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Abstract
In patients with breast cancer, primary chemotherapy often fails due to survival of chemoresistant breast cancer stem cells
(BCSCs) which results in recurrence and metastasis of the tumor. However, the factors determining the chemoresistance of
BCSCs have remained to be investigated. Here, we profiled a series of differentially expressed microRNAs (miRNAs)
between parental adherent breast cancer cells and BCSC-mimicking mammosphere-derived cancer cells, and identified hsa-
miR-27a as a negative regulator for survival and chemoresistance of BCSCs. In the mammosphere, we found that the
expression of hsa-miR-27a was downregulated, and ectopic overexpression of hsa-miR-27a reduced both number and size of
mammospheres. In addition, overexpression of hsa-miR-27a sensitized breast cancer cells to anticancer drugs by
downregulation of genes essential for detoxification of reactive oxygen species (ROS) and impairment of autophagy.
Therefore, enhancing the hsa-miR-27a signaling pathway can be a potential therapeutic modality for breast cancer.

Introduction

Breast cancer is a leading cause of cancer-associated deaths
for women world-wide. Although recent improvements of
regimens for the conventional chemotherapy for breast cancer
gradually reduce the rate of relapse, a significant proportion of
patients suffer from unexpected relapse and metastasis even
after years or decades of periods with no detectable tumors
[1, 2]. Current hypotheses suggest that these recurrence and
metastases arise from residual disseminated tumor cells,
which disseminate from primary lesions, undergoing an
extended period of dormancy in the stroma of metastasized
organs [3–9]. Importantly, these dormant tumor cells seem to
have a special drug resistance machinery which protects them

from chemotherapy, and accumulating evidences suggest that
the dormant disseminated breast cancer cells should be
equated with breast cancer stem cells (BCSCs), characterized
by self-renewal and differentiation into multiple cell types of
breast cancer [10].

The molecular mechanism by which BCSCs tolerate
cytotoxic chemotherapy still remains enigmatic; however,
their ability to maintain intracellular reactive oxygen species
(ROS) levels lower than their matured progeny cells may be
implicated in the survival [11]. Intracellular ROS plays pivotal
roles in cellular signaling and homeostasis including inflam-
mation, apoptosis, DNA damage, and posttranslational mod-
ification thereby its level is strictly regulated by a complexed
antioxidative defense system including the Keap1-Nrf2
pathway [12–14]. Under normal condition, ROS is pro-
duced as a byproduct of biochemical reactions, such as oxi-
dative phosphorylation at mitochondria and oxidative folding
of proteins in endoplasmic reticulum. Once excessive amount
of ROS is produced, cytosolic Keap1 is inactivated by oxi-
dation of its cysteine residues and releases a transcription
factor Nrf2. After translocation into the nucleus, Nrf2 induces
expression of a series of antioxidant genes including glu-
tathione (GSH) reductase [15–17] which produces endogen-
ous antioxidant, reduced GSH.

Another possible mechanism explaining the special che-
moresistance of BCSCs is higher level of basal autophagic
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flux [3, 18, 19]. Autophagy is a cellular process which
degrades organelles and proteins in response to various sti-
muli, such as nutrient starvation, and autophagy augments
supply of amino acids to BCSCs which survive for years in
dormancy. Importantly, not only playing roles in supplying
ingredients, but autophagy also regulates cell death in both
promoting and inhibiting fashions [18]. In breast cancer,
autophagy has been reported to confer protection against
chemotherapy. Adriamycin-resistant MCF-7/ADM cells
maintain a high basal level of autophagy and inhibition of
autophagy counteracts their resistance to the drug [19].
Moreover, survival of dormant CSCs in secondary sites is
dependent on autophagy and autophagy helps their sub-
sequent growth as macrometastases [3, 20, 21].

The master regulator gene(s) which confers these diverse
phenotypes to BCSCs remains unidentified. Although con-
ventional oncogenes, such as KRAS and EGFR, play roles in
both BCSCs and their progeny cells, their activation cannot
fully explain the complexed phenotypes [22]. Recently, evi-
dences showing implication of miRNAs in oncogenesis have
been emerged [23]. miRNAs are short 20–22 nucleotide RNA
molecules that are negative regulators of gene expression in a
variety of eukaryotic organisms [24], and pro-oncogenic
“onco-miR” and antioncogenic “anti-onco-miR” can mod-
ulates multiple genes by interacting 3′UTR of target genes
[23, 25, 26], thus miRNA might explain the multiple features
of BCSCs [27, 28].

In this study, we performed miRNA profiling between
BCSC-mimicking mammosphere and their parental cancer
cell lines, and identified hsa-miR-27a was specifically
downregulated in the BCSC model. Overexpression of hsa-
miR-27a attenuated formation and survival of mammosphere,
and ameliorated drug resistance to chemotherapeutic com-
pounds through downregulation of ROS-detoxifying genes.
Consistently, inhibition of hsa-miR-27a augmented both basal
and induced autophagic flux in breast cancer cells which
confers protection against chemotherapy. Although further
in vivo studies are necessary, enhancement of hsa-miR-27a
signaling could be an attractive modality for treatment of
relapsed/metastasized breast cancer.

Materials and methods

Cell Lines

Breast cancer cell lines were obtained from the American
Type Culture Collection (Manassas, VA, USA). MCF-7
cells were cultured in RPMI1640 medium (Life Technol-
ogy, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS) (Cell Culture Technologies, Canada)
and penicillin/streptomycin (Sigma, St. Louis, MO, USA).
MDA-MB-231 cells were cultured in Leibovitz’s L-15

Medium (Sigma) supplemented with 10% FBS, penicillin/
streptomycin, L-glutamine (Sigma) and 2 g/L of NaHCO3

(Wako Pure Chemical Industries, Osaka, Japan). All cells
were grown at 37 °C in a humidified atmosphere containing
5% CO2.

miRNA microarray analysis

Total RNA (100 ng/sample) was isolated using ISOGEN
(Nippon Gene, Tokyo, Japan), and then labeled and
hybridized using the Human microRNA (miRNA) Micro-
array kit (Agilent Technologies, Santa Clara, CA, USA)
according to the version 1.5 of the “Protocol for use with
Agilent miRNA microarrays.” Hybridized signals were
detected on a G2505B DNA microarray scanner (Agilent
Technologies), and all scanned images were analyzed using
the Agilent Feature Extraction software (v9.5.3.1).

miRNA transfection

The sequences of miRNA mimics used in this study were as
follows: hsa-miR-27a sense (5′-AGGGCUUAGCUGCUU
GUGAGCA-3′) and antisense (5′-UUCACAGUGGCUAA
GUUCCGC-3′); hsa-let-7a-1 sense (5′-UGAGGUAGUAG
GUUGUAUAGUU-3′) and antisense (5′-CUAUACAAUC
UACUGUCUUUC-3′); nontargeted control miRNA sense
(5′-AUCCGCGCGAUAGCACGUAUU-3′) and antisense
(5′-UACGUACUAUCGCGCGGAUUU-3′). The miRNA
mimics were transfected with HiPerFect reagent (final
concentration, 100 nM; Qiagen, Hilden, Germany).

Quantitative real-time PCR assays

MiRNAs were quantified using TaqMan® miRNA Assays
(Thermo Fischer Scientific Inc., USA) with some mod-
ifications [29]. Briefly, 10 ng of total RNA was reverse
transcribed (RT) using the TaqMan® miRNA RT Kit. For
amplifying miRNA specific stem-loop, TaqMan® primers
(hsa-miR-27a, 000408; hsa-miR-29b, 000413; hsa-miR-
101, 002253; hsa-miR-125a-5p, 002198; hsa-miR-193a-3p,
002250; RNU6B, 001093; Applied Biosystems) were used.
Quantitative RT-PCR using FastStart Universal Probe
Master Mix (Roche Diagnostics) was used for quantification
of mRNA. The sequences of mRNA primers and probes
were listed in Supplementary Table 1. Data were analyzed
using the Light Cycler 96 Software Ver.1.1 (Roche Diag-
nostics GmbH). The comparative Ct method was used for
relative quantitation of samples.

Cell viability

The breast cancer cells were treated with paclitaxel (Pac)
or doxorubicin (DXR) at indicated concentration for 24 h.
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The cell viability after the treatment was determined using
Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan).

Measurement of ROS

Breast cancer cells were incubated with 10 μM 2′,7′-dichlor-
ofluorescein diacetate (DCFH-DA, Sigma) for 15min at
37 °C, washed with phosphate-buffered saline (PBS) with 2%
FBS, and subjected to flow cytometric analysis on BD FACS
Aria III (BD Biosciences, San Jose, CA, USA).

FACS analysis

MCF-7 and MDA-MB-231 cells transfected with control
miRNA, let-7a-1, or hsa-miR-27a. After 2 days of trans-
fection, cells were dissociated by exposure to 0.25%
trypsin/EDTA. Cells were incubated with anti-human
CD44v9 antibody (3 μg/ml in 0.2% BSA in PBS, LKG-
M001, Cosmo Bio, Japan) for 30 min on ice, washed
with PBS with 2% FBS. Cells were incubated with
phycoerythrin-conjugated antibody to rat IgG2a (2 μg/ml
in 0.2% BSA in PBS, 558067, BD Pharmingen) for
30 min on ice, washed with PBS with 2% FBS. FACS was
performed with BD FACS Aria III (BD Biosciences, San
Jose, CA, USA). Aldehyde dehydrogenase (ALDH)
activity was determined with ALDEFLUOR assay
(STEMCELL Technologies, Canada).

GSH assay

Intracellular levels of GSH were determined using the GSH-
Glo Glutathione Assay kit (Promega), as described pre-
viously [30].

Western blot analysis and autophagy assay

Breast cancer cells, lysed with TNE buffer containing
1 mM of PMSF (Sigma), were subjected to SDS-PAGE
followed by western blot (WB) analyses. The primary
antibodies used for WB were as follows: p62 (1:1000,
ab207305, Abcam), beta-actin (1:5000, A1978, Sigma),
and Autophagy watch kit (8486. MBL, Japan) for LC3
and tubulin. The signals were visualized with HRP-
conjugated anti-mouse IgG secondary antibody (1:
50,000, NA9310, GE Healthcare) or HRP-conjugated
anti-rabbit IgG secondary antibody (1:50,000, NA9340,
GE Healthcare), and Amersham ECL select detection
regent (GE Healthcare).

Statistical analysis

Data were analyzed using the unpaired Student’s t test,
and were presented as means ± SD. P value < 0.05 was

considered statistically significant and was denoted as fol-
lows: *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Hsa-miR-27a expression is downregulated in
mammospheres, and hsa-miR-27a overexpression
suppresses BCSC properties

The current CSC hypothesis is based on the existence of
fewer number of stem cell-like cells which can initiate self-
renewal and also differentiate into multiple types of cells
associated with the cancer in the special environment
called niche [31]. To dissect the molecular characteristics
of BCSCs using cultured cancer cell lines, we need a
model which mimic the niche for BCSCs [32]. Mammo-
sphere, a sphere-like structure consisting of three-
dimensionally cultured breast cancer cells is thought to
mimic the environment of niche and promote BCSC-like
phenotypes [33]. First, we successfully established the
mammosphere models from MCF-7, HCC-70, and HCC-
1954 cell lines. Using these models, we comprehensively
profiled miRNAs which differentially expressed between
parental adherent cancer cells and mammosphere cells
using the miRNA array (Fig. 1a). The results indicated that
miR-125a-5p expression was higher in the mammospheres
than in their parental adherent breast cancer cells, whereas
the expressions of miR-101, miR-193a-3p, miR-27a, and
miR-29b were lower in the mammospheres than in their
parental adherent breast cancer cells (Fig. 1a). The results
were further validated by qRT-PCR with Taqman probes
(Fig. 1b). Among them, we were especially interested in
miR-27a because miR-29b, miR-101, and miR-193a-3p
are already established anti-oncomiRs and the miR-125a-
5p can work as both pro-oncogenic and anti-oncogenic
[34, 35], and although miR-27a is reported to be oncogenic
for breast cancer, its expression is downregulated by for-
mation of mammosphere.

To investigate the role of hsa-miR-27a in maintenance of
the BCSC properties, we examined the role of hsa-miR-27a
in the mammosphere harboring more BCSC-like pheno-
types. The established cancer stem cell markers for BCSC is
the ratio of CD44+/CD24− [33, 36], and MDA-MB-231 cell
line has been shown to have high CD44+/CD24− ratio,
suggesting that MDA-MB-231 may have similar char-
acteristics with BCSCs. MDA-MB-231 cells, transfected
with hsa-miR-27a, formed 0.36-fold fewer number of
mammospheres than control cells transfected without the
miRNA mimic (Fig. 1c, d). In addition, the size of mam-
mospheres derived from MDA-MB-231 cells transfected
with hsa-miR-27a was smaller (0.43-fold) than the mam-
mospheres from control cells (Fig. 1d). Next, we examined
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whether the introduction of hsa-miR-27a affects the
ALDH activity, which is an established marker for BCSC
[37], in breast cancer cells using ALDEFLUOR, a fluor-
escent substrate for ALDH. The rates of ALDEFLUOR-
positive populations in the MCF-7 and MDA-MB-231 cells
transfected with hsa-miR-27a were decreased compared
with their parental control cells (MCF-7: hsa-miR-27a
4.47% vs. control 6.65%; MDA-MB-231: hsa-miR-27a

26.6% vs. control 41.6%) (Fig. 2a). Consistently, the MDA-
MB-231 cells transfected with antisense-miR-27a (as-miR-
27a), an antagonistic miRNA mimic against miR-27a,
contained a higher proportion of ALDEFLUOR-positive
cells than the cells transfected with nontargeting control
cells (Fig. 2b).

The BCSCs population expressing variant of CD44
(CD44v) is known to aggressively disseminate and

Fig. 1 Hsa-miR-27a negatively regulates the formation of mam-
mospheres. a Relative miRNA expression levels in adherent parental
breast cancer cell lines and corresponding mammospheres, as deter-
mined using miRNA arrays. b Validation of miRNA expression levels
in the parental breast cancer cell lines and corresponding mammo-
spheres, determined by quantitative RT-PCR. The expression level of
RNU6B was used as an internal control; n= 3. c Microscopic images

of mammospheres established from MDA-MB-231 cells, in the pre-
sence or absence of introduction of hsa-miR-27a. The arrowheads
show the mammospheres. The scale bar shows 200 μm. d The effi-
ciency and size of mammospheres established from MDA-MB-231
cells, in the presence or absence of introduction of hsa-miR-27a; n= 3.
Data are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
(Student’s t test).
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metastasize [38]. CD44v has been reported to contribute
to ROS defense by promoting the synthesis of GSH
through stabilization of xCT, a subunit of glutamate-
cystine transporter [30], and importantly, 3′UTR of
CD44 harbors two partially complementary seed
sequence to hsa-miR-27a (miRDB: mirdb.org). To
investigate if hsa-miR-27a could suppress the expression
of CD44v, we introduced hsa-miR-27a into MCF-7 cells
and MDA-MB-231 cells, and measured the rates of cells
positive for CD44v. As expected, the overexpression of
hsa-miR-27a inhibited the expression of CD44v in both
MCF-7 cells and MDA-MB-231 cells (Fig. 2c). These
findings indicate that hsa-miR-27a regulates the key
features of BCSCs.

Attenuation of chemoresistance of breast cancer
cells by miR-27a

Even after vigorous chemotherapy, BCSCs still survive and
eventually promote relapse and metastasis in breast cancer
patients [39]. If the chemoresistant feature of BCSCs can be
mitigated, the outcome could be drastically improved.
Therefore, we next investigated whether miR-27a attenuates
the chemoresistant capacity of breast cancer cells. We
introduced hsa-miR-27a into MCF-7 and MDA-MB-231
cells, and then challenged them with anticancer drugs, DXR
and Pac. The microscopic images showed that hsa-miR-27a
increased dead cell population and decreased the number of
attached live cells after treatment with 100 nM of DXR

Fig. 2 Expression of hsa-miR-27a attenuates expressions of BCSC
markers. a Flow cytometry of MDA-MB-231 cells transfected with
miR-27a or control, stained with ALDEFLUOR dye. The ALDH-
specific inhibitor (DEAB) was used to determine the background
fluorescent signals and define the ALDEFLUOR-positive population.
SSC side scatter. b Flow cytometry of MDA-MB-231 cells transfected

with antagonizing as-miR-27a or as-control, stained with ALDE-
FLUOR dye. DEAB was used to determine the background fluorescent
signals and define the ALDEFLUOR-positive population. SSC side
scatter. c Flow cytometric analysis of MCF-7 cells transfected with
control miRNA, let-7a-1 or hsa-miR-27a, immunostained with an
aggressive type of breast cancer marker anti-human CD44v9 antibody.
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(Fig. 3a). We also measured the viability of the cells treated
with DXR (10 or 100 nM), or Pac (10 or 20 nM), and
confirmed that introduction of hsa-miR-27a sensitized
MCF-7 and MDA-MB-231 cells to these chemotherapeutic
compounds and decreased their viability (Fig. 3b). These
data indicate that hsa-miR-27a negatively regulates che-
moresistance of breast cancer cells.

Hsa-miR-27a impairs ROS defense by targeting CTH,
xCT, and Nrf2

To dissect the molecular mechanism underlying the miR-
27a-mediated chemosensitization, we next sought to find
molecular targets of miR-27a. Each miRNA can interfere
multiple genes by interaction with 3′UTR of mRNAs.
We used the bioinformatic prediction tool, miRDB and
listed potential target genes of hsa-miR-27a. Among them,

we focused on a group of genes related to cellular response
to ROS including cystathionine gamma-lyase (CTH),
xCT cystine/glutamate transporter (SLC7A11), and Nrf2
(NFE2L2) (Fig. 4a), because activation of these genes
promote chemoresistance [40]. The 3′UTRs of these genes
are partially complementary to hsa-miR-27a-3p (Fig. 4b).
When we introduced hsa-miR-27a mimic to MCF-7, we
confirmed that hsa-miR-27a significantly downregulated the
expression levels of CTH, SLC7A11, and NFE2L2 (Fig. 4c).
In MDA-MB-231 cells, although we observed similar ten-
dency to MCF-7 cells, hsa-miR-27a significantly sup-
pressed only SLC7A11 mRNA expression (Fig. 4c).

We next sought to determine whether the expression of
hsa-miR-27a is functionally associated with ROS defense in
breast cancer cells. To address this question, we measured
the intracellular ROS levels in MCF-7 and MDA-MB-231
cells transfected with hsa-miR-27a by staining with the

Fig. 3 hsa-miR-27a sensitizes
breast cancer cells to
conventional
chemotherapeutic agents.
a Typical microscopic images of
MCF-7 cells and MDA-MB-231
cells transfected with or without
hsa-miR-27a. b Viability of
breast cancer cell lines
transfected with or without hsa-
miR-27a, incubated with DXR
or Pac at indicated
concentrations for 3 days. The
error bars show ± SD from three
independent experiments. *P <
0.05; **P < 0.01; ***P < 0.001
(Student’s t test).
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fluorescent ROS probe DCFH-DA. Because these potential
target genes are involved in detoxification of ROS in cells
and especially Nrf2 is the master regulator of cytosolic

response to ROS, downregulation of these genes would
promote higher ROS levels in cells. As expected, hsa-miR-
27a-overexpressing cells exhibited higher DCFH-DA

Fig. 4 hsa-miR-27a disturbs ROS homeostasis by targeting GSH
synthesis and ROS defense-related genes. a Functional network of
candidate genes targeted by hsa-miR-27a, determined by STRING
(string.org). b Sequences of hsa-miR-27a and its binding sites in the 3′
UTRs of SLC7A11, CTH, and NFE2L2 mRNAs. c Expression of hsa-
miR-27a target genes, determined by RT-qPCR. Data were normalized
against the corresponding level of β-actin mRNA. The error bars show

± SD from three independent experiments. d Basal and enhanced ROS
levels in the MCF-7 and MDA-MB-231 cells, incubated with or
without 0.1 mM H2O2 for 20 min, 3 days after transfection with
miRNA mimics. Cellular ROS levels were determined by DCFH-DA.
e Intracellular GSH/GSSG ratio 2 days after transfection with miRNA
mimics. n= 3. Data are shown as mean ± SD. *P < 0.05; **P < 0.01;
***P < 0.001 (Student’s t test).
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staining than control cells (Fig. 4d) under normal culture
condition. To further examine the effect of hsa-miR-27a on
defense against ROS, we burdened the cells with 0.1 mM
hydrogen peroxide (H2O2). After exposure to H2O2, hsa-
miR-27a-overexpressing MCF-7 cells and MDA-MB-231
cells exhibited higher DCFH-DA staining than control cells
(Fig. 4d).

Cytosolic redox state is maintained as reduced condition
by abundant existence of GSH [41, 42]. The methionine
cycle is the major source for cysteine, a precursor of GSH
in the trans-sulfuration pathway and cysteine availability is
rate-limiting for GSH synthesis [43]. In the trans-sulfura-
tion pathway, cystathionine γ-lyase (CTH/CSE) converts
cystathionine into cysteine. Cystine is taken up by cells
primarily through xCT, a heterodimeric protein consisting
of a transporter subunit and a regulatory subunit (4F2hc,
also known as CD98, encoded by the SLC3A2) [44]. In
cells, cystine is reduced to cysteine and used for synthesis
of GSH. Therefore, if hsa-miR-27a targets CTH and xCT
(SLC7A11), production of GSH will be attenuated. To
confirm this, we measured intracellular GSH level. As
expected, transfection of hsa-miR-27a significantly low-
ered the cytosolic GSH in MCF-7 cells compared with
control cells (Fig. 4e). We also observed similar tendency
in MDA-MB-231 but it was not statistically significant,
probably due to poor downregulation of CTH in MDA-
MB-231 cells (Fig. 4c). Overall, these results suggest that
expression of hsa-miR-27a increases intracellular ROS in
MCF-7 cells by attenuating Nrf2 signaling and GSH
synthesis pathway.

Inhibition of the expression of miR-27a induces
autophagy

Another big problem of BCSCs to be conquered is that they
can survive for years or decades in dormancy after che-
motherapy. Still little is known about the mechanisms
responsible for it; however, several studies have suggested
that autophagy is implicated in this process, and autophagy
supplies nutrition required for the long nap [45].

To determine whether miR-27a regulates autophagic
activity of breast cancer cells, we measured autophagy flux
in the breast cancer cells and examined whether it is
affected by transient transfection of antagonizing as-hsa-
miR-27a. Once autophagic signaling is initiated, LC3, a
mammalian homolog of ATG8 is lipidated and converted to
LC3-II which associates with the autophagosome mem-
brane. The amount of LC3-II correlates with the number of
autophagosomes, thus it is used for measurement of activity
of autophagy. When we antagonized endogenous hsa-miR-
27a by as-hsa-miR-27a, which mimicked the condition of
BCSCs, LC3-II was increased in MCF-7 cells at 72 h after
as-hsa-miR-27a transfection (Fig. 5a). p62 is autophagic
substrate and eventually delivered to lysosomes for degra-
dation [46]. Hence, we measured the protein levels of p62.
The expression of p62 was increased in MCF-7 and MDA-
MB-231 cells at 48 h, and gradually decreased by 72 h
(Fig. 5b).

Together, these data suggested that hsa-miR-27a nega-
tively regulates autophagic flux and BCSCs with lower
expression of hsa-miR-27a may benefit from nutrition

Fig. 5 Inhibition of hsa-miR-27a expression induces autophagy.
a Expression of LC3-II 48 and 72 h after transfection with as-hsa-miR-
27a. (**P < 0.01; data are expressed relative to the corresponding

value for vehicle-treated cells and are shown as means ± SD from
quadruplicate experiments.) b Expression of p62 at 48 and 72 h by as-
hsa-miR-27a post transfection.
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supply from enhanced autophagy which is essential for
dormancy for decades.

Discussion

Breast cancer is one of the most common types of cancer
among women throughout the world [47]. Accumulating
evidences suggest that metastatic tumor cells have already
disseminated at an early stage of breast cancer [6, 48, 49].
These disseminated cells at the micrometastatic sites harbor
features of CSCs, dormancy and chemoresistance [5, 6].
Therefore, for further improvement of the prognosis for breast
cancer patients, we need to target BCSCs; however, currently
there is no available therapy for BCSCs. To identify a ther-
apeutic target for BCSCs, we comprehensibly profiled miR-
NAs differentially expressed between mammosphere and the
parental cancer cells, and found that hsa-miR-27a is the
master negative regulator of BCSC phenotypes. In mammo-
sphere hsa-miR-27a was downregulated. The overexpression
of hsa-miR-27a suppressed the mammosphere formation and
downregulated expression of BCSC markers. Furthermore,
overexpression of hsa-miR-27a chemosensitized breast cancer
cells via attenuation of ROS-defense system and autophagy.
Therefore, hsa-miR-27a is a possible therapeutic target
for BCSCs.

BCSCs, characterized by dormancy and chemoresis-
tance, play roles in relapse and metastasis of breast cancer.
The dormant stage without detectable mitosis is one of
notable phenotypes to distinguish BCSCs and breast cancer
cells. When patients undergo chemotherapy, actively pro-
liferating cells are killed by chemotherapeutic reagents but
the dormant cells are chemoresistant and survive for years.
To date, biomarkers including CD44+/CD24− ratio and
ALDH activity are established as markers for BCSCs
[36, 37], and the expression of CD44v is shown to be
involved in the more aggressive metastatic phenotype [30].
As we demonstrated above, hsa-miR-27a suppressed
expression of all of these markers and activity of ALDH,
suggesting that hsa-miR-27a is a master negative regulator
of stemness of breast cancer. Previously, hsa-miR-27a is
reported as an oncomir and its expression is high in breast
cancer cells, promoting cancer cell proliferation, and inhi-
bition of hsa-miR-27a decreases the proliferation [50, 51].
The downregulation of a tumor-suppressive transcription
factor FOXO by hsa-miR-27a is implicated in this pheno-
type, and inactivation of FOXO results in rapid turnover of
cell cycles and increased number of cancer cells [50].
Therefore, hsa-miR-27a promotes cell proliferation in breast
cancer cells. In this study, however, we identified novel
roles of hsa-miR-27a in maintenance of features of BCSCs
and hsa-miR-27a inhibits proliferation of breast cancer cells
resulting in enhanced chemosensitivity and imbalance of

cytosolic ROS. Which cellular component(s) determines
these two controversial biological effects of hsa-miR-27a
remains to be investigated, but we speculated that micro-
environment in mammosphere culture converts the breast
cancer cells to be more static state, and slowed cell cycle
progression contribute to the discrepancy.

Detoxification of ROS is a big issue for cancer cell to
survive the chemotherapy. DXR and Pac, which are widely
used chemotherapeutic compounds for breast cancer, pro-
duce ROS to induce apoptosis in breast cancer cells
[52, 53], and to deal with it, breast cancer cells need to
sense the aberrant ROS and neutralize the ROS. Impor-
tantly, BCSCs harbor highly active antioxidative machi-
neries and their enhanced production of GSH contributes to
the survival under chemotherapy [54]. When we introduced
hsa-miR-27a mimic to breast cancer cells, it downregulated
not only Nrf2 but also CTH and xCT, both are essential for
GSH production, and thus increased intracellular ROS level
and susceptibility of breast cancer cells to DXR and Pac.
The cancer cells with disturbed antioxidative response are
also prone to DNA damages by radiation and thereby tar-
geting hsa-miR-27a signaling will enhance the effect of
both chemotherapy and radiotherapy.

Another determinant of survival of BCSCs is autophagy.
After long dormant period, metastatic BCSCs cause relapse
and it is a major cause of death of patients with breast
cancer. Pharmacologic or genetic inhibition of autophagy
significantly decreases cell survival and metastasis of breast
cancer in animal models and in vivo preclinical models of
dormancy [45]. The Inhibition of autophagy in BCSCs
results in accumulation of ROS and apoptosis [45]. There-
fore, maintenance of autophagic flux is critical for survival
of BCSCs. In addition, the enhanced autophagy promotes
chemoresistant in MCF-7 cells [19], and basal and
starvation-induced autophagy flux is higher in the ALDH+

population derived from mammospheres than the bulk
population [46], implying the roles of autophagy not only in
the maintenance of dormancy but acquiring chemoresis-
tance. In this study, we demonstrated that hsa-miR-27a
negatively regulates autophagy flux in MCF-7 and MDA-
MB-231 cells, and thus hsa-miR-27a inhibits phenotypes of
BCSCs via multiple mechanisms. Why BCSCs have higher
autophagic flux remains unknown. Intracellular ROS is an
established trigger for autophagy but the ROS level in
BCSCs is maintained lower than their progeny thus it
cannot explain it, and further studies are expected.

In summary, we identified hsa-miR-27a as the master
negative regulator of BCSC phenotypes through impairing
ROS defense and autophagy. These our in vitro data will be
further strengthened by a future study using animal models.
These novel insights give us a deeper understanding of the
role of miRNA in maintaining BCSC features, and pro-
viding us novel molecular targets for breast cancer.
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