshed every three days. Three weeks later, spheroids 
were obtained. The collected spheroids were stained with 
an ALDEFLUOR™ assay kit (Stem Cell Technologies). The 
proportions of newly formed tumor stem cell spheres were 
isolated by ALDH‑positive cell sorting.

Treatments. CoCl2 (Sigma‑Aldrich; Merck  KGaA) was 
dissolved in DMEM at a concentration of 100 mM. To mimic 
hypoxic conditions, 100 mM CoCl2 was added to the three 
breast cancer cell lines for 24, 48, and 72 h, and BCSCs were 
transfected with miR‑137 mimics for 12 and 24 h for further 
examination. LW‑6 (cat. no. S8441; Selleck Chemicals) was 
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 
25 mM. BCSCs were treated with DMEM containing 10 ng/ml 
LW‑6 or DMSO (control group) for 12 or 24 h to explore the 
role of miR‑137 mimics.

Cell transfection. BCSCs were cultured in 6‑well plates 
with DMEM containing 10%  FBS. For each well, 5  µl 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) was diluted in 250 µl Opti‑MEM I reduced 
serum medium (Gibco; Thermo Fisher Scientific, Inc.). A 
total of 62.5 pmol of miR‑137 mimics or miR‑137 negative 
control mimics, miR‑210 inhibitor or miR‑210 negative control 
inhibitor (RiboBio) was diluted in 250 µl Opti‑MEM and incu-
bated at room temperature for 5 min. A total of 250 µl diluted 
miRNAs and 250 µl diluted reagent Lipofectamine® 2000 
were mixed and used according to the manufacturer's instruc-
tions. The transfected cells were incubated at 37˚C with 
95% humidity and 5% CO2. After 12 h, when transfection 
efficiency >80% was observed by fluorescence microscopy, 
relevant experiments were subsequently performed.

Aldefluor assay. The cells were washed with phosphate‑buff-
ered saline (PBS) twice and centrifuged at 150  x  g for 
5 min. The cell concentration was adjusted to approximately 
2x105  cells/ml suspended in assay buffer. A 1  ml sample 
suspension was placed into each test tube. Next, 5  µl of 
ALDEFLUOR™ DEAB reagent was placed into the control 
tube, and 5 µl of activated ALDEFLUOR™ reagent (StemCell 
Technologies) was added into the test tube. Then, 0.5 ml of 
the mixed solution was transferred from the test tube to the 
control tube. After incubation for 30 min at 37˚C, all tubes 
were centrifuged at 250 x g for 5 min, and the supernatant 
was removed. Finally, the Alde Fluor assay was performed by 
a 3‑laser Navios flow cytometer (Beckman Coulter). The data 
files were analyzed using FlowJo 9.7.6 (FlowJo LLC).

Western blot analysis. The cell lysates were extracted using 
radio immunoprecipitation assay (RIPA) lysis buffer and the 
protein concentrations were measured using BCA Protein 
assay kit (Sigma‑Aldrich; Merck KGaA). An amount of 20 µg 
of total proteins was separated on 10‑15% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) and 
transferred onto polyvinylidene fluoride membranes (PVDF; 
Thermo Fisher Scientific, Inc.). After blocking with 5% milk in 
0.1% Tween‑20 PBS (PBS‑T) at room temperature for 1 h, the 
membranes were incubated with primary antibodies for Oct‑4 
(dilution 1:1,000, cat. no. ab222233), Nanog (dilution 1:2,000, 
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cat. no. ab218524), Fundc1 (dilution 1:1,000, cat. no. ab224722), 
NIX (dilution 1:1,000, cat. no. ab8399), LC3B (dilution 1:500, 
cat. no. ab48394), Tomm20 (dilution 1:2,000, cat. no. ab56783), 
VADC (dilution 1:2,000, cat. no. ab81673), Tim23 (dilution 
1:2,000, cat.  no.  ab230253) and β‑actin (dilution 1:5,000, 
cat. no. ab8226) at 4˚C overnight. Then, the membranes were 
washed three times with PBS‑T and incubated with secondary 
antibodies (goat anti‑rabbit IgG antibody, dilution 1:5,000, 
cat. no. 6721) at room temperature for 1 h. All antibodies 
were purchased from Abcam. After washing with PBS‑T 
three times, blots were imaged and analyzed on an X‑ray film 
and quantified using ImageJ software (version 1.46; National 
Institutes of Health, Bethesda, MD, USA).

Cell viability assay. Cells (1x104) were seeded into 96‑well 
plates and allowed to attach overnight. To detect cell viability, 
the medium was replaced with fresh medium, and 10 µl of 
Cell Counting Kit‑8 (CCK‑8) (Sigma‑Aldrich; Merck KGaA) 
solution was added to each well for 1 h at 37˚C. The optical 
density (OD) was analyzed using a multifunctional microplate 
reader (FlexStation 3; Molecular Devices) within 2 h.

Reverse transcription and quantitative PCR (RT‑qPCR). 
Cells were lysed using SoniConvert® sonicator (DocSense) 
following the manufacturer's instructions and then total 
RNA was isolated using the miRcute miRNA Isolation kit 
[Tiangen Biotech (Beijing)  Co., Ltd.]. Reverse transcrip-
tion was performed using SYBR® Green PCR Master Mix 
(Thermo Fisher Scientific, Inc.) following the manufacturer's 
instructions. The primer sequences were as follows: miR‑137 
(forward 5'‑GCG​CGC​TTA​TTG​CTT​AAG​AAT​AC‑3' and 
reverse 5'‑GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​
GCA​CTG​GAT​ACG​ACC​TAC​GC‑3'); miR‑210 (forward 
5'‑CCA​GTG​CAG​GGT​CCG​AGG​TAT​TC‑3' and reverse 
5'‑TGT​CGG​TGT​GAC​AGG​CGC‑3'); miR‑9 (forward 5'‑CGT​
TCG​TCT​CTT​TGG​TTA​TCT​AGC‑3' and reverse 5'‑AAT​
GGT​TGA​TCT​GCT​CTC​TCT​CTC‑3'); mtF805 (5'‑CCA​CGG​
GAA​ACA​GCA​GTG​ATT‑3'); mtR927 (5'‑CTA​TTG​ACT​
TGG​GTT​AAT​CGT​GTG​A‑3'); COXI (upstream 5'‑AGC​AGG​
AAT​AGT​AGG​GA‑3' and downstream 5'‑GGA​ATC​AGT​
GGA​CGA​A‑3'); ND1 (upstream 5'‑ATA​CGC​CCT​CTA​ACC​
ACC‑3' and downstream 5'‑GAA​TTT​GAG​GCT​CAT​CCC‑3'); 
β‑actin (forward 5'‑CAT​GTA​CGT​TGC​TAT​CCA​GGC‑3' and 
reverse 5'‑CTC​CTT​AAT​GTC​ACG​CAC​GAT‑3'). All primers 
were purchased from Sangon Biotech. Quantitative real‑time 
polymerase chain reaction (qPCR) of miR‑137 in cells was 
conducted using the Applied Biosystems 7500 Fast Real‑Time 
PCR system (Applied Biosystems). The amplification condi-
tions were as follow: 40 cycles of denaturation at 95˚C for 
15 sec, annealing and extension at 60˚C for 1 min. The calcula-
tions of expression of target genes were relative quantification, 
and 2‑ΔΔCq represented relative gene expression  (38). Each 
sample was tested three times. β‑actin was used as an internal 
control for normalization.

Cell cycle assay. A total of 2x106  cells were fixed with 
75% ice‑cold ethanol for 12 h at 4˚C. Fixed cells were pelleted by 
centrifugation and washed with ice‑cold PBS. Then, 400 µl PBS 
containing 50 µg/ml propidium iodide (PI) (Sigma‑Aldrich; 
Merck KGaA), 100 µg/ml RNase A and 0.2% Triton X‑100 

was added to the cells and coincubated for 30 min in the dark. 
Cells were analyzed for cell cycle phase distribution by a 
3‑laser Navios flow cytometer (Beckman Coulter). The data 
were analyzed using FlowJo 9.7.6 (FlowJo LLC).

Apoptosis assay. A total of 1x106 cells were suspended in 
100 µl 1X binding buffer, 5 µl Annexin V fluorescein isothio-
cyanate and 5 µl propidium iodide (PI; BD Biosciences) in 
the dark for 20 min at room temperature. Then, 400 µl of 
1X binding buffer was added, and stained cells were analyzed 
by using a 3‑laser Navios flow cytometer (Beckman Coulter). 
The data were analyzed using FlowJo 9.7.6.

Measurement of mitochondrial ROS in BCSCs. Cells were 
washed with PBS three  times and incubated with working 
solution containing 5 µM MitoSOX™ reagent (Thermo Fisher 
Scientific, Inc.) for 10 min at 37˚C in the dark. Then, the cells 
were washed with PBS and imaged using an X71 (U‑RFL‑T) 
fluorescence microscope at x400 magnification (Olympus).

Measurement of intracellular ROS in BCSCs. After being 
washed with ice‑cold PBS three times, the cells were resus-
pended in pre‑warmed PBS containing 5 µM intracellular 
ROS‑specific fluorescent probe staining reagent H2DCFDA 
(Thermo Fisher Scientific, Inc.) and then incubated in the 
dark for 30 min at 37˚C. After being washed three times 
with pre‑warmed PBS, the cells were imaged using an X71 
(U‑RFL‑T) fluorescence microscope at x400 magnification.

Citrate synthase activity assay. A total of 5x104 cells were 
collected and rinsed with ice‑cold PBS twice. The cell pellet 
was solubilized at a concentration of 2x107/ml in extraction 
buffer and then incubated on ice for 20 min. After 1,600 x g 
centrifugation for 20 min, the supernatants were transferred 
into a new tube. Thereafter, 100 µl of sample was added to each 
well and incubated hermetically for 3 h to capture the enzyme. 
The suspension was extracted and washed twice using 300 µl 
1X washing buffer. Then, 100 µl 1X Citrate Synthase Activity 
Solution (cat. no. ab119692, Abcam) was added. Finally, the 
absorbance was analyzed for 5‑30 min at 20‑sec intervals by a 
microplate reader (Synergy 2 Multi‑Mode Microplate Reader, 
BioTek) at a wavelength of 412 nm.

ATP synthesis assay. A total of 1x104 cells were collected 
and incubated with 200 µl of cell lysis buffer according to the 
instructions of the ATP Detection kit (Beyotime Institute of 
Biotechnology). The cells were pipetted up and down several 
times and centrifuged at 1,200 x g for 5 min. Then, 100 µl 
supernatant was moved into the prepared well for 5 min at 
room temperature. Then, the luminescence of ATP was 
measured by a microplate reader (Synergy  2 Multi‑Mode 
Microplate Reader, BioTek).

Evaluation of GFP‑LC3 fluorescence. A total of 1x105 cells 
were transfected with the GFP‑LC3 plasmid (Addgene) for 
24 h and then re‑transfected with miR‑137 mimics or NC 
mimics for another 24 h. Then, the cells were washed with 
PBS three times and incubated with 5 µM MitoTracker Red 
(Thermo Fisher Scientific, Inc.) for 30 min at 37˚C in the dark. 
Cells were fixed with 4% paraformaldehyde for 10 min at room 
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temperature and re‑stained with 4'6‑diamidino‑2‑phenylindole 
(DAPI, diluted 1:5,000; Thermo Fisher Scientific, Inc.). The 
colocalization of GFP‑LC3 (green dots) and mitochondria 
(red dots) was imaged using an X71 (U‑RFL‑T) fluorescence 
microscope at x400 magnification.

Statistical analysis. All data were analyzed using SPSS 20.0 
software (IBM Corp.). Data are presented as the means ± SD. 
The experimental group and control group were compared 
using Student's t‑test. ANOVA followed by Tukey's analysis 
was used to determine significance for multiple group compar-
isons. P<0.05 was assigned to indicate a significant difference.

Results

Enrichment and characterization of BCSCs. To enrich the 
BCSCs, we cultured human breast cancer cells, SKBR‑3, 
MCF‑7, and MDA‑MB‑231, in serum‑free medium with 
the necessary supplementary cytokines as described previ-
ously, and macrospheroids were observed in all of these cell 
cultures (Fig. 1A, left panel), all of which presented enriched 
ALDH‑positive subpopulations (Fig.  1A, right panel). By 
performing western blotting, the widely reported stem cell 
markers Nanog and Oct‑4, which have been positively linked 
with the epithelial‑mesenchymal transition (EMT) of cancer 
stem cells and poor outcomes (39‑42), presented significantly 
higher expression levels in macrospheroids compared to 
their levels in parental cells (Fig. 1B, P<0.05). Then, hypoxic 
conditions were mimicked by culturing cells in medium 
supplemented with 100 mM CoCl2, and cell viability was 
evaluated at the 0, 24, 48 and 72 h time points. As shown 
in Fig. 1C, hypoxic conditions significantly decreased the 
viability of all BCSCs, as expected. To detect the expres-
sion of miR‑137 and miR‑210, which have been reported as 
two hypoxia‑responsive microRNAs, the expression in these 
cells was detected at 12 and 24 h after hypoxia exposure. As 
expected, without interfering with miR‑9, miR‑210 was upreg-
ulated, while miR‑137 was downregulated, in all assessed cell 
lines (Fig. 1D, P<0.05).

Effects of miR‑137 and miR‑210 on cell cycle distribution, 
cell viability, cell stemness and apoptosis in normoxic and 
hypoxic conditions. The abovementioned macrospheroids 
presented similar gene expression profiles, which prompted 
us to conduct an analysis of hypoxia‑responsive microRNAs 
focusing on MCF‑7 BCSCs. To determine the effects of 
miR‑137 and miR‑210 on the distribution of cells in cell cycle 
phases, mimics targeted to miR‑137 (miR‑137 mimics) or 
negative control mimics (NC mimics) were transfected into 
cells, and miR‑210 inhibitor or negative control inhibitor 
(NC inhibitor) was also used for transfection. To confirm the 
introduction efficacy, after 24 h, qPCR was performed and the 
results indicated the significant overexpression of miR‑137 
and miR‑210 inhibitor (Fig. S1). The results of PI staining 
followed by flow cytometry showed that miR‑137 overexpres-
sion and miR‑210 inhibition promoted cell cycle entry by 
decreasing BCSCs in the G1/G0 phase accompanied with 
significant increase in G2/M phase simultaneously (Fig. 2A, 
P<0.05). Moreover, the decrease in cell viability shown in 
Fig. 2B (P<0.05) demonstrated that high levels of miR‑137 or 

low levels of miR‑210 exerted inhibitory effects on BCSCs in 
normoxic and hypoxic conditions respectively. ALDH‑positive 
cells, known to be closely associated with the stemness of 
BCSCs (43‑45), were found to be decreased upon overexpres-
sion of miR‑137 or inhibition of miR‑210 (Fig. 2C, P<0.05) 
both in normoxia and hypoxia. As expected, the apoptotic rate 
was negatively associated with overexpression of miR‑137 and 
inhibition of miR‑210 (Fig. 2D, P<0.05). Overall, miR‑137 and 
miR‑210 exerted protective effects on MCF‑7 BCSCs.

miR‑137 significantly inhibits the increase in ROS caused by 
hypoxia to suppress apoptotic cell death. By performing fluo-
rescent staining experiments, we found that hypoxia induced 
ROS accumulation in cells and mitochondria compared with 
the two antioxidant enzyme groups (Fig. 3A). Interestingly, 
overexpression of miR‑137 resulted in less production of ROS 
under hypoxic conditions (Fig. 3B). To further explore the 
influence of miR‑137 on hypoxia‑induced apoptotic cell death, 
apoptotic cell death was evaluated by Annexin V/PI double 
staining followed by flow cytometric analysis. These data 
indicated that in BCSCs, miR‑137 had a protective effect on 
apoptotic cell death (Fig. 3C, P<0.05).

miR‑137 restores cell mitochondrial dysfunction by inhibiting 
mitophagy. As numerous articles have reported previously, 
hypoxia clearly stimulates mitophagy and leads to mitochon-
drial inactivation (46,47), which prompted us to investigate 
the role of miR‑137 induced by hypoxia in the regulation 
of MCF‑7 BCSC mitochondrial dysfunction. Fundc1, NIX 
and LC3, representative mitophagy receptor proteins and 
autophagy‑related proteins  (25,48,49), were markedly 
decreased (Fig. 4A). In contrast, Tom20 and VADC, mito-
chondrial‑specific proteins (50,51), were obviously increased. 
Accordingly, an increase in mitochondrial DNA levels was 
detected in hypoxic BCSCs after miR‑137 transfection by 
qPCR, which illustrated that miR‑137 had a positive correla-
tion with mitochondrial functions (Fig. 4B, P<0.05). As shown 
in Fig. 4C and D (P<0.05), citrate synthase activity and the 
levels of synthesized ATP were notably upregulated by the 
overexpression of miR‑137 relative to those in the NC group. 
Finally, we performed mtDNA transcript analysis in normoxic, 
mock‑, negative control‑ and miR‑137 mimic‑transfected cell 
extracts using COXI and ND1 (Fig. 4E). It was concluded that 
hypoxia‑mediated inhibition of mitophagy and mitochondrial 
dysfunction were significantly reversed by overexpression of 
miR‑137 (P<0.05).

miR‑137 inhibits mitophagy by posttranscriptionally 
regulating Fundc1. Considering previously reported find-
ings (25,52), Fundc1, a substrate of mitochondrially localized 
E3 ubiquitin ligase, participates in hypoxia‑induced mitophagy 
and its 3'UTR has been proven to contain sites complimentary 
to miR‑137. To further confirm the posttranscriptional regula-
tion of Fundc1 protein levels by miR‑137, we analyzed Fundc1 
protein expression after transfection of miR‑137 mimics, and 
it was observed that the Fundc1 protein level was significantly 
decreased after miR‑137 mimic transfection (Fig. 5A, P<0.05). 
A decrease in Fundc1 protein was observed to be inversely 
associated with Tom20 and Tim23, indicating that miR‑137 
potentially affected mitochondrial mass by regulating Fundc1 
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(Fig. 5A). Notably, treatment with LW‑6, an inhibitor of the 
transcriptional activity of HIF‑1, exerted similar effects as 
the introduced miR‑137 mimics, indicating that the decrease 
in miR‑137 was potentially caused by transcriptional activity 
of HIF‑1 under hypoxia (Fig. 5A). In experiments on LC3, 
decreased LC3‑II was detected after both miR‑137 mimic 
transfection and LW‑6 treatment, confirming that miR‑137 
mimics inhibited mitophagy (Fig. 5B, P<0.05). Furthermore, 
mitochondrial staining with MitoTracker Red, GFP‑LC3 and 
DAPI revealed that both miR‑137 transfection and LW‑6 

treatment decreased the colocalization of GFP‑LC3 (green 
dots) with mitochondria (red dots, Fig. 5C, P<0.05). Overall, 
the HIF‑1‑mediated decrease in miR‑137 induced by hypoxia 
may inhibit mitophagy by targeting Fundc1.

Discussion

In the present study, by performing analysis of stem cell‑like 
side populations, western blotting, CCK‑8 and RT‑PCR, it 
was demonstrated that the macrospheroids of breast cancer 

Figure 1. Characteristics of BCSCs and changes in hypoxia. (A) Microscopy images of BCSCs derived from SKBR‑3, MCF‑7, MDA‑MB‑231 cells after incuba-
tion in serum‑free medium (SFM) (left panel) and flow cytometric analysis of ALDH‑positive subpopulation of the BCSCs. Numbers in the cytometry charts 
indicate the percentages of corresponding subpopulations. (right panel). (B) Western blot analysis of Nanog and Oct‑4 protein from parental cells and BCSCs 
(left panel). Nanog and Oct‑4 protein expression by statistical analysis (right panels). *P<0.05 vs. Parental group. (C) Cell viability of BCSCs with normoxia 
treatment or with hypoxia treatment at 0, 24, 48 and 72 h by CCK‑8 assay. *P<0.05 vs. Normoxia group. (D) Levels of miR‑137, miR‑210 and miR‑9 in the three 
types of BCSCs with hypoxia‑treatment at 12 and 24 h were measured by RT‑qPCR. *P<0.05 vs. 0 h miR‑137 group. BCSCs, breast cancer stem‑like cells; 
ALDH, aldehyde dehydrogenase.
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stem‑like cells (BCSCs) were formed successfully when the 
cells were cultured with three cell cytokines, and hypoxia 
reduced cell viability, as anticipated. Additionally, low oxygen 
induced the downregulation of miR‑137 in breast cancer 
stem‑like cell lines. To verify the phenomenon described above, 
we further detected the expression of miR‑137 in BCSCs under 
hypoxic conditions. Overexpression of miR‑137 promoted 

BCSC survival but inhibited cell proliferation, viability and 
stemness. To investigate the relationship between miR‑137 
and BCSC mitochondria in hypoxia, we implemented a series 
of mitochondria‑relevant experiments. These data indicated 
that overexpression of miR‑137 led to a significant reduction 
in ROS in abnormal mitochondria induced by hypoxia and 
suppressed mitophagy while decreasing the protein levels of 

Figure 2. Effects of miR‑137 and miR‑210 on cell cycle distribution, cell viability, cell stemness and apoptosis. (A) The effects of miR‑137 mimics or miR‑210 
inhibitor on cell cycle phases were measured by performing flow cytometry after PI staining (left panel). Cell cycle phases by statistical analysis (right panel). 
*P<0.05 vs. NC mimics group; #P<0.05, vs. NC inhibitor group. (B) Cell viability analysis was carried out by performing CCK‑8 assay after transfection 
of miR‑137 mimics or miR‑210 inhibitor into BCSCs. *P<0.05 vs. NC mimics group or NC inhibitor group. (C) ALDH‑positive subpopulation of BCSCs 
after transfection of miR‑137 mimics or miR‑210 inhibitor was measured by flow cytometric analysis. *P<0.05 vs. NC mimics group or NC inhibitor group. 
(D) Apoptotic cell death was assessed out by performing Annexin V/PI double staining after transfection of miR‑137 mimics or miR‑210 inhibitor (left panel). 
Apoptotic cell death by statistical analysis (right panel). *P<0.05 vs. NC mimics group or NC inhibitor group. BCSCs, breast cancer stem‑like cells; ALDH, 
aldehyde dehydrogenase; NC, negative control.
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FUN14 domain containing 1 (Fundc1) and NIX. The function 
of intracellular mitochondria was demonstrated to improve 
under treatment with miR‑137.

ROS accumulation induced by hypoxia is frequently a 
major cause of cell injury and thus promotes apoptotic cell 
death in cancer cells (53). One of the main reasons for its fatal 
effects is that ROS disrupt mitochondrial homeostasis by 
decreasing mitochondrial membrane potential, thus leading 
to mitochondrial dysfunction, including a decrease in ATP 
synthesis and transcriptional activity (54). Notably, according 
to our results, the introduction of miR‑137 mimics decreased 
mitochondrial ROS under hypoxia exposure and simultane-
ously significantly inhibited the proliferation of BCSCs, which 
is considered to be controversial. These conflicting results may 
be due to miR‑137 scavenging ROS and inhibition of prolif-
eration in two independent mechanisms. Another possibility 
is that miR‑137 may sensitize cells to accumulated ROS, 
resulting in low cell viability and low ROS levels.

miR‑137, found mainly in the brain (55,56), is involved in 
many regulatory mechanisms of different types of cancer. In 
ulcerative colitis‑associated colorectal cancer patients, meth-
ylation of miR‑137 showed a rising trend related to age (57). 

Cui et al also reported lower expression of miR‑137 in hepa-
tocellular carcinoma in pathological tissue compared with 
peripheral tissue (58). Another study showed that miR‑137 
inhibited the growth of oligodendroglial tumor cells by 
targeting CSE1L (59). miR‑137 was found to play a negative 
role in the therapeutic resistance to drugs in breast cancer cell 
lines, including fulvestrant (60) and FSTL1 targeting chemo-
resistance (61). In addition, miR‑137 was also found to play 
an important role in the EMT of breast cancer cells concur-
rent with the reduction in bone morphogenetic protein‑7 
(BMP7) (62), the upregulation of E‑cadherin and the down-
regulation of N‑cadherin and vimentin (63). Notably, many 
studies have identified miR‑137 regulation of cancer stem‑like 
cell stemness in recent years. For example, He et al (64) found 
that targeting of KLF12 by miR‑137 inhibited the CSC pheno-
type of pancreatic cancer cells by blocking Wnt/β‑catenin 
signaling activity. In addition, miR‑137 suppressed the 
Wnt/β‑catenin signaling pathway, breast cancer cell stemness, 
and multi‑drug chemoresistance by negatively regulating 
FSTL1 expression (61).

However, their physiological roles have, until now, not 
been elucidated in BCSCs. Thus, we used CoCl2 to create a 

Figure 3. miR‑137 suppresses the increase in ROS caused by hypoxia to suppress apoptotic cell death. (A) DCFDA and MitoSOX red staining were performed 
to detect the production of total ROS and mitochondrial ROS in MCF‑7 BCSCs in normoxia or in hypoxia following 1 µM MitoQ10 or 10 µM NAC treatment. 
(B) Expression of mitochondrial ROS in miR‑137 mimics‑treated BCSCs at 12 and 24 h time points. (C) Apoptotic cell death of miR‑137‑overexpressing 
BCSCs in normoxic or hypoxic condition by Annexin V/PI double staining at 0, 12, 24 h time points (left panel). Apoptotic cell death by statistical analysis 
(right panel). *P<0.05 vs. NC group. BCSCs, breast cancer stem‑like cells; ROS, reactive oxygen species.
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low‑oxygen environment, which showed that hypoxia could 
enhance BCSC mitophagy. Notably, after overexpression of 
miR‑137, BCSCs exhibited the opposite tendencies in cell 
growth and cell apoptosis. These findings showed that upregu-
lation of miR‑137 not only improved BCSC survival but also 
inhibited BCSC stemness. Subsequently, we explored the intra-
cellular changes in mitochondria in BCSCs cocultured with 
miR‑137 mimics. Our data revealed that the overexpression of 
miR‑137 inhibited cell apoptosis by reducing hypoxia‑induced 
abnormal mitochondrial homeostasis. Moreover, after carrying 
out further protein experiments, we found an inhibitory role 
of miR‑137 in mitophagy in BCSCs. In the present study, we 
established for the first time a new regulatory pathway for 
miR‑137, malignant behavior, and mitochondrial activity in 
BCSCs. Interestingly, our findings that the miR‑137‑mediated 
downregulation of mitophagy inhibited hypoxia‑induced 

BCSC apoptosis and maintained mitochondrial function are 
related to the study by Chen et al showing that overexpres-
sion of miR‑137 inhibited stemness of triple negative breast 
cancer (TNBC) cells and tumor formation by downregulating 
B‑cell lymphoma/leukaemia 11A (65). However, Chen et al 
indicated that the miR‑137‑mediated disruption of the 
B‑cell lymphoma/leukaemia 11A‑DNA methyltransferase 1 
interaction impaired BCSC stemness and tumorigenesis 
by suppressing ISL‑1. Similarly, we confirmed the negative 
regulation of mitochondrial metabolism by miR‑137, which 
resulted in failure to provide enough energy to maintain BCSC 
stemness under nonphysiological hypoxia conditions, which 
demonstrated another regulatory effect of miR‑137 on BCSC 
stemness and tumor development. The results of the present 
study further confirmed the protective effect of miR‑137 in 
hypoxia‑induced BCSC mitochondrial dysfunction, which 

Figure 4. miR‑137 restores the cell mitochondrial dysfunction by inhibiting mitophagy. (A) Western blotting was performed to detect the protein levels of 
Fundc1, NIX, LC3, Tom20 and VADC in BCSCs after introduction of miR‑137 mimics. (B) The mtDNA levels in BCSCs after introduction of miR‑137 mimics 
were assessed by RT‑qPCR. *P<0.05, vs. Normoxia group; #p<0.05, vs. NC mimics group. (C) Citrate synthase activity was measured by Citrate Synthase 
Activity Colorimetric Assay Kit. *P<0.05, vs. Normoxia group; #P<0.05, vs. NC mimics group. (D) Synthesized ATP was analyzed by ATP synthase Assay 
Kit. *P<0.05, vs. Normoxia group; #P<0.05, vs. NC mimics group. (E) The mtDNA transcription activity was measured by assessing the expression of COXI 
and ND1. *P<0.05, vs. Normoxia group; #P<0.05, vs. NC mimics group. BCSCs, breast cancer stem‑like cells; mtDNA, mitochondrial DNA; NIX, also known 
as beclin‑2 (BCL2); Fundc1, Fun14 domain‑containing protein 1; VADC, voltage‑dependent anion channel; LC3, light chain 3; Tom20, mitochondrial import 
receptor subunit TOM20 homolog; COXI, cytochrome c oxidase I; ND1, NADH‑ubiquinone oxidoreductase chain 1; NC, negative control.
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establishes a connection between microRNA and mitophagy 
receptors bound to LC3 involved in mitophagy.

Although important findings have been revealed by the 
present study, there are also limitations. It should be noted 
that this study examined only protein alterations of Fundc1. 
The results are incomplete and cannot be taken as evidence 
that Fundc1 is a direct target of miR‑137. Bioinformatics 
analysis and dual luciferase reporter assays should be 
performed to evaluate the direct binding of miR‑137 with 

its targets. Moreover, no study was conducted using nude 
mice, and whether miR‑137 is effective in the prevention of 
breast cancer stemness and tumor formation still requires 
further research and verification. In addition, miR‑210 has 
been reported to negatively regulate E‑cadherin in hypoxic 
BCSCs to promote cell metastasis, proliferation, and 
self‑renewal (66). In the present study, we also discovered 
the activation of miR‑210, which indicated the possibility 
of targeting miR‑210 in hypoxia‑induced cell injury. This 

Figure 5. miR‑137 regulates mitophagy via targeting Fundc1. (A) Western blotting was performed to detect Fundc1, Tom20, and Tim23 after introduction of 
miR‑137 mimics or treatment with LW‑6 after 12 or 24 h (upper panel). Fundc1, Tom20, and Tim23 protein expression by statistical analysis (lower panels). 
*P<0.05, vs. 12 h NC mimics group; #P<0.05, vs. 24 h NC mimics group; †P<0.05, vs. 12 h Mock group; ▲P<0.05, vs. 24 h Mock group. (B) The protein expres-
sion level of LC3 (upper panel). LC3‑II protein expression by statistical analysis (lower panel). *P<0.05, vs. 12 h NC mimics group; #P<0.05, vs. 24 h NC mimics 
group; †P<0.05, vs. 12 h Mock group; ▲P<0.05, vs. 24 h Mock group. (C) The colocalization of LC3 with mitochondria (left panel). LC3 dots colocalized with 
mitochondria per cell by statistical analysis (right panel). *P<0.05, vs. NC mimics group. Fundc1, Fun14 domain‑containing protein 1; LC3, light chain 3; 
Tom20, mitochondrial import receptor subunit TOM20 homolog; Tim23, mitochondrial import inner membrane translocase subunit Tim23; NC, negative 
control.
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finding prompted us to determine whether an inhibitor of 
miR‑210 exerts its therapeutic effects by regulating the 
expression of mitophagy‑related proteins consistent with 
the introduction of miR‑137. Overall, we can clearly outline 
our next steps. In summary, considering all the molecular 
analyses of BCSCs mentioned above, we tentatively propose 
that miR‑137 may be a potential therapeutic target for breast 
cancer. Moreover, further investigations are needed to clarify 
whether miR‑137 is an effective and safe therapy for breast 
cancer in humans and elucidate its comprehensive molecular 
regulatory mechanism on BCSC mitophagy.
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