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Abstract The search for anticancer drugs has led researchers
to study salinomycin, an ionophore antibiotic that selectively
destroys cancer stem cells. In this study, salinomycin was
assessed in two human cell lines, a breast adenocarcinoma
(MCF-7) and a non-tumor breast cell line (HB4a), to verify
its selective action against tumor cells. Real-time assessment
of cell proliferation showed that HB4a cells are more resistant
to salinomycin than MCF-7 tumor cell line, and these data
were confirmed in a cytotoxicity assay. The half maximal
inhibitory concentration (ICsq) values show the increased sen-
sitivity of MCF-7 cells to salinomycin. In the comet assay,
only MCF-7 cells showed the induction of DNA damage.
Flow cytometric analysis showed that cell death by
apoptosis/necrosis was only induced in the MCF-7 cells.
The increased expression of GADD454 and CDKNIA genes
was observed in all cell lines. Decreased expression of
CCNA2 and CCNBI genes occurred only in tumor cells, sug-
gesting G2/M cell cycle arrest. Consequently, cell death was
activated in tumor cells through strong inhibition of the
antiapoptotic genes BCL-2, BCL-XL, and BIRCS5 genes in
MCF-7 cells. These data demonstrate the selectivity of
salinomycin in killing human mammary tumor cells. The cell
death observed only in MCF-7 tumor cells was confirmed by
gene expression analysis, where there was downregulation of
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antiapoptotic genes. These data contribute to clarifying the
mechanism of action of salinomycin as a promising antitumor
drug and, for the first time, we observed the higher resistance
of HB4a non-tumor breast cells to salinomycin.
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Introduction

Cancer is one of the most concerning diseases for researchers
because of its increasing incidence worldwide. Two factors
hindering cancer treatment are chemotherapy resistance and
disease recurrence. Furthermore, most current anticancer
drugs fail to act selectively against tumor cells, also causing
the death of healthy cells and generating a variety of side
effects (Chari 2008).

Salinomycin is one such drug; it is an ionophore antibiotic
produced by fermentation of Streptomyces albus (Miyazaki
etal. 1974). Salinomycin is used to treat coccidiosis in poultry
(chickens, turkeys, and quails) and in ruminants (Li et al.
2010; Ivanova et al. 2011). Furthermore, salinomycin is used
as a food additive in cattle to change the microbial composi-
tion of the rumen (Callaway et al. 2003). Antitumor activity of
salinomycin was showed first time in 2009 (Gupta et al.
2009), who examined approximately 16,000 compounds and
found that salinomycin had the best results against tumor cells.
In that study, salinomycin showed selective activity against
cancer stem cells 100 times more effectively than paclitaxel,
a chemotherapy agent commonly used for breast cancer treat-
ment. Cancer stem cells account for a small part of the tumor
and show both resistance to current therapies (chemotherapy
and radiotherapy) and regenerative capacity, leading to metas-
tasis and disease recurrence (Eyler and Rich 2008). Further

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00210-016-1225-7&domain=pdf

558

Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:557-571

studies on salinomycin (Fuchs et al. 2009; Zhi et al. 2011; Kim
etal. 2012; Arafat et al. 2013; He et al. 2013; Kim et al. 2013)
have emerged basing on these studies.

Salinomycin induced apoptotic death in human cancer cells
of multiple origins, including in apoptosis-resistant cell lines,
whereas no effect was observed in normal cell lines, including
human lymphocytes (Fuchs et al. 2009). Other studies con-
ducted using osteosarcoma stem cells (Tang et al. 2011), pros-
tate cancer cells (Kim et al. 2011; Ketola et al. 2012), non-
small-cell lung cancer cell lines (Arafat et al. 2013; Li et al.
2013), a pancreatic cancer cell line (He et al. 2013), a gastric
cancer cell line (Zhi et al. 2011), a hepatocellular carcinoma
cell line (Wang et al. 2012), and an ovarian cancer cell line
(Koo et al. 2013) showed the efficacy of salinomycin in
targeting tumor cells.

Although several studies have suggested that salinomycin
is a promising drug against various types of cancer, several
authors have reported its toxicity in horses (Rollinson et al.
1987), turkeys (Griffiths et al. 1989), pigs (Kavanagh and
Sparrow 1990), cats (van der Linde-Sipman et al. 1999),
humans (Story and Doube 2004), and calves (Omidi 2010),
and it shows neurotoxicity in cells from primary mouse em-
bryos (Boehmerle and Endres 2011). Studies on its toxicity
and side effects are necessary for identifying its putative
mechanisms of action before it can be recommended as a
chemotherapeutic drug.

Flow cytometric studies of the cell cycle phases and of
apoptosis induction, among others, combined with the assess-
ment of molecular markers of gene expression by real-time
quantitative polymerase chain reaction (RT-qPCR) may help
identify the effects of new drugs in the fight against cancer.
Cancer is characterized by abnormal cell proliferation, char-
acteristic shown in several tumor cell lines with different ge-
netic disorders involved in carcinogenesis. Therefore, cell cul-
ture experiments are important for the evidence-based in vitro
study of the main therapeutic approaches to cancer. Thus,
given the promising use of salinomycin in cancer treatment
and because its mechanism remains little known, the present
study aimed to assess the selective activity of salinomycin
against human tumor cells and to clarify its mechanism of
action. For this purpose, salinomycin was tested in two mam-
mary human cell line, a tumor and a non-tumor cell line re-
garding cytotoxicity, genotoxicity, apoptosis induction, cell
cycle, and expression analysis of genes involved in cell cycle
control, apoptosis induction, and the DNA damage response.

Materials and methods
Cell culture

The human breast adenocarcinoma line MCF-7 (Michigan
Cancer Foundation-7) and the non-tumor human breast
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epithelial cell line HB4a were used in this study. The cells
were grown in 25-cm” culture flasks containing Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Life Technologies),
supplemented with 10 % fetal bovine serum (FBS; Gibco, Life
Technologies), and maintained in a 5 % CO, incubator at
37 °C (Ultrasafe HF 212 UV). The cell lines were supplement-
ed with insulin (Gibco, Life Technologies) and hydrocortisone
(5 pug/ml). The MCF-7 cell line was purchased from the Cell
Bank of Rio de Janeiro and the cell line HB4a was kindly
provided by the AC Camargo Cancer Center (Hospital AC
Camargo; Sao Paulo, SP).

Chemical agents

Salinomycin (C4,H700O1;), extracted from S. albus, was pur-
chased from Sigma (S4526) and diluted in dimethylsulfoxide
(DMSO; Acros Organics). The DMSO concentration did not
exceed 0.25 % in the culture medium. In the Real-Time Cell
Analyzer (RTCA) and cytotoxicity assay (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
MTT assay), the chemotherapy agent doxorubicin
(Adriblastina®) (Pharmacia), diluted in DMEM to 5 uM,
was used as a control for the induction of DNA damage.
Furthermore, 1 uM doxorubicin was used in the genotoxicity
assessment. The dye Hoechst 33342 (Sigma) at 10 pg/ml was
used for the morphological analysis of cells in the apoptosis
induction analysis.

Real-time cell analyzer

The RTCA xCELLigence (Roche Diagnostic) enables the
real-time assessment of the growth of cells with and without
exposure to different concentrations of the compound of in-
terest. This is possible because of gold microelectrodes
coupled to the base of a 96-well culture plate called an E-
Plate. Those electrodes are connected to a computer that mea-
sures differences in impedance within an electrical circuit
(Martinez-Serra et al. 2014). The impedance reflects changes
in adhesion or detachment of cells from the well, as well as
changes in cell morphology (Roshan et al. 2015). Those data
are converted into a cell index value: the greater the well
surface area occupied by cells, the greater the cell index value.
A titration was performed before starting the analysis to assess
the number of cells that enable steady growth during the treat-
ment period, without the cells reaching a plateau. The optimal
number of cells must be defined to ensure that they will re-
ceive treatment at an optimal time, when the cells are in the
exponential growth phase. The numbers of cells established
were as follows: 3125 HB4a cells and 6250 MCF-7 cells per
well, with 100 pl media, in a 96-well plate. These numbers of
cells and the amount of culture medium were maintained in
the other tests. Cells were seeded in 96-well E-plates. The
concentrations of 5, 10, 20, 40, and 80 uM salinomycin were
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selected to assess the proliferation of the three cell lines.
DMSO at 0.25 % and 0.5 % PBS buffer (0.02 % KCI,
0.02 % KH,POy, 0.8 % NaCl, and 0.115 % Na,HPO,) were
added to the culture media as the vehicle control. The treat-
ments were added after 24 h of cell culture, and cell growth
was monitored for 96 h, with readings taken every 30 min.
The normalized cell index was calculated using the RTCA
software (Roche Diagnostic, Germany). The experiments
were performed in triplicate.

Cytotoxicity assessment
MTT cytotoxicity assay

The MTT cytotoxicity assay was performed as previously de-
scribed (Mosmann 1983). This method is widely used for cy-
totoxicity, cell viability, and live cell proliferation analyses. The
yellow tetrazolium salt MTT (Invitrogen Life Technologies,
USA) is reduced to purple formazan (1-[4,5-dimethylthiazol-
2-yl]-3,5-diphenylformazan) in live cells. The formazan salt is
dissolved in DMSO following its metabolism by live cells, and
the solution can be analyzed colorimetrically in a spectropho-
tometer. Thus, the higher the number of viable cells, the greater
the intensity of the purple color and the absorbance value. In
this assay, 96-well culture plates were used with 100-ul culture
media containing numbers of cells determined by titration. The
wells corresponding to the blank received no cells. The system
was incubated in a 5 % CO, incubator at 37 °C for 24 h of cell
culture. Next, the respective treatments were added to the cul-
ture media: vehicle control (culture medium with 0.25 %
DMSO and 0.5 % PBS); positive control for DNA damage
induction (doxorubicin 5 uM); and salinomycin 5, 10, 20, 40,
or 80 uM. The cells were exposed to treatments for 24, 48, or
72 h. Following the treatment periods, all contents of the wells
were removed, and 100 pul of 0.5 mg/ml MTT diluted in serum-
free culture media was added to each well. The cells were then
incubated at 37 °C for 4 h. The MTT solution was removed
from the wells after this period, and 100 ul of DMSO was
added to dilute the formazan crystals. The readings were taken
using a spectrophotometer (Thermoplate) at 540 nm. The as-
sessments were performed in three experiments (plates) with
five technical replicates of treatments/each plate.

ICsy calculation

The calculation of the half maximal inhibitory concentration
(ICsp), i.e., the concentration that inhibits 50 % of the cell pop-
ulation, was performed using GraphPad Prism software version
5.00 (GraphPad Software, San Diego, California, USA). The
cell viability values obtained in the MTT assay, after 24, 48, and
72 h of exposure to salinomycin, were used for the calculation.
The calculation of percentage cell viability was performed

using the absorbance values obtained in the MTT assay, by
considering the control as 100 % (Huang et al. 2005).

Genotoxicity assessment—comet assay

The comet assay was performed as previously described (Tice
et al. 2000). For this purpose, 6-well culture plates were used
with 5000 cells in 2-ml culture medium. Salinomycin was
assessed for its genotoxicity at concentrations of 10, 20, and
40 uM. Doxorubicin 1 uM was used as a positive control for
DNA damage induction, and the vehicle control contained
culture medium with 0.06 % DMSO and 0.05 % PBS. After
3 h of treatment, cells were harvested, centrifuged, resuspend-
ed in 0.5 % low melting point (LMP) agarose, and distributed
in pre-gelatinized slides with 1.5 % agarose. Cells were im-
mersed in lysis solution (1 % Triton X-100, 10 % DMSO,
14.61 % NaCl, 3.72 % EDTA-titriplex, and 0.12 % Tris) for
60 min at 4 °C and subjected to alkaline conditions in electro-
phoresis buffer (0.5 % 200 mM EDTA-titriplex and 3 % 10 N
NaOH) for 20 min. Electrophoresis was performed at pH 13,
25V, 300 mA for 20 min. Subsequently, the slides were neu-
tralized using neutralizing solution (4.85 % 0.4 M Tris,
pH 7.5) and fixed with absolute ethanol for 10 min. The slides
were stained with 100 pl ethidium bromide (0.002 mg/ml) and
analyzed under a fluorescence microscope (Nikon) at a final
magnification of 400%. The comets were visually classified
into classes 0 to 3 depending on tail length and intensity: (0)
absence of tail; (1) tail with a length of up to 100 % of the
nucleoid (comet head) diameter; (2) tail with a length of up to
200 % of the head diameter; and (3) tail longer than 200 % of
the head diameter. Thus, the longer the tail length, the higher
the genotoxic damage. Cell viability was confirmed using the
dye exclusion method with trypan blue. Cell viability higher
than 80 % was considered satisfactory. The score was calcu-
lated using the following equation: (class 0 x 0 +class 1 x 1+
class 2 x 2 + class 3 x 3). Three experiments were performed,
with two slide replicates/each treatment. A total of 200 nucle-
oids were analyzed in each treatment, with 100 in each slide.

Cell cycle analysis—flow cytometry

Cells were seeded (1.25 x 10° cells/well) in 6-well culture
plates. The culture medium was removed after 24 h of cell
culture, and the new medium was added containing the fol-
lowing treatments: vehicle control, 0.06 % DMSO; 0.05 %
PBS; and salinomycin, 10, 20, or 40 uM. The cells were
exposed to treatments for 24 h. Following the treatment peri-
od, the cells were detached from the flask using the Accutase
reagent (Gibco, Life Technologies), centrifuged (2000 rpm for
5 min), and resuspended in PBS. The samples were treated
with RNase (0.1 mg/ml; QIAGEN) for 30 min at 37 °C, then
supplemented with a hypotonic fluorochrome solution
(50 mg/ml propidium iodide, 0.1 % sodium citrate, and
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0.1 % Triton X-100), and placed on ice in the dark for 30 min
(Savio et al. 2014). Next, the fluorescence of propidium iodide
was estimated by flow cytometry (Accuri C6, BD
Pharmingen™). The DNA content was analyzed based on
the propidium iodide fluorescence intensity, and the percent-
ages of cells at different phases of the cell cycle (G1, S, and
G2/M) were estimated. A total of 10,000 events were acquired
for each sample, and three experiments were performed.

Cell death analysis
Flow cytometry (Annexin V/Propidium lodide)

The apoptosis analysis was performed using the Annexin V-FITC
Apoptosis Detection Kit (BD Pharmingen) according to the man-
ufacturer’s protocol. The cells were seeded in 6-well culture
plates, the culture medium was removed after 24 h of cell culture,
and new medium was added containing the following treatments:
vehicle control, 0.06 % DMSO; 0.05 % PBS; and salinomycin,
10, 20, or 40 uM. The cells were incubated for 24 h. Following
that incubation period, the cells were detached from the flask
using the Accutase reagent (Gibco, Life Technologies), centri-
fuged (2000 rpm for 5 min), and washed twice in ice-cold PBS.
After the centrifugations, the cells were resuspended in Annexin
V-binding buffer (1x) and labeled with the fluorochromes
Annexin V-fluorescein isothiocyanate (AV-FITC) and propidium
iodide (PT) for 15 min in the dark. The samples were analyzed by
flow cytometry (Accuri C6, BD Pharmingen™) using the soft-
ware BD Accuri C6. Three cell populations were defined accord-
ing to the labeling with fluorochromes: viable cells (AV—/PI-);
initial apoptosis (AV+/PI-); and final apoptosis/necrosis (AV
—/PI+; AV+/PI+). A total of 10,000 events were acquired for each
sample, and three experiments were performed.

Hoechst 33342 staining

For visualizing the morphology of cells exposed to
salinomycin, cells were stained with Hoechst 33342, a
DNA-specific dye, which enables the visualization of cell nu-
cleus under fluorescence microscopy (Chazotte 2011). Cells
were seeded in 6-well culture plates, the culture medium was
removed after 24 h of cell culture, and new medium was added
containing the following treatments: vehicle control (0.06 %
DMSO; 0.05 % PBS); and salinomycin 10, 20, or 40 uM. Cell
were incubated for 24 h and then exposed to the fluorochrome
Hoechst 33,342 (10 pg/ml) for 20 min in the dark. Cells were
analyzed using an inverted fluorescence microscope at 460%
magnification (blue filter, 390/40 nm excitation and 446/
33 nm emission—FLoid® Cell Imaging Station, Life
Technologies). Images of the different treatments were cap-
tured and used to differentiate non-apoptotic cells from apo-
ptotic cells. Cells with condensed chromatin and formation of
apoptotic bodies were considered apoptotic.
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RT-qPCR

For this analysis, 6-well culture plates were used, and the
following treatments were added to the culture medium after
24 h of cell culture: vehicle control (0.06 % DMSO; 0.05 %
PBS) and 40 uM salinomycin. Cells were incubated for 24 h.
Next, total RNA was extracted using the RNeasy® Mini Kit
(Qiagen, Cat. No. 74106) according to the manufacturer’s
protocol. Sample purity was assessed using a NanoDrop de-
vice (Thermo Scientific), and the sample integrity was
assessed using 1 % agarose gel electrophoresis.
Subsequently, the complementary DNA (cDNA) was synthe-
sized from 1 pg of total RNA, using dNTPs (Invitrogen, Life
Technologies), Oligo-dT (Invitrogen, Life Technologies) and
the reverse transcriptase enzyme M-MLV (Invitrogen, Life
Technologies). In the RT-qPCR assay, 5 pul of cDNA was
added to the reaction mixture containing the forward and re-
verse primers, which amplify partial regions of the transcripts
of interest, and the dye SYBR Green (Bio-Rad), which fluo-
resces when binding to double-stranded DNA, in a reaction
with a final volume of 12 pl. The reactions were performed in
a Bio-Rad C1000 Touch™ ThermalCycler (CFX96™ Real-
Time System). Transcripts of genes related to DNA damage
induction (GADD454), the cell cycle (TP53, CCNA2,
CCNBI1, CDKNIA, and CTNNBI), and apoptosis (BAX,
BAK, CASP7, CASPS, CASPY, BCL-XL, BCL-2, and
BIRCS) were analyzed. CASP3 expression was assessed only
in the HB4a cell line because MCF-7 cells do not express
caspase-3 (Janicke 2009). The sequences of the primers are
shown in Table 1. The amplification of fragments was detect-
ed by the fluorescence emitted by the fluorophore SYBR®
Green Supermix (Bio-Rad). The following PCR parameters
were used: one step of initial denaturation at 50 °C for 2 min;
95 °C for 2 min; and 45 cycles at 95 °C for 15 s, 60 °C for 15 s
and 72 °C for 30 s. The evaluation was performed in three
experiments and reactions were performed in two mechanical
replicates/treatment/experiments. The data were normalized
using the genes glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and ribosomal protein L13a (RPLI3A4).

Statistical analysis

The data obtained in the RTCA, MTT cytotoxicity, comet, and
flow cytometry (cell cycle and apoptosis) assays were ana-
lyzed by analysis of variance followed by Dunnett’s test, using
the software GraphPad Prism, version 5.00 (GraphPad
Software, San Diego, California, USA), with p < 0.05 consid-
ered significant when comparing the treatments with different
salinomycin concentrations with the control group. The ex-
pression levels of the studied genes were determined as pre-
viously described (Pfaffl 2001), and the statistical analysis
was performed using Relative Expression Software Tool
(REST) 2009 v. 2.0.13 (Pfaffl et al. 2002). Differences in gene
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Table 1 Oligonucleotide primers

used for RT-PCR Gene Primers Reference
ACTB F:5' CTG GCA CCC AGC ACA ATG 3’ [35]
R:5" GCC GAT CCA CAC GGA GTA CT 3’
BAX F:5' TTT CTG ACG GCA ACT TCA ACT GGG 3’ [36]
R:5' TGT CCA GCC CAT GAT GGT TCT GAT 3’
BAK F:5' CAA GAT TGC CAC CAG CCT GTT TGA 3’ Present study®
R:5" ATG CAG TGA TGC AGC ATG AAG TCG 3’
BCL-2 F:5' GAT TGT GGC CTT CTT TGA G 3’ SIGMA
R:5" GTT CCA CAA AGG CAT CC 3’
BCL-XL F:5' TGG GCT CAC TCT TCA GTC GGA AAT 3’ [37]
R:5" ATG TAG TGG TTC TCC TGG TGG CAA 3’
BIRCS F:5' AGC CCT TTC TCA AGG ACC AC 3’ [38] with modifications
R:5' TGG CTC GTT CTC AGT GGG GCA GT 3’
CASP3 F:5' GTG CTA CAATGC CCC TGG AT 3’ [39]
R:5' GCC CAT TCATTT ATT GCT TTC C 3’
CASP7 F:5' TCA CCA TGC GAT CCATCA AGA CCA 3’ [36]
R:5' TTT GTC TGT TCC GTT TCG AAC GCC 3’
CASPS F:5' GCA AAA GCA CGG GAG AAA GT 3/ [40]
R:5' TGC ATC CAA GTG TGT TCC ATT C 3’
CASP9 F:5' CTC TAC TTT CCC AGG TTT 3’ SIGMA
R:5' TTT CAC CGA AAC AGC ATT 3'
CCNA2 F:5' GAC CCT GCATTT GGC TGT G 3’ [41]
R:5" ACA AAC TCT GCT ACT TCT GG 3’
CCNBI F:5' AGA GCATCT AAG ATT GGA GAG 3’ SIGMA
R:5' CCATGT CAT AGT CCA ACATAG 3’
CDKNIA F:5' CAG CAT GAC AGATTT CTA CC 3’ SIGMA
R:5' CAG GGT ATG TAC ATG AGG AG 3’
CTNNBI F:5' CCT ATG CAG GGG TGG TCA AC 3’ [42]
R:5' CGA CCT GGA AAA CGC CAT CA 3’
GADD454 F:5' TCA GCG CAC GAT CAC TGT C 3’ Present study”
R:5' CCA GCA GGC ACAACACCAC3
GAPDH F:5' GAA GGT GAA GGT CGG AGT C 3’ [43] with modifications
R:5' GGA AGA TGG TGA TGG GAT TT 3’
RPLI3A4 F:5' CCT GGA GGA GAA GAG GAA AGA GAT 3’ [44]
R:5' TTG AGG ACC TCT GTG TAT TTG TCA A 3’
P53 F:5' TAC CAC CAT CCA CTA CAACT 3’ [45] with modifications

R:5" GAC AGG CACAAA CACGCACY3

#Sequences of forward and reverse primers were designed according to IDT software (Integrated DNA

Technologies) [46]

expression were considered significant when the change in

expression was greater than two-fold.

Results

Real-time cell analyzer

and, at 5 uM, cell growth remains similar to that of the control

even after 48 h of treatment. All salinomycin concentrations
decreased HB4a cell growth after 48 h of cell culture.

Cytotoxicity assessment

MTT cytotoxicity assay

When exposed to salinomycin, MCF-7 tumor cells were more
sensitive to salinomycin than HB4a non-tumor cells (Fig. 1).
A significant decrease in cell growth occurs in these tumor
cells after 12 h of exposure to salinomycin at all concentra-
tions tested. Conversely, salinomycin 10 M has no effect on
the growth of the non-tumor cells (HB4a) during the first 24 h

Corroborating the data from the RTCA assay, the MTT
cytotoxicity assay showed that MCF-7 tumor cells were
more sensitive to salinomycin than were HB4a cells
(Fig. 2). Salinomycin exhibited concentration- and
time-dependent cytotoxicity against all cell lines. After
24 h of treatment, salinomycin was cytotoxic to MCF-7
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Fig. 1 Cell proliferation curves A
obtained using the real-time cell

analyzer (RTCA) for MCF-7 (a)

and HB4a (b) cells exposed

vehicle control (DMSO 0.25 %;

PBS 0.5 %) and to 5, 10, 20, 40,

or 80 uM salinomycin

~—
-3

Normalized Cell Index
w

B

—
—
L

Normalized Cell Index
(=3

Time (in Hours)

Control

Sal 40 uM

cells at concentrations of 20 pM and higher, whereas
salinomycin was cytotoxic to HB4a non-tumor cells on-
ly at 80 uM. All salinomycin concentrations tested were
cytotoxic to MCF-7 cells after 48 and 72 h of treatment.
Further, after 48 h of treatment, salinomycin was cyto-
toxic to HB4a cells at concentrations of 20 uM and
higher. At 72 h, all concentrations were cytotoxic to
these cell lines. Based on the results from the RTCA
and MTT assays, the concentrations 10, 20 and 40 uM
were selected for further experiments.

ICsy calculation

The ICso was calculated after 24, 48 and 72 h of expo-
sure to salinomycin. The IC50 values were 28, 20, and
13 uM in MCF-7 cells and 132, 43, and 20 uM in
HB4a cell line after 24, 48, and 72 h, respectively,
(Fig. 3). This data demonstrate that the HB4a cells
showed higher resistance to salinomycin than did the
tumor cell line. MCF-7 cells were more sensitive to
salinomycin, showing lower ICsq, values. At 24 h of
treatment, HB4a cells were much more resistant to
salinomycin than the tumor cell line, with ICso values
approximately 4.7 times higher than MCF-7. After 48 h
of treatment, the ICso of HB4a cells dropped sharply,
although it remained significantly higher than the MCF-
7 cell line. After 72 h, the ICsy value for HB4a cells
was similar to the tumor cell line.
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Time (in Hours)

Sal 5 uM
Sal 80 uM

o= w= = Sal 10 uyM
s DoXo0 5 UM

—— Sal 20 uM

Genotoxicity assessment

The comet assay showed that salinomycin 40 uM was
genotoxic only to MCF-7 cells after 3 h of treatment
(Fig. 4). No genotoxicity was observed at any concentration
tested in HB4a cells.

Cell cycle analysis

Cell cycle analysis by flow cytometry showed that
salinomycin was capable of changing the distribution of
MCF-7 cells in the cell cycle phases, but there was no signif-
icant difference compared to the control in the non-tumor cell
line HB4a (Fig. 5). Exposure of MCF-7 breast tumor cells to
salinomycin 20 uM decreased the number of cells in S phase
and increased the number of cells in G2/M phase, although
that increase was non-significant (Fig. 5). That pattern was
repeated with 40 uM salinomycin, although the difference
was also non-significant compared to the control.

Cell death analysis
Flow cytometry (Annexin V/Propidium iodide)

For all cell lines studied, the flow cytometric analysis of apo-
ptosis induction showed no significant difference between the
number of cells at initial apoptosis (AV+/PI-) in treatments
with salinomycin exposure compared to the control group.
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Fig. 2 Mean and standard A) 25
deviation of absorbance values
obtained using the MTT 0
cytotoxicity assay in MCF-7 (a) =
and HB4a (b) cells after 24, 48, or E
72 h of exposure to vehicle g m24h
control (DMSO 0.25 %; PBS = 48h
0.5 %), to 5, 10, 20, 40, or 80 pM s
. . = u72h
salinomycin or to 5 pM “«
Doxorubicin. *Significantly
different from the control
(p <0.05) Control  Sal5uM Sal 10 uM Sal 20 pM Sal 40 uM Sal 80 uM Doxo 5 uM
Treatments
B) 0.8 ;
2
=
=3
)
g u24h
=
2 48h
=]
2 m72h
“

Control

Reduced cell viability and death by late apoptosis/necrosis
(AV+/PI+ and AV—/PI+) only occurred in the MCF-7 tumor
cell line after 24 h of exposure to 40 uM salinomycin (Fig. 6).
Conversely, no effect was observed in the non-tumor cell line
HB4a, in which cell viability remained very similar to the
control group at all salinomycin concentrations tested (Fig. 7).

Hoechst 33342 staining

Light microscopy images showed the occurrence of an in-
creased number of small, round cells (black arrows), typical
of cells entering apoptosis, in MCF-7 tumor cell line exposed
to 40 uM salinomycin (Fig. 6). Fluorescence imaging of cells
labeled with Hoechst 33342 showed that salinomycin induced
apoptotic death in MCF-7 tumor cells (white arrows), whereas

160 1

120 A1
80 1 m24h
48h
u72h
40
MCF-7

HB4a

ICso (UM)

Cell lines

Fig. 3 1Cs, values (uM) of salinomycin in MCF-7 and HB4a cells after
24, 48, or 72 h of treatment

Sal 5uM  Sal 10 pM Sal 20 pM Sal 40 pM Sal 80 pM Doxo 5 uM
Treatments

few apoptotic cells were observed in the non-tumor cell line
HB4a (Figs. 6 and 7, respectively). Those data confirm the
apoptotic cell death detected by flow cytometry in MCF-7
tumor cells.

RT-qPCR

The expression analysis of genes involved in the cell cycle
showed significant increases in the expression levels of
GADD454 (3.5 MCF-7; 4.5 HB4a) and CDKNI4 (4.2
MCEF-7; 11.1 HB4a) and decreases in the expression levels
of TP53 (4.7 MCEF-7; 2 HB4a) and CCNA2 (11.8 MCF-7;
2.5 HB4a) in all cell lines studied, as shown in Fig. 8.
Downregulation of CCNBI gene was also observed in
MCF-7 cells in 2.6-fold change, as shown in Fig. 8a.
Regarding genes involved in apoptotic cell death, the MCF-
7 tumor cell line showed a marked decrease in the expression
of the antiapoptotic gene BCL-2 in 14.1-fold change, as shown
in Fig. 9a. Besides, MCF-7 cells showed downregulation of
BAK (3.9), BCL-XL (6.5), CASPS (4.1), and BIRCS (2.1). As
shown in Fig. 9b, the non-tumor HB4a cells showed upregu-
lation of BAK (2.0) and CASP9 downregulation (2.3).

Discussion
The search for new anticancer drugs is a major scientific chal-

lenge. The large increase in cancer cases worldwide demon-
strates the importance of research seeking more efficient drugs
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Fig. 4 Mean and standard
deviation of the score obtained in
600 comets analyzed using the
Comet Assay in MCF-7 (a) and 30 4
HB4a (b) cells exposed to vehicle
control (0.06 % DMSO; 0.05 %
PBS), to 10, 20, and 40 uM
salinomycin, or to 1 uM
doxorubicin for 3 h.
*Significantly different from the
control (p < 0.05)
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that improve patients’ quality of life. Salinomycin is a prom-
ising anticancer drug and some mechanisms of action have
been examined, including apoptosis induction (Fuchs et al.
2009; Wang et al. 2012; Zhou et al. 2013; Fuchs et al.
2010), DNA damage induction (Kim et al. 2011), P-
glycoprotein activity inhibition (Kim et al. 2011), autophagy
induction (Li et al. 2013; Jangamreddy et al. 2013), oxidative
stress induction ((Ketola et al. 2012; Zhou et al. 2013), and
trypanocidal activity (Steverding and Sexton 2013).

We observed that salinomycin decreased the proliferation
of MCF-7 tumor cells more efficiently than that of HB4a non-
tumor cells. These results confirm the selective activity of
salinomycin against tumor cells reported in the literature in
immortalized non-tumor human mammary epithelial cells
(HMLE) (Callaway et al. 2003), in CD4" T cells isolated from
peripheral blood of healthy individuals (Fuchs et al. 2009) and
in non-malignant prostate epithelial cells (Ketola et al. 2012).
In addition to selectively destroying tumor cells, studies have
shown that salinomycin can destroy cells that are resistant to
apoptotic cell death (Fuchs et al. 2009). Our cytotoxicity assay
also corroborated the data obtained in the cell proliferation
assay (RTCA), showing that salinomycin is more cytotoxic
to tumor cells than non-tumor cell lines.

Other authors (Al Dhaheri et al. 2013) also showed that
salinomycin (2.5 to 50 uM) causes a reduction in MCF-7 cell

@ Springer

viability after 24 and 48 h of treatment the maner concentration
and time dependent. We study showed more resistance of HB4a
cells to salinomycin, confirmed again because the ICs, values
were higher than the tumor cells, especially at 24 and 48 h. The
ICs values at a density of 5000 cells were 40 uM (24 h) and
15 uM (48 h). In MCF-7, the authors (Al Dhaheri et al. 2013)
finding values different to those obtained in the present study,
which were 28 uM (24 h) and 20 uM (48 h); here, the differ-
ence may be attributed to the variations in the cell density used.
The concentrations used in this work were defined by kinetics
growth obtained in RTCA assay titration, which is used to
assess the optimal number of cells for each cell line.

After identifying the concentrations that lead to decreased
cell proliferation, the mechanism of action of salinomycin was
assessed regarding the capacity to induce DNA damage. The
comet assay showed that only the highest salinomycin con-
centration tested (40 uM) was genotoxic only to MCF-7 cells.
Salinomycin was not genotoxic to HB4a cells at all concen-
trations tested. The induction of damage observed in MCF-7
cells may account for the decreased growth observed in the
cell proliferation and cytotoxicity analyses. There are reports
that salinomycin induces double-strand DNA breaks in MDA -
MB-231 breast cancer cells, resulting in apoptotic cell death
when cells are exposed to high concentrations of salinomycin
(25 and 50 uM) (Al Dhaheri et al. 2013). Conversely,
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Fig. 5 Cell cycle analysis by flow cytometry in a MCF-7 cells and b
HB4a cells. Cell cycle effects of exposure to vehicle control (0.06 %
DMSO; 0.05 % PBS) and to 10, 20, or 40 pM salinomycin. Data are

FL3.A

FL3A FL2A

expressed as the mean and standard deviation of the percentage of cells at (p <0.05)

salinomycin triggers cell senescence when applied at low con-

centrations (up to 10 uM) (Al Dhaheri et al. 2013).

the cell cycle phases G1, S, and G2/M in three independent experiments.
(1) vehicle control, (Z7) 10 uM salinomycin, (/71) 20 uM salinomycin, and
(IV) 40 puM salinomycin. *Significantly different from the control

Although no DNA damage was observed in HB4a cells

using the comet assay, after 24 h of exposure to 40 uM
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10, 20 or 40 uM salinomycin. (B2 to E2) Light microscopy images of
cells exposed to vehicle control or to 10, 20, or 40 uM salinomycin for
24 h. (B3 to E3) Fluorescence microscopy images of cells stained with
Hoechst 33342 exposed to vehicle control or to 10, 20, or 40 uM
salinomycin for 24 h. Arrows indicate apoptotic cells; 460x
magnification. *Significantly different from the control (»p < 0.05)
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magnification. *Significantly different from the control (p < 0.05)
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salinomycin, the expression of GADD454 (growth arrest and
DNA damage inducible, alpha) showed significant increases
in all cell lines tested. The transcript levels of that gene in-
crease upon cellular stress induced by DNA damage, which
may result in cell cycle arrest, DNA repair, senescence, or
apoptosis (Liebermann and Hoffman 2008).

Upon cell cycle arrest, the DNA damage may be repaired
or apoptotic cell death may be activated. To determine wheth-
er cell cycle arrest occurs, the MCF-7 and HB4a cell lines
were assessed by flow cytometry. Non-significant increase
in G2/M arrest was observed in MCF-7 and HB4a cells. The
GADD45A4 gene regulates the G2/M checkpoint (Wang et al.
1999), inhibiting the Cdk1/Cyclin B1 complex (Zhan et al.
1999), which is required for progression to mitosis.
Decreased expression of CCNBI, which encodes cyclin B1,
was also observed in MCF-7 tumor cell lines suggesting G2/
M. Furthermore, these cells showed increased expression of
the CDKN1A, gene encoding p21, which may also inhibit the
cyclin/Cdk complex and inhibit DNA replication, resulting in
G2/M cell cycle arrest (Medema et al. 1998). In addition to
cyclin B1 in the tumor cell line, decreased expression of
CCNA2, which encodes cyclin A2, was observed in all cell
lines studied. Despite the CCNBI downregulation in tumor

@ Springer

cells, we observed decreased expression of 7P53. Previous
reports have indicated that the regulation of checkpoint G2/
M may occur independent of p53 (Zhan et al. 1999) and that
salinomycin can increase p21 levels independent of p53 (Al
Dhabheri et al. 2013).

Salinomycin-induced reduction in cell proliferation caused
by G2/M cell cycle arrest has also been reported time- and
dose-dependent form in MDA-MB-231 human breast tumor
cells after exposure to 10 or 25 uM salinomycin and decreased
cyclin B1 expression, confirming the G2 cell cycle arrest (Al
Dhabheri et al. 2013).

In addition to cell cycle arrest, reduced cell proliferation
may result from induced apoptotic cell death. In the present
study, 40 uM salinomycin reduced the number of viable cells
and increased the population of cells in final apoptosis/
necrosis only in MCF-7 tumor cells after 24 h of treatment.
The images taken after staining the cells with Hoechst 33342
corroborate the flow cytometric data, wherein a higher num-
ber of cells in final apoptosis were observed. Cell death induc-
tion may have resulted from the cell cycle arrest that was also
observed by flow cytometry. No change was observed in non-
tumor cells HB4a, again showing its higher resistance to
salinomycin compared to the MCF-7 tumor cell line. Other



Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:557-571

569

Fig. 9 Relative expression of the A) 51
apoptosis-related genes (CASP3,
CASP7, CASPS, CASPY, BAX, =
BAK, BCL-2, BCL-XL, and 0 : E
BIRCS) obtained by real time RT- C-;g” CQé CAP9 BAX K BEE2 BQEd BESS
PCR after 24 h of exposure to & 5 I g
40 puM salinomycin in MCF-7 (a) g * T
and HB4a (b) cells. The data were 3 *
normalized using the genes < -10 -
GAPDH, ACTB, and RPL13A. =
*Statistically significant 1
difference determined using the -15 A l
software parameters REST-384 *
(48) and with relative expression 20 4
higher than 2 or lower than —2 = Genes
B) 314 %
2 A I J.
s | B
E
S 0
EO CASP3 CASP7 CASPS CASP9 BAX BAK BCL-2 BCL-XL BIRCS
=1 = " -
Q-]
*
-3 4
Genes

studies also reported salinomycin-induced apoptosis in tumor
cell lines (Fuchs et al. 2009; Kim et al. 2011; Kim et al. 2012;
Wang etal. 2012; Al Dhaheri etal. 2013; Zhou etal. 2013; Lee
et al. 2014; Wu et al. 2014).

To investigate the mechanism underlying salinomycin ac-
tivity, the expression of apoptosis-related genes was assessed.
Salinomycin-induced cell death in tumor cell line may be
associated with the marked decrease in the expression of the
antiapoptotic gene BCL-2, whose expression was 14.1 times
lower in MCF-7 cells compared to the control. In addition to
the decrease in BCL-2 expression, MCF-7 cells showed re-
duced expression of the antiapoptotic genes BIRCS, encoding
the protein survivin, and BCL-XL. The induction of apoptosis
by salinomycin independent of p53 and without caspase acti-
vation has also been reported in other studies (Fuchs et al.
2009; Ketola et al. 2012). Our data corroborate the results
previously reported, when decreased levels of the protein
survivin were reported following exposure to 25 or 50 uM
salinomycin for 24 or 48 h, sensitizing human breast cancer
cells MD-MB-231 to death (Al Dhaheri et al. 2013).
Downregulation of BCL-XL by salinomycin was also ob-
served in colorectal cancer cells (Zhou et al. 2013) and in
primary culture cells of human uterine leiomyoma (Lee et al.
2014). Our results are also consistent with those of other stud-
ies reporting the induction of apoptosis and decreased expres-
sion of BCL-2 following exposure to salinomycin (Kusunoki

etal. 2013; Lee et al. 2014). Conversely, increased expression
of BAK occurred in the non-tumor cell line HB4a, albeit with
reduced expression of CASP9, which may have prevented the
induction of the apoptotic cascade in those cells. Previous
studies have also reported the decreased expression of
CASP9Y as a strategy for preventing apoptotic cell death (Xu
et al. 2010; Maheshwari et al. 2011). The present work is the
first study of the effect of salinomycin on (HB4a) non-tumor
breast cells.

Conclusions

The present study showed the selective activity of salinomycin
against tumor cells. Salinomycin increases the levels of
GADD454 and CDKNIA, leading to decreased expression
of cyclin A2 and B1 and resulting in G2/M cell cycle arrest
in the MCF-7 tumor cell line. As a result of the cell cycle
arrest, cell death is induced in tumor cells through marked
reduction of the expression levels of the antiapoptotic gene
BCL-2 and through inhibition of the antiapoptotic genes
BCL-XL and BIRCS. These data suggest the potential of
salinomycin as an anticancer drug because tumor cell (MCF-
7) is more sensitive when compared to non-tumor cells
(HB4a) tested.
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