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Abstract
Objectives: miR-99a has been reported to function
as a tumour suppressor in breast cancer. However,
its role in the regulation of breast cancer stem cell
(CSC) phenotype has up to now remained
unknown.
Materials and methods: In this study, we isolated
the side population (SP) cells by staining cultured
MCF-7 and MDA-MB-231 cells with fluorescent
DNA-binding dye Hoechst 33342, then by flow
cytometric sorting. Next, we detected expression of
miR-99a in the SP cells compared to non-SP cells
using real-time PCR, and explored effects of miR-
99a on the CSC phenotype of the breast cancer
cells, including sphere formation, self-renewal,
tumourigenicity and cell migratory capability.
Results: We found that expression of miR-99a was
down-regulated in the SP cells compared to non-SP
cells. Restoration of expression of miR-99a inhib-
ited cell migration and invasion, reduced sphere
formation of breast SP cells in vitro, and sup-
pressed tumour growth in vivo. Finally, bioinfor-
matic prediction suggested the oncogene,
mammalian target of rapamycin (mTOR) – a down-
stream effector of the PI3K/AKT signalling path-
way, was a target gene of miR-99a in SP cells.
Further, quantitative RT-PCR and western blot
assays identified that overexpression of miR-99a
suppressed expression of mTOR and its down-
stream gene, HIF-1a.
Conclusion: Collectively, these data suggest that
miR-99a reversed the breast cancer malignant CSC

phenotype, probably by targeting the mTOR signal-
ling pathway.

Introduction

Breast cancer is the leading cause of cancer-related
death in women (1). Recently, in the order of 200 000
new cases were diagnosed and approximately 40 000
deaths were recorded in the United States (2). Although
great effort has been exerted to improve overall survival
rate of this disease over the past number of decades,
resistance to adjuvant chemotherapy remains a major
obstacle in effective anti-cancer treatment. Accumulating
evidence has proposed that the existence of a subpopula-
tion of cancer cells with stem cell-like features, called
cancer stem cells (CSCs), is the major reason of post-
treatment tumour recurrence (3,4). In 2003, Al-Hajj
et al. first isolated breast CSCs from human breast
tumour tissues and found that only these had the ability
for tumourigenicity in NOD/SCID mice (5); this pro-
vided a new avenue for breast cancer research.

Cancer stem cells compose a small subpopulation of
tumour cells with great capability for self-renewal, dif-
ferentiation and tumourigenicity, when transplanted into
an appropriate animal host and emerging evidence has
identified the existence of CSCs in a wide variety of
human malignancies (5,6). Over the past decade, several
in vitro culture methods have been used to enrich CSCs
from tumour tissues, one interesting method of which is
isolation of side population (SP) cells (7,8). Based on
the ability of progenitor cells to efflux DNA-binding
dye Hoechst 33342, cells with stem cell properties have
been characterized from established cancer cell lines (9).
This so-called SP, Hoechst low in the absence of inhibi-
tors of ATP-binding cassette (ABC) protein, can be
identified and sorted by flow cytometry (8,10). ABC
protein, also known as breast cancer resistance protein,
functions as an ATP-dependent membrane transporter
and can efficiently efflux chemotherapeutic agents (11),
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thus playing an important role in tumour recurrence and
drug resistance.

Numerous studies in recent years have pointed to the
involvement of microRNAs (miRNAs) in many biologi-
cal and pathological processes (12,13), as well as in reg-
ulation of CSC self-renewal and differentiation (14). By
profiling miRNAs in human breast CSCs and embryonal
carcinoma cells, Shimono et al. found that the former
had a concordant regulated subset of miRNAs to the lat-
ter (15). Moreover, miR-93 can regulate proliferation
and differentiation of normal and malignant breast stem
cells, and its overexpression increases the CSC popula-
tion in MCF-7 cells (16). miR-128 is down-regulated in
breast CSCs and directly targets Bmi-1 and ABCC5,
leading to cell chemotherapeutic resistance (17).

miR-99a has been reported to be a tumour suppres-
sor in various human cancers. In breast cancer cells, its
overexpression not only induces apoptosis in vitro, but
also inhibits tumourigenicity in vivo by targeting mam-
malian target of rapamycin (mTOR) (18). However, its
definite function in breast CSCs has not previously been
described. In this report, we describe that we isolated
SP cells of human breast cancer cell lines, MCF-7 and
MDA-MB-231, and compared expression of miR-99a
between SP cells and their adherent non-SP counter-
parts. We further investigated effects and relative mech-
anisms of miR-99a on regulation of the malignant
phenotype of the breast SP cells.

Materials and methods

SP isolation and fluorescence-activated cell sorting
assays

Side population isolation was performed according to
the protocol described by Goodell et al. (19). Cells were
suspended in DMEM at 1 9 105 cells/ml, containing
5% FBS, and 10 mM HEPES; 5 lg/ml Hoechst 33342
(Sigma-Aldrich, St. Louis, MO, USA) was added, with
or without ABCG transporter inhibitor, Fumitremorgin
C (10 lm FTC; Sigma-Aldrich, St. Louis, MO, USA),
for 90 min at 37 °C. After incubation in a shaking water
bath for 30 min, cells were placed on ice to terminate
dye efflux, followed by washing in 2 ml cold HBSS
containing 5% FBS (PAA, Pasching, Austria).

The Hoechst dye was excited using krypton ultravio-
let laser at 337–356 nm, and its fluorescence was mea-
sured using two filters, 465/30 BP (Hoechst Blue) and
675 BP optical filter (Hoechst Red) with a FACScalibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). Hoechst low SP cells were sorted and subse-
quently incubated in serum-free complete medium con-
sisting of DMEM medium (PAA) supplemented with

20 ng/ml EGF (Cell Signaling Tech, Denver, MA,
USA), 20 ng/ml bFGF (PeproTech, London, UK) and
5 lg/ml insulin.

Cell culture and transfection

The human breast cancer cell lines used, MCF-7 and
MDA-MB-231, were obtained from the American Type
Culture Collection (ATCC). Both were maintained in
DMEM medium (PAA) supplemented with 10% FBS
(PAA), streptomycin (100 lg/ml) and penicillin (100 U/
ml). SP cells were placed in serum-free complete medium
consisting of DMEM medium supplemented with EGF
(20 ng/ml; Cell Signaling Tech), bFGF (20 ng/ml; Pepro-
Tech) and insulin (5 lg/ml). Cells were incubated in a
humidified atmosphere of 5% CO2 at 37 °C. miR-99a and
scramble mimics were all purchased from Dharmacon
(Austin, TX, USA). Oligonucleotides were transfected
into cells to final concentration of 50 nM, by Dhamafect 1
(Dharmacon) according to manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from SP and non-SP cells
using TRIzol reagent (Invitrogen, Life Technologies Inc.,
Darmstadt, Germany) according to the manufacturer’s
instructions. Expression level of GAPDH was used as
internal control of mRNAs, and U6 level was regarded
as internal control of miRNAs. First, total RNA was
reverse transcribed using First-Strand cDNA Synthesis
kit (Invitrogen) with specific stem-loop reverse transcrip-
tion primers (shown in Table 1). Then, quantitative real-
time PCR was performed using Quanti-TectSYBR Green
PCR mixture on ABI PRISM 7900 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA).
Relative expression levels were evaluated using the
2�DDCt method and all experiments were run in triplicate.
Primers used for reverse transcription and quantitative
real-time PCR assays are showed in Table 1.

Tumourigenicity assay

Five-week-old BALB/c female NOD/SCID nude mice
were purchased from Beijing Huafu Biotechnology Inc.
(Beijing, China). All animals were housed and main-
tained in pathogen-free conditions at our laboratory and
experiments were performed according to our institute
guidelines for animal welfare.

For tumourigenicity assay, 2 9 104 MCF-7-SP cells
were subcutaneously injected into fat pads of nude mice.
When tumours reached 100 mm3, 10 mice with approxi-
mately equal tumour volumes were selected for further
experimentation and were separated into two groups,
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each of five mice. miR-99a or scramble mimic (5 lg)
was suspended in 100 ll Dharmafect 1 solution and
directly injected into each tumour. Injections were per-
formed for a total of seven times, every 3 days. Tumour
diameters were first measured at the time of the first
injection, then subsequently every 3 days. Twenty-eight
days after first injection, all mice were killed and
tumours were excised and weighed. Approximate tumour
volume was calculated as follows: length 9 width2 9

1/2.

Western blot analysis

For western blot assays, cells were harvested in ice-cold
PBS 48 h after transfection and lysed on ice cold modi-
fied radioimmunoprecipitation buffer, supplemented with
protease inhibitors. Protein concentration was deter-
mined by BCA Protein Assay Kit (Bio-Rad, Hercules,
CA, USA) and equal amounts of protein were separated
on SDS-PAGE (8, 10, or 12%) and gels were electrob-
lotted on to PVDF membranes (Millipore, Darmstadt,
Germany). Non-specific binding sites were blocked by
incubation with TBST containing 5% non-fat dried milk,
in Tris-buffered saline containing 0.1% Tween-20, for
2 h, then incubated at 4 °C overnight with primary
antibody. Detection was performed with peroxidase-
conjugated secondary antibodies using enhanced chemi-
luminescence system (Millipore). Primary antibodies
employed were agianst mTOR, p-mTOR, HIF-1a, Oct4,
C-myc and GAPDH (Cell Signaling, Danvers, MA,
USA). Bands were assessed by semi-quantification using
Image J software.

Cell proliferation analysis

For analysis of cell proliferation, cells were seeded into
24-well plates at 5 9 103 cells per well. They were then
incubated in 10% Cell Counting Kit-8 (CCK-8, Dojindo,
Mashikimachi, Japan) and diluted in normal culture med-
ium at 37 °C, until visual colour conversion occurred.
Proliferation level was determined at 0, 24, 48 and 72 h
after transfection. Absorbance in each well was mea-
sured using a microplate reader set at 450 and 630 nM.
All experiments were performed in quadruplicate.

Mammosphere formation assay

For analysis of capability of mammosphere formation,
single-cell suspensions of 5 9 103 cells per millilitre
were seeded into six-well non-adherent plates, in serum-
free DMEM, supplemented with 2% B27 (Gibco, Grand
Island, NY, USA), 20 ng/ml EGF (Cell Signaling Tech),
20 ng/ml bFGF (PeproTech), 0.4% BSA (Sigma-
Aldrich, St. Louis, MO, USA), and 5 lg/ml insulin.
After culturing for 8 days, number of mammospheres
was counted for all cases.

Cell migration and invasion assays

For the migration assay, modified Boyden chambers
(BD Biosciences, San Jose, CA, USA) with 8 lm pore
filters were inserted into 24-well plates. 1 9 104 SP
cells were added to upper chambers, and medium con-
taining 20% FBS was added to lower chambers as
chemoattractant. For the invasion assay, transwell migra-
tion chambers were coated with Matrigel (BD Bio-
sciences) and incubated at 37 °C for 1 h allowing it
solidify. After 24 h post transfection, 7 9 103 SP cells
suspended in serum-free DMEM were added to upper
chambers. After 24 h transfection, non-filtered cells
were gently removed with cotton swabs. Filtered cells
located on lower sides of chambers were stained with
crystal violet, air dried, and photographed.

Vector construction and luciferase assays

The whole 30-UTR of mTOR gene was amplified from
genomic DNA and cloned into the pGL-3-vector (Pro-
mega, San Luis, CA, USA) immediately downstream of
the Renilla luciferase gene. According to the Quick-
Change Site-Directed Mutagenesis kit (Stratagene, Santa
Clara, CA, USA), mutation in the 30-UTR of mTOR
gene was generated. The two constructs were identified
by sequencing. Twenty four hours before transfection, in
the order of 1 9 105 cells/well were seeded into 24-well
plates. Cells were co-transfected with pGL-3 firefly

Table 1. Oligonucleotide primer sequences for PCR or reverse tran-
scription

Gene Primer sequence

Primers for Real-time PCR
miR-99a-sense 50-CGGAACCCGTAGATCCGAT-30

miR-99a-antisense 50-CAGTGCAGGGTCCGAGGT-30

U6-sense 50-CTCGCTTCGGCAGCACATATACT-30

U6-anti-sense 50-ACGCTTCACGAATTTGCGTGTC-30

mTOR-sense 50-CGGACTATGACCACTTGACTC-30

mTOR-antisense 50-CCAAACCGTCTCCAATGAAAGA-30

GAPDH-sense 50-TCAACGACCACTTTGTCAAGCTCA-30

GAPDH-antisense 50-GCTGGTGGTCCAGGGGTCTTACT-30

Primers for reverse transcription
miR-99a 50-GTCGTATCCAGTGCAGGG

TCCGAGGTATTCGCACTGGCACAAG-30

U6 50-AAAATATGGAACGCTTCACGAATTTG-30

mTOR 50-TTTTTTTTTTTTTTTTTT-30(Oligo(dT))
GAPDH 50-TTTTTTTTTTTTTTTTTT-30(Oligo(dT))
Primers for mTOR luciferase reporter
mTOR-F 50-AGGCTTGATTTGGTTCCCA-30

mTOR-R 50-CAGACCTTCCCTGTGTTCA-30
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luciferase reporter (50 ng), pRL-TK Renilla luciferase
reporter (10 ng) and miR-125b mimic or scramble
mimic (50 nM), using Lipofectamine 2000 (Invitrogen).
Moreover, a luciferase reporter construct containing
miR-99a consensus target sequence, served as positive
control and pRL-TK vector served as internal control,
respectively. Forty eight hours after transfection, cell ly-
sates were prepared with Passive Lysis Buffer (Pro-
mega). Finally, respective firefly and Renilla luciferase
activities were measured using Dual-Luciferase Reporter
Assay (Promega), and results were normalized to Renilla
luciferase. Final results were expressed as relative lucif-
erase activity (Firefly LUC/Renilla LUC).

Statistical analysis

Data were expressed as mean � SD of at least three
independent experiments. Statistical analysis was carried
out using SPSS 15.0 software (SPSS Inc., Chicago, IL,
USA). Student’s t-test (two-tailed) was performed to
analyse the data. P-values <0.05 were considered signifi-
cant.

Results

miR-99a was down-regulated in breast SP cells

As the SP cells had been identified as a population of
cancer stem-like cells, we sought to use this subclone to
explore effects of miR-99a on CSC phenotype of our
breast cancer cells. First, we had isolated SP cells by
staining cultured MCF-7 and MDA-MB-231 cells with
fluorescent DNA-binding dye Hoechst 33342, then
FACS sorting them. Their flow cytometric analysis for
blue and red fluorescence demonstrated a small popula-
tion with low fluorescence, implying active extrusion of
the dye (Fig. 1a). SP characteristics of such cells was
confirmed by ‘normal fluorescence’ (Fig. 1b) following
treatment with the inhibitor of ABC transporters, fumi-
tremorgin C. Using fumitremorgin C for characteriza-
tion, 1.5 � 0.2% total cells in the MDA-MB-231
culture, and 1.8 � 0.2% total cells in the MCF-7 cul-
ture, respectively, demonstrated SP characteristics. We
next detected expression of miR-99a in isolated SP pop-
ulations of each cell line using Taqman real-time PCR

(a)

(b)

(c)

Figure 1. Cells with side population char-
acteristics in breast cancer cell lines.
Human breast cancer cells, MCF-7 and
MDA-MB-231, were stained with Hoechst
33342 for 30 min, in the absence (a) or pres-
ence of fumitremorgin C (b). A small popula-
tion of cells with side population
characteristics (low staining) is shown in (a),
largely lost in the presence of inhibitors of
ATP binding cassette (ABC) transporter fumi-
tremorgin C (b). Figures are representative of
three independent experiments. (c) Expression
of miR-99a in MCF-7 and MDA-MB-231 SP
and non-SP cells was detected by quantitative
RT-PCR. Data are shown as log10 relative
ratio change in miR-99a relative to U6; Data
representative of three independent experi-
ments. Error bars represent SEM **P < 0.01.
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assay. Subsequent analyses indicated that expression of
miR-99a was significantly lower in the SP cells com-
pared to non-SP cells in each cell line (Fig. 1c).

miR-99a suppressed self-renewal of breast SP cells

As maintenance of undifferentiated status and self-
renewal are the most important features of CSCs, we
further explored effects of miR-99a on the malignant
phenotype of our breast SP cells after sorting by flow
cytometry. First, to explore effects of miR-99a on self-
renewal of the SP cells, we restored expression of miR-
99a in MCF-7 and MDA-MB-231 cells, and detected
percentages of SP cells on transfection. As shown in

Fig. 2a and 2b, induction of miR-99a was positively
associated with significant reduction in percentage of SP
cells in each cell line, as assessed by FACS assay. Next,
we further detected effects of miR-99a on sphere forma-
tion capacity of the breast SP cells. Interestingly, under
stem cell growth conditions, the MCF-7 SP cell culture
formed spheres that reached 65 lm in diameter after
8 days, while administration of miR-99a suppressed
sphere formation in both number and size (Fig. 2c).
The generality of this observation was further con-
firmed in MDA-MB-231 cells. These results suggest
that miR-99a regulated CSC characteristics of these cell
types, including capacities of self-renewal and sphere
formation.

(a)

(c)

(b)

Figure 2. miR-99a suppressed self-renewal of SP cells in the breast cancer cell lines. (a) RT-PCR was performed to detect expression of miR-
99a in MCF-7 and MDA-MB-231 breast cancer cell lines upon transfection with miR-99a mimic; (b) Using FACS assays, SP population cells upon
transfection with miR-99a mimic were detected. Overexpression of miR-99a reduced the percentage of SP cells in both cell lines; (c) Sphere forma-
tion assays were performed to explored effects of miR-99a on self-renewal of SP cells. Administration of miR-99a reduced SP cell sphere formation
of both cell lines. Data are representative of three independent experiments. Error bars represent SEM **P < 0.01.
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miR-99a suppressed tumourigenicity of the breast SP
cells in vivo

MCF-7-SP cells had then been examined for their
tumour initiating ability, by injecting them into mam-
mary fat pads of nude mice. Our results confirmed that
isolated SP cells had strong ability to generate tumours,
as those formed reached 100 mm3 by 7 days after being
injected. Moreover, we found that miR-99a treatment
suppressed MCF-7-SP xenograft tumour growth, result-
ing in significant reduction in average tumour weight
and volume (Fig. 3a,b). As ability to form tumours is a
critical and standard criterion for identification of CSC,
this suggests that miR-99a suppressed tumourigenicity
of these breast CSCs in vivo.

miR-99a blocked migration and invasion of SP cells

Migration and invasion promote tumour metastasis, the
major cause of cancer death. Thus, we further explored

effects of miR-99a on migratory and invasive capacity
of the SP cells of each cell line. As shown in Fig. 4a,
we found that miR-99a significantly suppressed migra-
tion of MCF-7 SP cells, and the generality of this obser-
vation was further confirmed in MDA-MB-231 cells.
Furthermore, invasive capacity of SP cells transfected
with miR-99a or scramble mimic was evaluated by Ma-
trigel invasion chamber assay. Restored expression of
miR-99a in the SP cells clearly suppressed cells passing
through chambers coated with Matrigel (Fig. 4b).

miR-99a suppressed the mTOR signalling pathway in
the breast SP cells

As miRNAs can function as tumour activators or indeed
as suppressors, through targeting the 30UTR of relative
suppressor genes or oncogene mRNAs, we searched
putative targets of miR-99a using prediction programs,
TargetScan, PicTar and miRanda. Among predicted tar-
gets of miR-99a, mTOR was selected out for its impor-

(a) (b)

Figure 3. (a) Graph representing approxi-
mate tumour volumes at the indicated
days; six mice per group; (b) Graph repre-
senting average tumour weight for each
mouse group at the end of the experiment.
Data are representative of three independent
experiments. Error bars represent SEM
**P < 0.01.

(a)

(b) Figure 4. miR-99a suppressed migration
and invasion of SP cells in vitro. (a, b) Tran-
swell chamber assays were performed to
detect effects of miR-99a on migration and
invasion of SP cells. Panel (a) shows results
of migration; Panel (b) shows results of inva-
sion. Chambers coated with Matrigel, which
functions as extracellular cell matrix. Ectopic
expression of miR-99a inhibited cells passing
through the membrane in both assays. Data
are representative of three independent experi-
ments. Error bars represent SEM **P < 0.01.
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tant role in the PI3K/AKT/mTOR signalling pathway,
suppression of which has previously been reported to
inhibit human breast CSC proliferation in vitro and in
vivo (20). As shown in Fig. 5a, there exists a putative
binding site of miR-99a in the 30UTR of mTOR gene.
To determine whether this putative binding site would
perform any function in breast CSCs, we performed
luciferase assays. Restored expression of miR-99a sup-
pressed luciferase activity in SP cells, while suppression
was not significant in CSCs transfected with mutant
construct (Fig. 5b). Next, we explored the mRNA and
protein level of mTOR in the SP cells, on transfection.
Administration of miR-99a mimic suppressed expression
of both mRNA and protein (Fig. 5c,d). Additionally, we
also detected protein level of HIF-1a, which has been
reported to be the downstream gene of mTOR signalling
and to simultaneously mediate important signalling in
CSC progression. As expected, expression of HIF-1a,
was consistent with its respective downstream transcrip-
tion factors, and Oct-4 and c-Myc, were also suppressed
(21,22) (Fig. 5d). These results indicate that miR-99a
regulated CSC characteristics of breast cancer, at least
partially, by targeting the mTOR signalling pathway.

Discussion

Although miR-99a has been reported to be a tumour
suppressor in breast cancer, its definite function in breast
CSCs had not previously been described. In this study,
we showed that expression of miR-99a was reduced in
MCF-7 and MDA-MB-231 SP cells, and overexpression
of miR-99a significantly reversed their CSC phenotype
and suppressed the mTOR/HIF1-a signalling pathway.

Previously, CSC-like SP cells have been isolated
from the MCF-7 breast cancer cell line, and have been
demonstrated to have greater tumourigenic activity than
the majority of the other cells of this cell line (23).
Here, we isolated SP cells from both MCF-7 and MDA-
MB-231 cell lines and recapitulated previous findings.
Thus, we believe that the isolated SP cells are stem-like
cells.

Mature miR-99a is individually encoded by genes
harboured on chromosome 21, trisomy of which is one
of the most common types of chromosomal aneuploidy
of live born infants (24). Kuhn et al. have also demon-
strated overexpression of miR-99a in human foetal hip-
pocampus and heart samples in individuals with Down

(a)

(c)

(d)

(b)

Figure 5. miR-99a targeting mTOR gene in SP cells. (a) Schematic representation of mTOR 30UTR showing putative miR-99a target site; (b)
Quantitative RT-PCR assays performed to detect expression of mTOR upon transfection with miR-99a mimic or scramble mimic; (c) Relative lucif-
erase activity of indicated mTOR reporter construct in SP cells, co-transfected with miR-99a mimic or scramble mimic; (d) Western blot analysis
showing expression levels of mTOR, p-mTOR, HIF1-a, Oct4 and c-Myc proteins in SP cells treated with miR-99a mimic. Data are representative
of three independent experiments. Error bars represent SEM *P < 0.05, **P < 0.01.
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syndrome (25). Moreover, miR-99a has been found to
be specific to human mesenchymal stem cells, but not to
differentiated osteoblasts (26), which suggests that miR-
99a might play a vital role in cell differentiation. On the
other hand, miR-99a has been reported to be involved in
TGF-b-induced epithelial to mesenchymal transition
(EMT) of normal murine mammary gland cells (27). As
EMT is considered to be a crucial event in the meta-
static process [that involves acquisition of a migratory
mesenchymal phenotype (28)], and also to be an impor-
tant process during embryonic development in many
mammalian species (29), we hypothesized that miR-99a
might play an important role in acquisition of CSC char-
acteristics of breast cancer. To address this question, we
compared expression of miR-99a between SP cells and
non-SP cells. As expected, expression of miR-99a was
significantly suppressed in SP cells relative to their
counterpart non-SP cells.

Next, we further detected effects of miR-99a on the
CSC phenotype of the breast cancer cells. Spheroid for-
mation is an important index of self-renewal capacity,
which is a major property of stem cells (30). As would
be expected from the functional studies, our results
showed significant reduction in cell number and sphere
formation of both types of SP cell upon transfection
with miR-99a. Furthermore, our results also confirmed
that the isolated SP cells had strong ability to generate
tumours, and treatment with miR-99a suppressed tu-
mourigenicity of the SP cells in vivo. These results sug-
gest that miR-99a might play a key role in regulating
CSC phenotype of breast cancer.

Cancer stem cells from many tumours have been
shown to be endowed with great capabilities of migra-
tion and invasion, leading to cancer metastasis. For
example, CD44+/CD24� cells in breast cancer are
enriched with CSCs, which express higher levels of pro-
invasive genes and exhibit highly invasive properties
(31). In this article, we also explored effects of miR-99a
on migration and invasion capacity of our breast SP
cells. We also demonstrated that administration of miR-
99a significantly inhibited high migratory and invasive
capacity of the breast SP cells.

MicroRNAs (miRNAs) compose a large family of
non-coding single-stranded RNAs (32), which regulate
stability or translational efficiency of targeted mRNAs
by complementary or partial interaction with 30-untrans-
lated regions (30UTR) of target genes. Previous work
has reported that miR-99a blocked invasiveness and
tumourigenic potential of breast cancer cells by targeting
mTOR. mTOR is a downstream effector of the phospha-
tidyl inositol-3 kinase/protein kinase B (PI3K/AKT) sig-
nalling pathway (18), whose vital role has been widely
explored in CSC regulation, including of pancreatic and

breast CSCs (20,33). Zhu et al. found that suppression
of the mTOR pathway by everolimus has effective
inhibitory effects on HER2-overexpressing stem cell
proliferation in vitro and in vivo (20). Here, we have
identified mTOR as a critical downstream target of miR-
99a in the tested breast SP cells. In support of this
notion, we explored mRNA and protein levels of mTOR
and its downstream gene, hypoxia-inducible factor 1a
(HIF-1a) (34). Ectopic expression of miR-99a signifi-
cantly suppressed expression of mTOR and HIF-1a
simultaneously. As the HIF-1a signalling pathway has
been reported to play important roles in maintaining the
biology of CSCs and regulating EMT progression (35),
by targeting a variety of embryonic stem cell-like tran-
scriptional genes, such as OCT4 and c-Myc (21,22), we
also explored expression of Oct4 and c-Myc in SP cells
after treatment of miR-99a mimic. As expected, expres-
sion of Oct4 and C-myc were consistently reduced upon
transfection, suggesting that the mTOR signalling path-
way might be involved in miR-99a-mediated suppression.
However, further studies are required to identify whether
mTOR and its downstream genes are directly involved in
regulation of the CSC phenotype of breast cancer.

Collectively, our study has demonstrated that miR-
99a plays an important role in regulating the CSC phe-
notype of breast cancer. This function isprobably medi-
ated by targeting the mTOR/HIF-1a signalling pathway.
This finding may not only help us understand the molec-
ular mechanism of breast carcinogenesis, but also pro-
vide solid foundation for utilization of miR-99a as an
important biomarker for breast cancer prognosis and
anti-cancer therapy (specially when there is recurrence),
in the future.
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