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Abstract. Breast cancer stem cells (BCSCs) are believed to be 
responsible for tumor chemoresistance, recurrence, and metas-
tasis formation. Salinomycin (SAL), a carboxylic polyether 
ionophore, has been reported to act as a selective breast CSC 
inhibitor. However, the molecular mechanisms underlying 
SAL-induced cytotoxicity on BCSCs remain unclear. The 
Hedgehog (Hh) signaling pathway plays an important role in 
CSC maintenance and carcinogenesis. Here, we investigated 
whether SAL induces cytotoxicity on BCSCs through targeting 
Hh pathway. In the present study, we cultured breast cancer 
MCF-7 cells in suspension in serum-free medium to obtain 
breast CSC-enriched MCF-7 mammospheres (MCF-7 MS). 
MCF-7 MS cells possessed typical BCSC properties, such 
as CD44+CD24-/low phenotype, high expression of OCT4 (a 
stem cell marker), increased colony-forming ability, strong 
migration and invasion capabilities, differentiation potential, 
and strong tumorigenicity in xenografted mice. SAL exhibited 
selective cytotoxicity to MCF-7 MS cells relative to MCF-7 
cells. The Hh pathway was highly activated in BCSC-enriched 
MCF-7 MS cells and SAL inhibited Hh signaling activation 
by downregulating the expression of critical components of 
the Hh pathway such as PTCH, SMO, Gli1, and Gli2, and 
subsequently repressing the expression of their essential 
downstream targets including C-myc, Bcl-2, and Snail (but not 
cyclin D1). Conversely, Shh-induced Hh signaling activation 
could largely reverse SAL-mediated inhibitory effects. These 

findings suggest that SAL-induced selective cytotoxicity 
against MCF-7 MS cells is associated with the inhibition of Hh 
signaling activation and the expression of downstream targets 
and the Hh pathway is an important player and a possible drug 
target in the pathogenesis of BCSCs.

Introduction

Breast cancer is one of the most common malignant cancers 
worldwide, and is the leading cause of cancer-related death in 
women (1). Despite great advances in the treatment of breast 
cancer in recent years, the development of drug resistance and 
relapse is a major hurdle in the treatment of breast cancer (2). 
Recent studies have shown that cancer stem cells (CSCs), a rare 
subpopulation of cells with tumorigenic potential, are resistant 
to chemotherapy, thereby allowing tumor regrowth  (3-5). 
Therefore, targeting chemotherapy-resistant breast CSCs will 
be essential to prevent breast cancer resistance and relapse.

The Hedgehog (Hh), Notch, and Wnt signaling pathways 
are crucial to cell proliferation, apoptosis, and differentiation 
during embryonic development, and play an important role 
in CSC maintenance and carcinogenesis (6-8). Recently, the 
Hh signaling pathway has attracted extensive attention in 
the CSC research. Aberrant activation of the Hh pathway 
has been found in many tumors, such as gastric carcinoma, 
pancreatic cancer, esophageal carcinoma, and small-cell 
lung cancer (9-12). In addition, it has been reported that Hh 
signaling activation is required for human glioma growth and 
survival as well as CSC self-renewal and tumorigenicity (13). 
Tanaka et al reported that the Hh signaling pathway played an 
essential role in maintaining the highly tumorigenic popula-
tions of breast cancer cells, including the side population and 
the CD44+CD24-/low subpopulation (14). Therefore, targeting 
Hh signaling pathway represents a novel and promising thera-
peutic strategy for the treatment of breast cancer. Currently, 
Hh pathway inhibitors are undergoing preclinical and clinical 
studies as anticancer agents (15).

Salinomycin (SAL), a carboxylic polyether ionophore, has 
recently been identified as a highly effective inhibitor of breast 
CSCs by high-throughput screening (16). Subsequently, SAL 
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has been shown to selectively kill CSCs in many other cancers 
including colorectal cancer, gastric cancer, pancreatic cancer, 
head and neck squamous cell carcinoma, and endometrial 
cancer (17-21). Nevertheless, the mechanisms underlying selec-
tive toxicity of SAL for CSCs remain poorly understood. It has 
been reported that SAL inhibits cancer cell growth and migra-
tion by promoting oxidative stress, and inducing apoptosis and 
autophagy (22-26). In addition, Lu et al reported that SAL 
inhibited the Wnt signaling pathway and selectively induced 
cell apoptosis in chronic lymphocytic leukemia cells  (27). 
SAL has been reported to selectively inhibit osteosarcoma 
stem cells and downregulate Wnt signaling (28). However, it 
remains unclear whether the Hh signaling pathway is involved 
in SAL-induced toxicity for breast CSCs.

In the present study, we cultured breast cancer MCF-7 cells 
in suspension in serum-free medium to obtain BCSC‑enriched 
MCF-7 mammospheres (MCF-7 MS), and examined the effect 
of SAL on proliferation, apoptosis, migration and invasion 
of MCF-7 MS cells. More importantly, we investigated the 
role/involvement of the Hh signaling pathway in SAL-induced 
selective cytotoxicity against MCF-7 MS cells. Our study 
showed that the Hh signaling pathway was highly activated in 
BCSC-enriched MCF-7 MS. The inhibition of the Hh signaling 
pathway mediated by SAL was critical for SAL-induced selec-
tive cytotoxicity to breast CSCs.

Materials and methods

Cell culture and mammosphere generation. The human breast 
cancer MCF-7 cell line was purchased from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). The 
cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen, USA) containing 10% fetal bovine 
serum (Hyclone, USA), 100 U/ml penicillin, and 100 mg/ml 
streptomycin in a humidified atmosphere with 5% CO2 at 
37˚C. Mammospheres were cultured as previously reported by 
Ponti et al (29). Briefly, MCF-7 cells (5x104/ml) were cultured 
in suspension in serum-free DMEM-F12 (Gibco, USA), 
supplemented with 2% B27 (Invitrogen) and 20 ng/ml EGF 
and 10 ng/ml bFGF (both from Peprotech, USA). Cells were 
grown in these conditions as non-adherent spherical clusters 
of cells, the MCF-7 mammospheres (MCF-7 MS). MCF-7 MS 
cells were enzymatically dissociated every 5-6 days with  
0.25% trypsin and subcultured in DMEM-F12 with growth 
factors as described above.

Flow cytometric analysis. Flow cytometry was performed 
to determine the expression of CD44 and CD24 in MCF-7 
and MCF-7 MS cells, apoptosis, and cell cycle change in the 
SAL-treated MCF-7 MS cells. For analysis of CD44 and CD24 
expression, cells were suspended at a density of 1x106 cells/ml 
in 100 µl PBS and incubated with fluorescence isothiocyanate 
(FITC)-conjugated antibodies against CD44 (1:20) and phyco-
erythrin (PE)-conjugated antibodies against CD24 (1:10) (both 
from BD Pharmingen, USA) for 30 min at 4˚C in the dark. 
The cells were washed in PBS and centrifuged at 800 x g 
for 5 min. Single-cell suspensions were analyzed by flow 
cytometry using FACSCalibur (Becton-Dickinson).

MCF-7 MS cells were treated with 30 and 60 nM SAL 
for 48 h. DMSO was used as a negative control. Cells were 

the harvested by centrifugation, and washed twice with cold 
PBS. For apoptosis analysis, cells were resuspended in 250 µl 
Annexin V  binding buffer at a density of 1x106  cells/ml. 
The suspension (100 µl) was incubated in the dark at room 
temperature for 15 min with a solution of Annexin V-FITC 
(2.5 µg/ml) and PI (5 µg/ml). Cells were analyzed for apoptosis 
by flow cytometer. For cell cycle analysis, cells were fixed with 
70% ethanol and stored at 4˚C overnight. Cells were then rehy-
drated with PBS for 10 min, and stained with propidium iodide 
(PI, 50 µg/ml) for 15 min at 37˚C in PBS containing 2 µg/ml 
RNase A and 0.2% NP-40. Cell cycle analysis was performed 
by flow cytometry.

Soft agar colony formation assay. MCF-7 and MCF-7 MS 
cells (103 cells/ml) were suspended in 0.6% agar with culture 
medium (1:1), and layered on preformed 1.2% agar with culture 
medium (1:1) base layer. Culture medium was added on the 
top agar layer every 3-4 days. After incubation for 3 weeks at 
37˚C, the colonies/well was counted from 8 different random 
fields under an inverted microscope (Nikon TE2000-U; Nikon 
Japan).

Cell Counting Kit-8 (CCK-8/WST-8) assay. Cell viability 
was measured by a Cell Counting Kit-8 (CCK-8; Dojindo, 
Japan). MCF-7 or MCF-7 MS cells (8,000 cells/well) were 
seeded into 96-well ultra-low adherent plates (Corning, 
Lowell, MA, USA), and allowed to grow in the growth 
medium for 24 h. To determine the IC50 value of SAL, cells 
were treated with various concentrations of SAL (10, 30, 100, 
300, 1,000, 3,000 and 10,000 nM; Sigma, USA) for 48 h. To 
investigate the effect of Shh on SAL-induced inhibition on 
MCF-7 MS proliferation, MCF-7 MS cells were treated with 
SAL (60 nM), Shh (3 µg/ml; R&D Systems, Minneapolis, 
MN, USA), SAL (60 nM) + Shh (3 µg/ml), or vehicle control 
(DMSO) for 48 h. Cells in each well were then incubated with 
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium) for 4 h. Plates were read 
at 450 nm wavelength in an Anthos 2010 microplate reader 
(Anthos Labtec Instruments GmbH, Austria).

Transwell migration and invasion assays. Transwell migra-
tion and invasion assays were conducted as described by 
Fan et al (30). Briefly, the upper chambers were plated with 
4x104 MCF-7 cells in 0.5 ml serum-free DMEM medium or 
4x104 MCF-7 MS cells in 0.5  ml serum-free DMEM/F12 
medium. The lower chambers were filled with 0.5 ml cell 
culture medium containing 10% FBS. To test the effect of SAL 
on migration and invasion of MCF-7 MS cells, MCF-7 MS cells 
were pretreated with 30 and 60 nM SAL, or vehicle control 
(DMSO) for 48 h. Cells were allowed to migrate toward the 
lower chamber for 24 h at 37˚C. The number of cells migrating 
through the membrane was counted under a light microscope 
(x200 magnification, five random fields per well), and were 
analyzed using ImageJ software.

Total and nuclear proteins extraction and western blot 
analysis. Cells were harvested and total proteins were 
extracted was carried out as previously described (31), and 
nuclear proteins were extracted according to the manufac-
turer's protocol from nuclear protein extraction kit (Pierce 
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Biotechnology, Rockford, IL, USA). Proteins were resolved 
by SDS-PAGE, and transferred onto polyvinylidene fluoride 
membranes by electroblotting. Membranes were blocked with 
5% milk in Tris-buffered saline with 0.1% Tween-20, and then 
incubated with primary antibodies against OCT4 (1:1,000; 
Cell Signaling Technology), Gli1 (1:500), Gli2 (1:800), PTCH 
(1:1,000) and SMO (1:1,000) (all from Abcam), C-myc (1:1,000) 
and Bcl-2 (1:1,000) (both from Cell Signaling Technology), 
cyclin D1 (1:1,000; Beyotime Biotechnology), Snail (1:300; 
Abcam), GAPDH (1:6,000; Santa Cruz Biotechnology) and 
histone H3 (1:1,000; Beyotime Biotechnology) overnight at 
4˚C. Membranes were then incubated with horseradish peroxi-
dase-conjugated goat anti-rabbit or goat anti-mouse secondary 
antibodies (dilution 1:5,000; Abcam) at room temperature for 
1 h. Bands were visualized using an enhanced chemilumi-
nescence detection system (Amersham, Freiburg, Germany). 
The results were quantitatively analyzed using Scion Image 
software (Scion Corporation, Frederick, MA, USA).

Mammosphere formation assay. Single-cell suspensions of 
MCF-7 MS cells were thoroughly suspended and plated in 
6-well ultra-low adherent plates (Corning) at 1x105 cells/well 
in 4 ml of sphere formation medium. After 24 h, cells were 
treated with SAL, Shh, or DMSO as a control for 48 h. Cells 
were then collected, digested into single cells and plated in 
6-well ultra-low adherent plates with 2,000  cells/well in 
mammosphere formation medium (2  ml). Fresh medium 
(1 ml) was added into the plates every 3-4 days. After culture 
for 8 days, the number of the mammospheres/2,000 cells was 
counted for the primary mammosphere formation assay under 
an inverted microscope (Nikon TE2000-U; Nikon). The above 
mammospheres in each group were collected, digested into 
single cells and plated in 6-well ultra-low adherent plates with 
2,000 cells/well in mammosphere formation medium (2 ml) 
for the secondary mammosphere formation assay.

Immunofluorescence. MCF-7  MS cells were treated with 
30 and 60 nM SAL, or DMSO as a control for 48 h. After 
the treatment, cells were collected and rinsed in PBS before 
incubation in 4% paraformaldehyde for 30 min and embedded 
in paraffin wax. Sections (4 µm) were cut and subjected to 
immunofluorescence staining. Cells were permeabilized with 
0.5% Triton X-100 (Sigma) for 10 min, rinse in PBS, and 
blocked with normal goat serum for 1 h at room temperature. 
The sections were incubated overnight at 4˚C with primary 
antibodies against PTCH (1:20), SMO (1:100), Gli1 (1:100) and 
Gli2 (1:100) (all from Abcam). After primary antibody was 
removed by washing in PBS, immunoreactivity was detected 
by incubation with FITC-conjugated secondary antibodies 
(1:300; Invitrogen) for 1 h at room temperature. Nuclei were 
counterstained using DAPI for 15 min. Fluorescence was 
detected using a Nikon Eclipse 80i microscope (Japan).

In vivo xenograft experiments. For the study of the tumori-
genic ability of MCF-7 and MCF-7 MS cells, equal numbers 
of MCF-7 cells or MCF-7 MS cells (2x103, 2x104, 2x105 and 
2x106 cells) were suspended in PBS and Matrigel (1:1; BD 
Biosciences), and subcutaneously inoculated into the flank 
of female BALB/c athymic nude mice (n=6 mice per group). 
The presence or absence of a visible or palpable tumor was 

evaluated 6  weeks after the initial injection of the cells. 
Mice (n=5 mice per group) inoculated with 2x106 MCF-7 
or MCF-7 MS cells were sacrificed 6 weeks after the initial 
injection of the cells, and tumors were weighed and harvested 
for subsequent western blot analysis. All mice were bred in 
pathogen-free conditions at the Animal Center of China 
Medical University. All animal studies were carried out in 
accordance with the National Institute of Health Guide for the 
Care and Use of Laboratory Animals.

Statistical analysis. Statistical analyses were performed using 
the SPSS statistics 16.0 software package. Data are presented 
as mean ± standard deviation (SD). Student's t-test was used to 
compare differences between two groups. One-way analysis of 
variance (ANOVA) was used to compare differences among 
more than two groups. Statistical significance was considered 
at P<0.05.

Results

MCF-7 MS cells possess breast CSC-like properties. MCF-7 
cells cultured in suspension in serum-free DMEM/F12 
medium supplemented with growth factors formed tight 
sphere-like mammospheres after 7-8 passages (Fig. 1A). It 
has been shown that breast CSCs have a CD44+CD24- pheno-
type (32), so that we examined the presence of CD44 and CD24 
in MCF-7 MS cells using flow cytometry. We found that the 
proportion of CD44+CD24- cells in MCF-7 MS cells was as 
high as 81.4±11.7%, >30-fold greater than that (2.53±1.28%) in 
the parental MCF-7 cells (Fig. 1B), indicating that MCF-7 MS 
cells expressed breast CSC-specific markers.

We next assessed the expression of the stem cell marker 
OCT4 in MCF-7 MS cells. Western blot analysis showed that 
the expression of OCT4 was significantly higher in MCF-7 MS 
cells compared with MCF-7 cells (Fig. 1C). Furthermore, we 
measured the colony-forming ability of MCF-7 MS cells, using 
soft agar colony formation assay. The MCF-7 MS cells formed 
significantly more colonies than MCF-7 cells (Fig. 1D). These 
data suggested that MCF-7 MS cells exhibited breast CSC-like 
self-renewal capacity.

We further investigated the migration and invasion 
capacity of MCF-7  MS cells, using Transwell migration 
and invasion assays. The number of MCF-7 MS cells that 
migrated and invaded into the lower Transwell chamber 
was significantly greater than that of MCF-7 cells (Fig. 1E), 
suggesting that MCF-7 MS cells exhibited increased migra-
tion and invasion.

We also examined the re-differentiation potential of 
the MCF-7 MS cells by culturing MCF-7 MS in DMEM 
culture medium with 10% FBS. After culture for 42 h, some 
spherical MCF-7 MS cells began to grow adherently, and 
exhibited differentiation properties. After culture for 100 h, 
MCF-7 MS cells completely lost the spheroid characteris-
tics, grew adherently, and exhibited morphology similar to 
MCF-7 cells  (Fig. 1F). The finding that MCF-7 MS cells 
could re-differentiate into MCF-7 cells under serum-rich 
conditions suggested that MCF-7 MS cells have the CSC-like 
differentiation potential.

To further investigate the in vivo tumorigenic ability of 
MCF-7 MS, we subcutaneously inoculated MCF-7 MS cells 
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or MCF-7 cells into the flank of nude mice. MCF-7 MS cells 
formed tumors in mice administered 2x103 cells, whereas 
2x105  parental MCF-7 cells were required to generate 
tumors (Fig. 2A). With a given number of xenografted cells, 
MCF-7 MS cells generated tumors at a higher frequency 
in mouse xenografts than MCF-7 cells  (Fig.  2A). Six 
weeks after inoculation of 2x106 cells, the average weight 
of MCF-7  MS cell‑induced tumors (0.98±0.25  g) was 
significantly higher than that of MCF-7 cell-induced tumors 
(0.66±0.11 g) (Fig. 2B). The expression of OCT4 was also 
significantly higher in tumors transplanted with MCF-7 MS 
cells than in those transplanted with MCF-7 cells. These 
results showed that MCF-7 MS cells had stronger tumorige-
nicity.

Taken together, our data showed that MCF-7 MS cells 
obtained from serum-free suspension culture possessed breast 
CSC-like properties such as self-renewal, differentiation 
potential, strong migration and invasion capacities, and high 
tumorigenicity.

Salinomycin inhibits proliferation, induces apoptosis, and 
reduces migration and invasion of MCF-7 MS cells. It is 
known that SAL can selectively kill BCSCs (16). To investi-
gate whether SAL selectively killed CSC-like MCF-7 MS cells 
obtained from serum-free suspension culture, we tested the 
sensitivity of MCF-7 and MCF-7 MS cells to SAL. Cells were 
treated with various concentrations of SAL (10-10,000 nM) 
for 48 h, and cell viability was examined using CCK-8 assay. 
The survival rates of both cells decreased in a dose-dependent 
manner. The IC50 value for SAL in MCF-7 MS cells was 
99 nM, which was ~82-fold lower than that in MCF-7 MS cells 
(8,113 nM) (Fig. 3A), suggesting that SAL selectively killed 
MCF-7 MS cells. Furthermore, we examined the effect of SAL 
on mammosphere formation of MCF-7 MS cells. SAL (30 and 
60 nM) significantly inhibited the primary and secondary 
mammosphere formation (Fig. 3B), further suggesting that 
SAL inhibited proliferation of MCF-7 MS cells.

We next examined the effect of SAL on the apoptosis of 
MCF-7 MS cells, using flow cytometry. SAL (30 and 60 nM) 

Figure 1. MCF-7 MS cells possess breast CSC-like properties. (A) MCF-7 cells were cultured in suspension in serum-free DMEM/F12 medium supplemented 
with 2% B27, 20 µg/l human EGF, and 10 µg/l human bFGF, and formed tight sphere-like mammospheres after 7-8 passages (scale bar, 50 µm). (B) Flow 
cytometry showing the percentage of CD44+CD24-/low cells in MCF-7 and MCF-7 MS cells. (C) Western blot analysis showing the expression level of OCT4, a 
stem cell marker. GAPDH is a loading control. The expression level of OCT4 was normalized to that of GAPDH. The OCT4/GAPDH ratio in MCF-7 cells was 
set as 1. (D) MCF-7 MS cells exhibited increased colony-forming ability. MCF-7 cells and MCF-7 MS were grown in soft agar as described in the Materials 
and methods. The colony numbers were counted manually under a microscope after culture for 7 days (scale bar, 50 µm). (E) Transwell migration and inva-
sion assays showing MCF-7 MS cells enhanced the ability of migration and invasion. Cells that migrated or invaded into the lower Transwell chambers were 
counted (scale bar, 20 µm). The number of MCF-7 cells migrating or invading to the lower chambers was set as 1. (F) MCF-7 MS cells were cultured in DMEM 
medium with 10% FBS for 0 to 100 h (scale bar, 50 µm). Data are presented as mean ± standard deviation (SD) from there independent experiments. *P<0.05, 
**P<0.01 vs. MCF-7 cells.
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treatment for 48 h significantly increased the percentage of 
early apoptotic MCF-7 MS cells compared with the vehicle 
control  (Fig.  3C). SAL treatment increased apoptosis of 
MCF-7  MS cells in a dose-dependent manner. However, 
compared with vehicle controls, SAL (30 and 60 nM) treat-
ment for 48 h did not result in a significant change in the 
proportions of MCF-7 MS cells in G1, S, and G2 phases of the 
cell cycle (Fig. 3D).

We then investigated the effects of SAL on migration 
and invasion of MCF-7 MS cells using Transwell migration 
and invasion assays. Compared with vehicle controls, SAL 
(30 and 60 nM) treatment for 48 h resulted in a significantly 
lower number of MCF-7 MS cells that migrated into the lower 
chambers (Fig. 3E). SAL-induced inhibition of cell migration 
and invasion was dose-dependent.

The Hh signaling pathway is highly activated in MCF-7 MS 
cells and its activation can be effectively inhibited by salino-
mycin. The Hh signaling pathway regulates cell proliferation, 
apoptosis, and differentiation during normal development, and 
plays an important role in CSC maintenance and carcinogen-
esis (6,8). Thus, we presumed that the Hh signaling pathway may 
be involved in SAL-induced cytotoxicity toward MCF-7 MS 
cells. We examined the protein expression of the main compo-
nents of the Hh signaling pathway in MCF-7 and MCF-7 MS 
cells, including the Patched (PTCH) receptor, Smoothened 
(SMO), Gli1, and Gli2. Western blot analysis showed that the 
expression levels of PTCH, SMO, Gli1, and Gli2 were signifi-
cantly higher in MCF-7 MS cells than in MCF-7 cells (Fig. 4A), 
suggesting that the Hh signaling pathway was highly activated 
in MCF-7 MS cells. As expected, SAL (30 and 60 nM) effec-
tively inhibited the expression of PTCH, SMO, Gli1, and Gli2 
in MCF-7 MS cells dose‑dependenly (Fig. 4B). Consistently 
with western blot results, immunofluorescence results showed 
that the expression of PTCH, SMO, Gli1, and Gli2 was substan-
tially decreased in MCF-7 MS cells after the treatment of 
SAL (Fig. 4C). In addition, we examined the nuclear expression 
of Gli1, which more reliably reflects Hh signaling activation. 

The nuclear expression of Gli1 was significantly inhibited by 
SAL treatment (Fig. 4D).

Oncogene C-myc, anti-apoptotic gene Bcl-2, cell cycle 
regulator cyclin  D1, and transcription factor Snail are 
important downstream target genes of the Hh/Gli signaling 
pathway (33-36). To further demonstrate SAL-induced inhi-
bition on Hh signaling activation, we investigated the effect 
of SAL on the protein expression of C-myc, Bcl-2, cyclin D1, 
and Snail. Western blot analysis showed that SAL (30 and 
60 nM) significantly reduced the expression of C-myc, Bcl-2, 
and Snail, but not cyclin D1 (Fig. 5). The inhibitory effect of 
SAL on the expression of C-myc, Bcl-2, and Snail was dose-
dependent. These findings suggested that salinomycin could 
effectively inhibit the activation of Hh signaling pathway in 
MCF-7 MS cells.

Shh-mediated Hh signaling activation largely reverses 
SAL-induced cytotoxicity toward MCF-7 MS cells. To deter-
mine whether SAL-induced inhibition of the Hh signaling 
pathway is required for its selective cytotoxicity against 
MCF-7 MS cells, we conducted a series of rescue assays. Shh 
is a ligand that can activate the Hh signaling pathway (37), and 
therefore we used it for the rescue assays. As shown in Fig. 6A, 
Shh (3 µg/ml) significantly increased the expression of PTCH, 
SMO, Gli1, and Gli2, indicating that Shh could activate the 
Hh signaling pathway in MCF-7  MS cells. As expected, 
Shh treatment could largely reverse SAL-induced inhibition 
on the expression of PTCH, SMO, Gli1, Gli2 (Fig. 6A) and 
downstream target genes, C-myc, Bcl-2, and Snail (Fig. 6B) in 
MCF-7 MS cells, suggesting that Shh prevented SAL-induced 
inhibition on Hh signaling activation.

We then investigated the effect of Shh on SAL-induced 
cytotoxicity in MCF-7 MS cells. Shh (3 µg/ml) significantly 
promoted cell viability of MCF-7 MS cells compared with the 
vehicle control (Fig. 6C). Moreover, Shh treatment could largely 
reverse SAL-induced decrease in cell viability of MCF-7 MS 
cells  (Fig.  6C). In addition, we found that Shh  (3  µg/ml) 
significantly promoted mammosphere formation and Shh 

Figure 2. MCF-7 MS cells display high tumorigenicity. (A) Tumor incidence in mouse xenografts at 6 weeks after subcutaneous injection with the indicated 
number of MCF-7 and MCF-7 MS cells (n=6 per group). (B) The weight of tumors induced by inoculation with 2x106 MCF-7 or MCF-7 MS cells after mice 
were sacrificed at 6 weeks from cell inoculation. n=5. (C) Western blot analysis showing higher expression of OCT4 in tumors transplanted with MCF-7 MS 
cells than in those transplanted with MCF-7 cells. GAPDH is a loading control. The expression level of OCT4 was normalized to that of GAPDH. The OCT4/
GAPDH ratio in MCF-7 cells was set as 1. Data are presented as mean ± SD from there independent experiments. **P<0.01 vs. MCF-7 cells.
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treatment could largely reverse SAL-induced inhibition on 
mammosphere formation (Fig. 6D). These results suggest that 

the Hh signaling pathway is critical for SAL-induced selective 
cytotoxicity against BCSC-enriched MCF-7 MS cells.

Figure 3. Salinomycin (SAL) inhibits proliferation, induces apoptosis, and reduces migration and invasion of MCF-7 MS cells. (A) The survival rate of MCF-7 
and MCF-7 MS cells after treatment with different concentrations of SAL (10-10,000 nM) for 48 h. Cell viability was measured by CCK-8 assay. n=3 for each 
data point. (B) The primary and secondary mammosphere formation of MCF-7 MS cells after the treatment with 30 and 60 nM SAL or DMSO as a control 
for 48 h (scale bar, 100 µm). (C) Flow cytometric analysis of apoptosis of MCF-7 MS cells stained with Annexin V and PI. MCF-7 MS cells were treated with 
30 and 60 nM SAL or DMSO as a control for 48 h. Cells in the lower right quadrant represent early apoptotic cells that are Annexin V-positive and PI-negative. 
(D) Flow cytometric analysis showing cell cycle distribution of MCF-7 MS cells stained with propidium iodide (PI). (E) Transwell migration and invasion 
assays showing SAL inhibited migration and invasion of MCF-7 MS cells. Cells that migrated or invaded into the lower Transwell chambers were counted 
(scale bar, 20 µm). The number of control cells migrating or invading to the lower chambers was set as 100%. Data are presented as mean ± SD from there 
independent experiments. *P<0.05, **P<0.01 vs. control.
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Discussion

Recent studies proposed that CSCs are responsible for 
tumor chemoresistance, recurrence, and metastasis (3,5,38). 
A subpopulation of breast cancer with the expression of the 
surface marker CD44+CD24-/low has been shown to display stem 
cell-like properties with tumorigenic potential (32). However, 

CSCs are rare, making them very difficult to isolate and study. 
Ponti et al have reported that CD44+CD24-/low cells with stem 
cell-like properties are enriched in mammospheres obtained 
from culturing of breast cancer samples and breast cancer 
MCF-7 cells in suspension in serum-free medium (29). In the 
present study, we applied a similar procedure for culturing 
MCF-7 cells and obtained CD44+CD24-/low cell-enriched 

Figure 4. Salinomycin (SAL) inhibits Hh signaling activation in MCF-7 MS cells. (A) Western blot analysis showing the expression of PTCH, SMO, Gli1, and 
Gli2 in MCF-7 and MCF-7 MS cells. GAPDH is a loading control. The expression level of PTCH, SMO, Gli1, and Gli2 was normalized to that of GAPDH. The 
expression levels of these proteins in MCF-7 cells were set as 1. (B) Western blot analysis showing the expression of PTCH, SMO, Gli1, and Gli2 in MCF-7 MS 
cells treated with 30 and 60 nM SAL or DMSO as a control for 48 h. GAPDH was a loading control. The expression level of PTCH, SMO, Gli1, and Gli2 was 
normalized to that of GAPDH l. The expression levels of these proteins in control cells were set as 100%. (C) Representative immunofluorescence images 
showing the expression of PTCH, SMO, Gli1 and Gli2 in MCF-7 MS cells treated with 30 and 60 nM SAL or DMSO as a control for 48 h (scale bar, 10 µm). 
(D) Western blot analysis showing the nuclear expression of Gli1 in MCF-7 MS cells treated with 30 and 60 nM SAL or DMSO as a control for 48 h. Histone H3 
is a loading control. The expression level of Gli1 was normalized to that of histone H3. The expression levels of Gli1 in control cells were set as 100%. Data 
are presented as mean ± SD from there independent experiments. *P<0.05, **P<0.01 vs. control.
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mammospheres. In addition, MCF-7 MS cells are featured 
with high expression of the stem cell marker OCT4, increased 
colony-forming ability, strong migration and invasion capa-
bilities, re-differentiation potential, and strong tumorigenicity 
in vivo. These properties are typical characteristics of breast 
CSCs (29,39,40).

Salinomycin (SAL) has been identified as a selective 
inhibitor of breast CSCs  (16), and its selective inhibition 
on CSCs has also been observed in other cancers including 
colorectal cancer, gastric cancer, pancreatic cancer, head and 
neck squamous cell carcinoma (17-21). Here we showed that 
SAL exerted selective cytotoxicity to MCF-7 MS cells with 
an IC50 value of 99 nM, which was ~82-fold lower compared 
with parental MCF-7 cells, suggesting that SAL selectively 
killed MCF-7 MS cells. In addition, Dong et al found that SAL 
selectively targeted CD133+ cell subpopulations and reduced 
cell migration in colorectal cancer cells (17). In the present 
study, we found that SAL reduced migration and invasion of 
MCF-7 MS cells. These studies suggest that SAL may prevent 
cancer metastasis. Additionally, SAL selectively induces 
cell apoptosis in chronic lymphocytic leukemia cells  (27). 
Similarly, we found that SAL induced apoptosis in MCF-7 MS 
cells.

The mechanisms underlying SAL-induced cytotoxicity to 
CSCs remain unclear. Lu et al reported that SAL inhibited 
the Wnt signaling pathway in chronic lymphocytic leukemia 
cells (27). In addition, SAL has been found to inhibit CSCs 

in osteosarcoma and endometrial cancer and downregulate 
Wnt signaling (21,28). It is well known that similar to the Wnt 
signaling pathway, the Hh signaling pathway plays an impor-
tant role in maintaining self-renewal of stem cells  (37,41). 
The Hh signaling pathway is activated by binding of ligands 
to the PTCH receptor and subsequently alleviating inhibition 
of SMO, thus regulating the expression of Gli transcrip-
tion factors (33-36). It has been reported that the expression 
of PTCH, SMO, Gli1 and Gli2 are upregulated in breast 
CSCs (37). In the present study, we found that the expression 
of PTCH, SMO, Gli1, and Gli2 was significantly higher in 
MCF-7 MS cells, T47D MS cells and MCF-7 MS xenograft 
tumors, suggesting that the Hh signaling pathway is activated 
in breast CSCs. In addition, we found that SAL inhibited Hh 
signaling activation, and Hh signaling activation reduced 
SAL-induced cytotoxicity in MCF-7 MS cells, suggesting 
that the Hh signaling pathway is involved in SAL-induced 
cytotoxicity to breast CSCs. Tanaka et al reported that inhibi-
tion of the Hh signaling pathway decreased proliferation of 
CD44+CD24-/low breast cancer cells (14), suggesting that the 
Hh signaling pathway plays an important role in maintaining 
proliferation of breast CSCs. In agreement with their find-
ings, we found that SAL inhibited Hh signaling activation, 
and decreased CD44+CD24-/low cell-enriched mammosphere 
formation, suggesting that SAL reduces proliferation of breast 
CSCs via inhibition of the Hh signaling pathway. Recently, 
Lu et al reported that salinomycin exerted anticancer effects 

Figure 5. Salinomycin (SAL) inhibits the protein expression of the downstream target genes of the Hh/Gli signaling pathway. Western blot analysis showed the 
expression of (A) C-myc, (B) Bcl-2, (C) Snail, and (D) cyclin D1 in MCF-7 MS cells treated with 30 and 60 nM SAL or DMSO as a control for 48 h. GAPDH 
is a loading control. The expression level of C-myc, Bcl-2, Snail, and cyclin D1 was normalized to that of GAPDH. The expression levels of these proteins in 
control cells were set as 100%. Data are presented as mean ± SD from there independent experiments. **P<0.01 vs. control.
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on MCF-7 cells via modulation of Hedgehog signaling (42). 
However, their study focused on the anticancer effects of 
salinomycin on MCF-7 cells, not breast cancer stem cells. 
While in the present study we demonstrated that salinomycin 
selectively induced cytotoxicity to BCSC-enriched MCF-7 
mammosphere cells through targeting the Hedgehog signaling 
pathway.

Hh/Gli signaling activation results in an increase in 
the expression of many downstream target genes including 
C-myc, Bcl-2, cyclin  D1, and Snail, which regulate cell 
proliferation, apoptosis, cell cycle, migration, and epithelial-
mesenchymal transition (EMT) (33-36). It has been reported 
that C-myc is required for proliferation and self-renewal of 
normal stem cell and CSCs (43,44). Our findings that SAL 

significantly inhibited cell proliferation and reduced the 
expression of C-myc in MCF-7 MS cells suggest that SAL 
may inhibit breast CSC proliferation via the downregulation 
of C-myc. In addition, we also found that SAL induced cell 
apoptosis and downregulated the expression of anti-apoptotic 
Bcl-2 proteins in MCF-7 MS cells, suggesting that SAL may 
induce breast CSC apoptosis via the downregulation of Bcl-2. 
Consistently with our findings, Fu et al found that inhibition 
of Bcl-2 expression promoted pancreatic CSC apoptosis (45). 
Furthermore, we found that SAL inhibited cell migration and 
invasion in MCF-7 MS cells and reduced the expression of 
Snail, a transcription factor that regulates EMT (46,47). It 
has been reported that blockade of Hh signaling downregu-
lates the expression of Snail, and inhibits pancreatic cancer 

Figure 6. Hh signaling activation decreases SAL-induced cytotoxicity in MCF-7 MS cells. (A) Western blot analysis showing the expression of PTCH, SMO, 
Gli1, and Gli2 in MCF-7 MS cells treated with SAL (60 nM), Shh (3 µg/ml), SAL (60 nM) + Shh (3 µg/ml), or DMSO as a control for 48 h. GAPDH is a 
loading control. The expression level of PTCH, SMO, Gli1, and Gli2 was normalized to that of GAPDH. The expression levels of these proteins in control cells 
were set as 1. (B) Western blot analysis showing the expression of C-myc, Bcl-2, and Snail in MCF-7 MS cells treated with SAL (60 nM), Shh (3 µg/ml), SAL 
(60 nM) + Shh (3 µg/ml), or DMSO as a control for 48 h. GAPDH is a loading control. The expression level of C-myc, Bcl-2, and Snail was normalized to that 
of GAPDH. The expression levels of these proteins in control cells were set as 1. (C) Cell viability of MCF-7 MS cells after treatment with SAL (60 nM), Shh 
(3 µg/ml), SAL (60 nM) + Shh (3 µg/ml), or DMSO as a control for 48 h was measured by CCK-8 assay. (D) Mammosphere formation assay of MCF-7 MS 
cells after treatment with SAL (60 nM), Shh (3 µg/ml), SAL (60 nM) + Shh (3 µg/ml), or DMSO as a control for 48 h (scale bar, 100 µm). Data are presented 
as mean ± SD from there independent experiments. *P<0.05, **P<0.01 vs. control. #P<0.05, ##P<0.01 vs. SAL alone.



fu et al:  Salinomycin kills MCF-7 mammosphere cells via Hedgehog pathway 921

invasion and metastases (48). Therefore, SAL may inhibit 
breast CSC migration and invasion by inhibiting the expres-
sion of Snail. Taken together, these results suggests that SAL 
may produce cytotoxicity to MCF-7 MS cells via repressing 
the Hh/Gli signaling pathway by inhibiting C-myc expres-
sion to reduce cell proliferation, inhibiting Bcl-2 expression 
to promote cell apoptosis, and inhibiting Snail expression to 
reduce cell migration and invasion.

Cell cycle regulator cyclin D1 is one of the downstream 
target genes of the Hh signaling pathway (35). However, in the 
present study, although SAL inhibited Hh signaling activation 
in MCF-7 MS cells, SAL did not alter the expression of cell 
cycle regulator cyclin D1, and did not cause cell cycle arrest 
measured by flow cytometry. Similarly, SAL-induced apop-
tosis is not accompanied by cell cycle arrest in human Molt-4 
leukemia cells (49). In contrast, it has been reported that SAL 
downregulates the expression of cyclin D1 in ovarian cancer 
and endometrial cancer cells, and induces apoptosis via cell 
cycle arrest at G1 in ovarian cancer cells (50). The effect of SAL 
on cell cycle regulation seems to be cell-context dependent.

In summary, we found that SAL exerted cytotoxicity to 
MCF-7 MS cells by inhibiting proliferation, inducing apop-
tosis, and reducing migration and invasion, but not affecting 
the cell cycle. SAL-induced cytotoxicity was associated with 
inhibition of Hh signaling activation and the expression of 
downstream target genes including C-myc, Bcl-2 and Snail, 
but not cyclin D1. Therefore, our studies not only revealed 
a novel molecular mechanism underlying SAL-induced 
selective cytotoxicity to BCSCs, but also suggest that the 
Hh signaling pathway likely plays an important role in the 
maintenance of CSC properties of breast cancer cells, and 
this pathway is a possible drug target for the treatment of 
breast cancer.
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