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ABSTRACT

Ionophore antibiotics were reported to selectively kill cancer stem cells and to overcome multi-
drug resistance, but mechanistic studies of the significance of drug transporters for treatment
with these compounds are lacking.We applied chemosensitivity testing of well-characterized hu-
man cancer cell lines to elaborate on whether drug transporters are involved in protection from
the cytotoxic effects of the ionophore antibiotics salinomycin and nigericin. Our experiments
demonstrated that ionophore antibiotics were ineffective against both stem-like ovarian cancer
side population cells (expressing either ABCB1 or ABCG2) and K562/Dox-H1 cells, which constitute
a genetically defined model system for ABCB1 expression. Considering that cancer stem cells of-
ten express high levels of drug transporters, we deduced from our results that ionophore anti-
biotics are less suited to cancer stem cell-targeted treatment than previously thought. STEM CELLS

TRANSLATIONAL MEDICINE 2015;4:1028–1032

SIGNIFICANCE

Ionophore antibiotics such as salinomycin have repeatedly been shown to target cancer stem and
progenitor cells from various tumor entities. Meanwhile, cancer stem cell (CSC)-selective toxicity
of ionophore antibiotics seems to be a commonly accepted concept that is about to encourage their
clinical testing. This study provides data that challenge the concept of targetedeliminationof CSCby
ionophore antibiotics. Stem-like ovarian cancer side population (SP) cells expressing high levels of
ABC drug transporters are shown to largely resist the cytotoxic effects of salinomycin and nigericin.
Furthermore, using a small interfering RNA-based knockdownmodel specific for ABCB1, this study
demonstrates that ABC drug transporters are indeed causally involved in mediating protection
from ionophore antibiotics. Considering that it is a hallmark of CSCs to exhibit drug resistance con-
ferred by ABC drug transporters, it must be deduced from these results that CSCs may also be pro-
tected from ionophore antibiotics by means of drug-transporter mediated efflux.

INTRODUCTION

Ionophore antibiotics (IAs) are a compound class
targeting lipid bilayers for insertion, thereby
establishing membrane pores supporting ionic
conductivity [1]. Because of their antibacterial
and antiparasitic activity, these drugs are widely
used as a fodder additive in industrial livestock
farming to prevent microbial-associated disease
[2]; however, IAs have also been shown to be
active against cancer cells.

In 2009, Gupta et al. reported on the identifi-
cation of selective inhibitors of cancer stem cells
(CSCs) using high-throughput screening [3].
Strikingly, their screen revealed significant CSC-
selective toxicity for two IAs (i.e., salinomycin
and nigericin), indicating strong susceptibility of
CSCs to this substance class. Specific anti-CSC ac-
tivity of IAs was subsequently observed in other

CSC populations [4–8].Moreover, it was reported
that salinomycin is able toovercomeapoptosis re-
sistance in cancer cells [9] and to interfere with
Wnt signaling [10].

In the study by Gupta et al., drug transporters
were not differentially regulated in CSCs [3], thus
a potential role of drug transporters in mediating
protection from IAs could not be defined. CSCs,
however, often display elevated expression levels
of transporters such as ABCB1 and ABCG2 [11],
conferring therapy resistance and sidepopulation
(SP) appearance. These facts provide a rationale
for elaborating on whether IAs are substrates of
drug transporters.

Interestingly, it was reported that salinomycin
eradicates leukemic stem cells overexpressing
ABCB1, ABCG2, and ABCC11 [12]. Mechanistically,
the authors speculated that rapid membrane in-
sertion might prevent transporter-mediated drug
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efflux. Moreover, others showed that salinomycin directly inhibits
ABCB1 via induction of a distinct conformational change [13]. Con-
sequently, sufficiently high doses of salinomycin should target
ABCB1-positive cells based on a chemosensitization effect.

In this report,weaddressed thequestionwhether IAscould tar-
get stem-like SP cells expressing high amounts of ABCB1 or ABCG2.
Becausethesemodels couldalsoexhibitdrug transporter-unrelated
mechanisms of protection, we applied a particular small interfering
RNA (siRNA)-based knockdownmodel inwhich any observed effect
can be attributed to ABCB1.

MATERIALS AND METHODS

Cell Culture

A2780 ovarian cancer (OvCa) cells were purchased from Sigma-
Aldrich (St. Louis, MO, https://www.sigmaaldrich.com), and
the A2780 subline A2780V [14] was kindly obtained from
Dr. R. Zeillinger (Medical University of Vienna, Vienna, Austria).
B17/92 OvCa cells [15] were generously provided by Dr. C. Brumm
(University ofMainz,Mainz,Germany), and IGROV1OvCa cells [16]
were a kind gift of Dr. R. Brown (Imperial College London, London,
U.K.). K562/Dox-H1 and K562/Dox-MM represent genetically engi-
neered leukemia cells and were established from parental K562
cells, as described previously [17]. A2780V and IGROV1 harbor
an ABCB1-positive stem-like SP, whereas A2780 and B17/92 con-
tain an ABCG2-expressing stem-like SP [18], and K562/Dox-H1
(emptyvectorcontrol)andK562/Dox-MM(MDR1-targetingsiRNA)
are positive and negative for ABCB1, respectively [17]. Cells were
cultured in appropriate medium (i.e., RPMI or Dulbecco’s modi-
fied Eagle’s medium; PAA Laboratories; GE Healthcare, Munich,
Germany, http://gehealthcare.de) supplemented with 10% fetal
bovine serum (Biochrom, Cambridge, U.K., http://www.biochrom.
co.uk), 2 mM L-glutamine, and 13 penicillin/streptomycin (Gibco;
Life Technologies, Thermo Fisher Scientific, Waltham, MA, http://
www.lifetechnologies.com/us/en/home/brands/gibco.html).

Flow Cytometry

Flow cytometry and sorting were performed on a FACSCanto
II and a FACSAria I, respectively (BD Biosciences, San Jose, CA,
http://www.bdbiosciences.com). SP detectionwas accomplished
using DyeCycle Violet staining, as described previously [18, 19],
and antibody stainings were performed according to standard
protocols (30 minutes at 4°C). Antibodies against ABCB1 (clone
UIC2) and ABCG2 (clone 5D3) were used. Cells were chilled and
subjected to flow cytometry or sorting within 1 hour. To discrim-
inatedead cells, 7-AAD stainingwas included, anddebris anddou-
blets were gated out based on forward scatter/side scatter
characteristics. Viable single cells were finally analyzed using
FlowJo (Tree Star, Ashland, OR, http://www.flowjo.com).

Chemosensitivity Testing

The MTT assay was used to determine the chemosensitivity of
fluorescence-activated cell sorting-purified SP and non-SP (NSP)
fractions (7.5 3 103 cells per 96 wells). Treatment with salino-
mycin or nigericin (Sigma-Aldrich) or paclitaxel (Ebewe; EBEWE
Pharma, Sandoz, Holzkirchen, Germany, http://www.sandoz.de)
was continued for 48 hours, and specific inhibition was calculated
by normalization to untreated controls. In case of chemoselection,
defined mixtures of ABCB1-positive K562/Dox-H1 cells (20%) and
ABCB1-negative K562/Dox-MM cells (80%) were generated and

treated in a competitive assay format for 7 dayswith salinomy-
cin or nigericin (53104 cells per 6wells). In theABCG2 setting,we
used A2780 cells, which naturally harbor an ABCG2-positive SP of
∼1% [18]. The proportion of drug transporter-positive cells was
determined using staining with the antibodies stated above
and flow cytometry. Results refer to the viable cell fraction.

Statistical Analysis

Data represent the mean 6 SEM of at least three independent
experiments and were analyzed for significance using a paired
Student´s t test. A p value ,.05 was considered significant.

RESULTS

We [18] and others [20–23] recently identified the OvCa SP as
a candidate CSC compartment driving tumor progression. Be-
cause these cells express high levels of ABCB1 and ABCG2
(Fig. 1A), they exhibit a characteristic resistance phenotype also
covering clinically relevant agents. Indeed, we found that
ABCB1-positive OvCa SP cells were resistant to taxane-based che-
motherapy (Fig. 2), suggesting these cells as a potential source of
recurrence. Further corroborating this notion, it was shown that
SP cells were enriched in tumors of relapsing patients, indicating
selection of these cells during in vivo chemotherapy [23]. These
data highlight the need to identify novel therapeutics that are
able to target this tumorigenic cell compartment.

IAs Are Ineffective Against Stem-Like SP Cells

Based on the reported abilities of IAs to bear selectivity against
epithelial and nonepithelial CSCs [3–8] and to overcome
transporter-mediated drug resistance [12], we tested their
effects on OvCa SP cells; however, using different cell lines
expressing either ABCB1 or ABCG2, we found that—in contrast
to non-SP cells—viability of SP cells was only marginally affected
by salinomycin and nigericin (Fig. 3A, 3B) (data not shown). These
results suggested that IAs do not selectively target the stem-like
OvCa SP.

ABCB1 Mediates Protection From IAs

To elaborate on whether drug transporters can protect from IAs,
weuseda genetically definedmodel system forABCB1expression
(Fig. 1B) [17]. Using this highly specific siRNA-based knock-
down model, we showed in competitive assays that both salino-
mycin and nigericin dose-dependently selected ABCB1
high-expressing K562/Dox-H1 cells (empty vector) over ABCB1-
negative K562/Dox-MM cells (MDR1-targeting siRNA) (Fig. 4A,
4B). Consequently, we show with genetic specificity that ABCB1
is causally involved in mediating protection from the cytotoxicity
of IAs. Further corroborating the role of drug transporters in eva-
sion of IA-induced cell death, both salinomycin and nigericin
provided a selective advantage to the ABCG2-expressing subpop-
ulation of A2780 OvCa cells (Fig. 1C), leading to an increase from
2% before treatment to 8% after treatment (Fig. 4C, 4D).

DISCUSSION AND CONCLUSION

Beyond dispute, targeting of tumor-sustaining cancer cell sub-
populations is an attractive therapeutic concept, the realization of
which should prevent recurrence and improve patient outcomes
[24]. Eradication of these CSCs, however, has proven difficult,

Boesch, Zeimet, Rumpold et al. 1029

www.StemCellsTM.com ©AlphaMed Press 2015

https://www.sigmaaldrich.com
http://gehealthcare.de
http://www.biochrom.co.uk
http://www.biochrom.co.uk
http://www.lifetechnologies.com/us/en/home/brands/gibco.html
http://www.lifetechnologies.com/us/en/home/brands/gibco.html
http://www.bdbiosciences.com
http://www.flowjo.com
http://www.sandoz.de
http://www.StemCellsTM.com


partly because several protectionmechanisms are operative in
these cells [11, 25]. In the face of this challenge, the demon-
stration that IAs can target various CSC populations (including
populations expressing ABCB1 and ABCG2) [3–8, 12] was par-
ticularly remarkable. Despite this, a definite role of drug trans-
porters in the response to IA-based treatment has not been
established.

In the current study, we addressed this question using well-
characterized human cancer cell lines. We provided evidence
that, unlike several published CSC compartments, stem-like OvCa

SP cells expressing high levels of ABCB1 and ABCG2 were not se-
lectively targeted by the IAs salinomycin and nigericin.Mechanis-
tic studies finally revealed that drug transporter expression,
exemplified by ABCB1, can mediate protection from the cytotox-
icity of IAs, and we speculate that this effect is achieved through
drug efflux, although our data cannot exclude indirect protective
effects, for instance via gene regulation. Overall, our results
establish a role, so far unrecognized, of drug transporters in
protection from IAs. Considering the high conservation of
drug transporters among stem cells [11], the use of IAs as

Figure 2. Resistance of ABCB1-positive SP cells to paclitaxel. Fluorescence-activated cell sorting-purified SP and NSP fractions of the ovarian
cancer cell lines A2780V and IGROV1 were treated with increasing concentrations of paclitaxel and subsequently subjected to the metabolic
colorimetric MTT assay. Nontreatment controls were included and used for calculation of the degree of specific inhibition of cell viability.
p, p , .05; pp, p , .01. Abbreviations: NSP, non-side population; SP, side population.

Figure 1. Drug transporter status of cell lines used within this study. (A): Histogram overlay of fluorescence-activated cell sorting-purified SP
and NSP fractions of the ovarian cancer cell lines A2780V, IGROV1 (both ABCB1 positive), and B17/92 (ABCG2 positive). (B): Dot plot overlay of
ABCB1-positive K562/Dox-H1 (empty vector control; gray) and ABCB1-negative K562/Dox-MM (MDR1-targeting small interfering RNA; black)
chronic myelogenous leukemia cells. (C): Dot plot showing the ABCG2-expressing subpopulation of A2780 ovarian cancer cells (rectangular
gate). Plots are representative examples of at least three independent stainings. Abbreviations: H1, ABCB1-positive K562/Dox-H1 leukemia
cells; MM, ABCB1-negative K562/Dox-MM leukemia cells; NSP, non-side population; SP, side population.
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CSC-selective drugs must be re-evaluated, although they
might still be able to sensitize to other drugs in combination
treatment approaches.
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