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The Triple-negative Breast Cancer Cell Line MDA-MB 231 Is
Specifically Inhibited by the Ionophore Salinomycin
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Abstract. Background/Aim: Tumour cells of the profile
CD44*/CD24'%'~ have a high tumorigenic potential.
Salinomycin can specifically inhibit the growth of these cells.
Herein, we investigated the effects of salinomycin on the
viability and migration of triple negative breast cancer cells.
Materials and Methods: We analysed two cell lines: i) triple-
negative MDA-MB 231 breast cancer cells and ii) a
cytokeratin 18-transfected, re-differentiated subclone of the
MDA-MB 231 cell line. The viability was determined using an
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) test, and the migration was determined using 24-h
videography. The expression of oestrogen receptor was
determined using immunohistochemistry. Results: Salinomycin
reduces all migration parameters in MDA- MB 231 cells. A
significant correlation was found between increasing
salinomycin concentrations and loss of cell viability, which
was significantly less noticeable in the transfected control
cells. Conclusion: With salinomycin there is a specific
inhibition of MDA- MB 231 cells. Since MDA- MB 231 has
over 90% cells with the profile CD44*/CD24"""~, these might
represent a possible point of attack for salinomycin.

Breast cancer is one of the most common malignant diseases
in women, with more than a million new cases every year
worldwide (1). Immunohistochemical criteria as well as gene
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expression profile analyses allow a refined classification of
this disease entity (2). Depending on the case, specific therapy
can target hormones (3, 4) or use targeted antibodies, such as
Trastuzumab used in cases of HER2/neu overexpression (5).

Triple negative breast cancer cells neither present with an
expression of oestrogen or progesterone receptors, nor an
overexpression of HER2, such that anti-hormonal and
targeted therapies are not promising (6).

In order to explain the formation of malignant tumours, a
new focus of research has led to the cancer stem cell
hypothesis. This hypothesis was first postulated in 1997 by
Bonnet and Dick with respect to acute myeloid leukaemia
and in 2003 it was also applied to breast cancer. According
to this, breast cancer cells with surface profile
CD44%/CD24"°%/~ have a considerably higher tumorigenic
potential (7, 8), and they are in high proportion (9).

Salinomycin is a carboxylic ionophor with an antibiotic
effect, which can specifically transport monovalent positive
ions, with a preference for potassium ions, across biological
membranes (10). It has already been used for decades in
poultry farming to prevent coccidiosis and as a food
supplement in breeding pigs and cows to stimulate their
growth (11, 12). In 2009, a specific cytotoxic effect of
salinomycin on breast cancer cells with the surface marker
profile CD44*/CD24!°%~ was demonstrated (13).

The breast cancer cell line MDA-MB 231 is a triple-
negative cell line with a mesenchymal phenotype with over
90% of the total population expressing CD44*/CD2410%/~
(14). With regard to the findings of Gupta et al., a clear
inhibitory effect of salinomycin could also be expected in
MDA-MB 231 cells. The aim of this study was, therefore, to
investigate whether salinomycin actually significantly
inhibits these cells. This would then possibly open up a new
option in the therapy of the triple negative breast carcinoma,
which is difficult to treat so far.
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Materials and Methods

Cell lines. The experiments were carried out on the established
triple negative breast cancer cell line MDA-MB 231. As a control
group we used a re-differentiated subclone of MDA-MB 231 cells,
which were transfected with cytokeratin (CK)-18 expressing vector
(15). In addition, MCF7 breast cancer cells served as a positive
control for the expression of the oestrogen receptor.

Videography. Motility parameters were analysed with a self-
constructed videography system as described previously (16). For a
videography sequence, the cells were seeded into 35mm Petri
dishes, at a density of 16,000 cells per dish. The influence of
salinomycin on the motility of the two cell lines was investigated
at the following concentrations: i) 5x10-7, ii) 1079, iii) 5x10-9, iv)
105 and v) 5x10-5 mol/l. The videography apparatus was
constructed on top of an inverted microscope connected to a digital
camera. Instead of the XY table, a climatised chamber was attached,
in which, inside a six-hole tray, a maximum of 6 individual Petri
dishes measuring 35x10 mm could be placed. The chamber was gas-
sealed and the temperature was stabilised at 37°C. The chamber
could move freely along all three axes using linear motors. The
control software made it possible to select the number of fields of
view, which could be photographed at any chosen time point. The
motility of the cells was observed over 24 h. Three fields of view
with approximately 20-30 cells in each field were chosen and
photographed at 15-min intervals. The image data from each field
of view were evaluated. Following tracking, the following
parameters of cell behaviour were analysed using the “Chemotaxis
and Migration Tool”, provided by Ibidi (ibidi GmbH, Grifelfing,
Germany) (https://ibidi.com/chemotaxis-analysis/171-chemotaxis-
and-migration-tool.html): i) cell migration speed (V) (um/min), ii)
Euclidean distance (ED) (um/24 hours) and iii) accumulated
distance (AD) (um/24 hours).

Immunostaining of the oestrogen receptor (ER). The cells were
seeded on glass cover slips and were fixed the next day with ice-cold
MAF (47.5% methanol, 47.5% acetone, 5% formalin (10% in PBS
buffer) for 30 minutes at room temperature. The cells were
subsequently incubated with a monoclonal rabbit anti-ER antibody
(1:100, Neomarkers SP1 RM9101, Thermo-Fisher, Dreieich,
Germany) for 1 h at 37 °C, followed by incubation with a biotinylated
goat anti-rabbit-IgG antibody (1:400, Jackson IR 111-065-003,
Biozol, Eching, Germany), and finally with a streptavidin-AP
conjugate (1:400, 11 112 481 001, Roche Diagnostics, Mannheim,
Germany). The AP colour reaction to detect ER was performed using
the Dako Liquid Permanent Red kit (KO640, Agilent-Dako,
Hamburg, Germany), according to the manufacturer's instructions.

Inhibition of proliferation by salinomycin. A standard MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed to determine the proliferation rate as described earlier
(17). The cells were seeded at a density of 5,000 cells/well into a
96-well plate. The influence of salinomycin (S4526, Sigma-Aldrich,
Taufkirchen, Germany) on the proliferation of the cells was
evaluated in the following concentrations: i) 10-7, ii) 5x10-7, iii)
1076, iv) 5x10-6, v) 10-3, vi) 1.25x10-5, vii) 2.5x10-3, viii) 5x10-3,
ix) 7.5%10-5, x) 104, and xi) 5x10~4 mol/l. The cell viability was
determined after 72 hours. These experiments were performed in
triplicates.
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Statistical analysis. The statistical evaluation was carried out in
Prism 5.0 (Graph Pad Inc., La Jolla, CA, USA), using the #-test for
unpaired samples and regression analysis.

Results

The transfection of a cytokeratin 18-expressing vector into
MDA-MB 231 cells led, as previously described, not only to
the recovery of the keratin expression lost due to the malignant
transformation, but also to the re-establishment of E-cadherin
expression and of other adhesion molecules (15). We now
show in this study that the CK18-transfected cells also express
the oestrogen receptor in contrast to the ER negative wild type.
As shown in Figure 1, the oestrogen receptor expression is
comparably as strong as in the ER-positive MCF7 cell line.
This MDA-MB-231 subclone is, therefore, an ideal control for
the investigations presented here.

Migration speed (V). When salinomycin was used in MDA-
MB 231 cells, a very significant (p<0.0001) loss of their
migration speed was visible, even with the minimum
concentration of 5x10~7 mol/I.

On the contrary, salinomycin in cells transfected with CK
18 had no such effect (Figure 2).

Accumulated distance (AD). As expected, under the influence of
salinomycin, in MDA-MB 231 cells there was a very significant
decline in accumulated distance (p<0.0001), while no inhibiting
effect was observed in the control group (Figure 3).

Euclidean distance (ED). Unlike the migration speed and the
accumulated distance, a statistically significant decline
(p<0.05) in this parameter could only be seen in the MDA-
MB 231 cells with a starting salinomycin concentration of
10~ mol/I and upwards. No inhibiting effect was seen in the
control group (Figure 4).

Cell viability. For the direct comparison of the cell viability in
the control group transfected with CK 18, the calculation of ICs,
(half maximal inhibitory concentration) was carried out using
regression analysis. Following 24 h of incubation with
salinomycin, the concentration of the drug had to be
60-times higher in the cells transfected with CK18 to reach ICs,
compared to the undifferentiated MDA-MB 231 cells. Following
a 72-h incubation with salinomycin, the cells transfected with
CK 18 required a 10-times higher concentration of the drug to
reach IC5, compared to the MDA-MB 231 cells (Figure 5).

Discussion
The inhibiting effect of salinomycin on tumour cells with

stem cell properties has been known since the work of Gupta
et al., and it has since been extended on additional tumour
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Figure 1. Immunostaining of the oestrogen receptor in MDA-MB 231 (CK18) cells (A) and the positive control, MCF-7 cells (B), using an anti-ER

antibody (red). Scale bars: 30 um.

entities, such as osteosarcoma (18) and endometrial cancer
(19). These studies suggest that salinomycin enacts in a
specific manner on tumour cells with stem cell properties.
MDA-MB 231 is a triple negative cell line with poor
differentiation and with a mesenchymal phenotype, along
with a high expression of vimentin and an associated highly
invasive behaviour (20). The tumour stem cell markers of
breast cancer, according to Al-Hajj et al., involve a
combination of the surface markers CD44%/CD241°%/~ (8).
Admittedly, according to Fillmore and Kuperwasser, MDA-
MB 231 cells present the aforementioned surface marker
profile in a proportion of more than 90% of the total
population, a finding which has also been confirmed by other
investigators, however, it may not be sufficient for an

aggressive tumour-inducing effect (21, 22). Interestingly,
another cell population with the marker profile
CD44*/CD241°%~ ESA* may have a higher tumour-inducing
potential, however, the fraction of these cells constitutes
approximately only 2% of the total cell mass (21).

The aim of this work was to investigate the degree to which
cell viability and migration of the triple-negative breast cancer
cell line MDA-MB 231 are influenced by salinomycin. As a
control group we used the re-differentiated subclone of MDA-
MB 231 cells transfected with CK18. In migration tests using
various cell lines, including MDA-MB 231, Kopp et al., were
able to demonstrate an inhibition of migration ability with
salinomycin, using either the Boyden chamber assay or the
scratch assay (23). Based on these results, it was assumed that
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Figure 2. Migration rate of cells following incubation with salinomycin. The triple-negative MDA-MB 231 cells are strongly inhibited depending
on the dose, while the ionophore has no significant influence on the migratory speed of the ER-expressing cells. Mean values+S.E.M. are shown.
Red bars: MDA-MB 231 wild type, blue bars: MDA-MB 231 (CK18). ***p<0.001; n=6-9.
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Figure 3. Total distance travelled by the cells following incubation with salinomycin. The cells were observed by time-lapse videography over 24
hours and the distance covered was analysed. The total distance of the triple negative MDA-MB 231 cells is significantly decreased by salinomycin
in a dose-dependent manner, whereas the ER-expressing cells are not affected. Mean values+S.E.M. are shown. Red bars: MDA-MB 231 wild type,
blue bars: MDA-MB 231 (CK18). ***p<0.001; n=6-9.
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Figure 4. Euclidean distance of the cells following incubation with salinomycin. The cells were observed by time-lapse videography over 24 h and
the distance of each cell’s trajectory from its original position to the final point was analysed. The distance that MDA-MB 231 cells travelled was
reduced by salinomycin in a dose-dependent manner, albeit at a less significant level compared to the accumulated distance. The Euclidean distance
of the ER-expressing cells was not significantly affected by salinomycin. Mean values+S.E.M. are shown. Red bars: MDA-MB 231 wild type, blue
bars: MDA-MB 231 (CK18). *p<0.05; ***p<0.001; n=6-9.
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Figure 5. Proliferation rates are reduced by salinomycin. Regression analysis of the normalised mean values of 3 independent experiments shows
that salinomycin reduces the proliferation rate in both cell lines, with the MDA-MB 231 cells (ICsy=1075) being significantly more affected compared
to the ER-positive MDA-MB 231 cells (IC5y=6x10~%) (the black dotted line points where ICs is reached in both cases). Red circles: MDA-MB 231
wild type; blue bars: MDA-MB 231 (CK18). **p<0.01.
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in addition to tumour stem cells, other types of tumour cells
with no defined stem cell characteristics (e.g. tumour
induction) could also be inhibited by salinomycin in their
migratory potential (23). The results found in this study
confirm the assumptions of Kopp et al. Using videography
gives more reliable results compared to the other two methods
(migration in the Boyden chamber and the scratch assay), as
it specifically measures the migration potential of the cells
investigated. Specifically, in transwell experiments, a cytokine
gradient must be created for the cells to migrate through the
membrane. This means that what is measured is, therefore
inevitably, always a mixture of migration and chemotaxis. In
the scratch assay, the wound is not only closed by migrating
cells, but also by the proliferating cells at the edges. Such side
effects, which falsify the migration values, are not to be
expected in the analyses that use data from videography.
Using 24hour videography, a salinomycin concentration range
between 5x10~7 mol/l and 5x107> mol/l demonstrated a
statistically significant decline in all three migration
parameters (V, AD and ED) in MDA-MB 231 cells. Similar
results were shown with respect to the cell viability. For both
cell lines (MDA-MB 231 and MDA-MB 231 (CK18) a highly
significant correlation could be demonstrated between an
increasing salinomycin concentration and a decrease in cell
viability, a finding which is also supported by the viability
studies by An et al. (24). The obtained ICs( values show that
MDA-MB 231 CK18 cells have a significantly higher
tolerance to salinomycin than MDA-MB 231 cells. Since
salinomycin exerts a clear inhibition of the motility parameters
even at the smallest concentration studied, the analyses should
possibly be refined to lower doses.

According to Fillmore and Kuperwasser, the MDA-MB
231 cell line presents stem cell properties in only a 2% of
the total population, while a major effect was obvious in a
large proportion of cells. Taken together, our results suggest
that salinomycin also acts effectively in cells with no stem
cell properties.

The present work shows that the specific inhibition of cancer
stem cells by salinomycin, previously described by Gupta et
al., is also effective in breast cancer cells of the triple negative
subtype. lonophores, such as salinomycin, may therefore
potentially be an option for the therapy of this tumour entity,
which is otherwise difficult to access medicinally.
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