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ABSTRACT

Tumors are phenotypically heterogeneous and include a small sub-population of cancer cells (2—5% of
the tumor mass) with stem-cell like properties. The cancer stem cell hypothesis postulates that the
cancer stem cells (CSCs) show the ability to seed the tumor to distant tissues/organs, and their presence
results in cancer progression and relapses. Extensive efforts have therefore been directed at new therapy
strategies to eliminate not only non-CSCs, but also cancer cells with stem-cell like properties. Impor-
tantly, in 2009, the natural ionophore — salinomycin (SAL) was shown to be promising in this respect;
SAL selectively and efficiently reduced the proportion of breast CSCs in vitro and in vivo. Since this
original report, SAL has been shown to be active against numerous cancer cells and CSCs of different
origin, including those that display multi-drug resistance. This concise review article is focused on the
possible role of SAL in future cancer therapy.

© 2018 Elsevier Masson SAS. All rights reserved.
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1. Introduction

additionally have the ability to spread (metastasize) from the pri-
mary tumors to distant tissues and organs. According to the report

Cancers are globally the second cause of death in developed
countries after cardiovascular diseases. The characteristic feature of
this extensive and diverse group of more than 100 diseases is
intensive proliferation and invasive growth of cancer cells, which
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published by the World Health Organization, over eight million
people die because of cancer each year, which constitutes about 13%
of the total number of deaths. It is also estimated that the number
of oncological patients will rise systematically in the next few de-
cades; in 2020 there are predicted to be about 20 million of new
cancer patients worldwide [1].

Phenotypic heterogeneity within tumors (Fig. 1A and B) is a
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Fig. 1. Phenotypic heterogeneity within tumors and future implications for cancer stem cell-targeted therapies. (A) Tumors are phenotypically heterogeneous and include various
sub-populations of cancer cells that are characterized by different renewal potential. (B) Markers found to be expressed non-uniformly within the tumor may be used to isolate such
different intratumoral sub-populations of cancer cells. (C) Evidence from preclinical and clinical studies demonstrates that most of the currently used chemotherapeutic agents
effectively eliminate the highly proliferating and relatively differentiated cells that form the bulk of the tumor rather than the more quiescent cancer stem cells (CSCs). Standard
chemotherapy destroys the majority of stromal cells within the main tumor cell population and paradoxically, the elimination of non-CSCs by such treatment may allow more space
for CSCs to expand and evolve into more aggressive and therapeutically resistant heterogenic tumors with higher self-renewal potential. According to the dynamic CSCs model,
differentiated cancer cells can also reverse their phenotype and acquire CSCs properties that results in tumor regrowth. Combination therapy of hierarchical tumors using novel
CSC-targeted drugs may eradicate CSC sub-population and inhibit therefore the root of chemoresistance and tumor remission, thereby improving clinical outcomes.

phenomenon that poses a significant obstacle towards effective
cancer therapy [2]. The huge difficulty of treating tumors stems
from the fact that it is not easy to administer a chemotherapeutic
drug or a combination of such drugs that will target each of the
different sub-populations of cancer cells [3]. Cancer stem cells
(CSCs), also defined as cancer initiating cells, are particularly
problematic as they exhibit up-regulated mechanisms of cellular
defense and they are simultaneously more resistant to currently
existing treatments [4]. CSCs, a small neoplastic cell sub-population
(2—5% of the tumor mass) whose presence has been confirmed in
many liquid and solid tumors [5—7], are endowed with self-
renewal or multi-lineage differentiation capacity into any of the
cancer cell type [8]. Furthermore, CSCs are capable of initiating the
tumor in different location, and are also linked to angiogenesis,
cancer survival, recurrence and progression [9,10].

Extensive efforts have therefore been directed at new thera-
peutic strategies to target and eliminate not only non-CSCs, but also
cancer cells with stem-cell like properties (Fig. 1C). The naturally-
occurring ionophore — salinomycin may open a more promising
therapeutic approach to this aim, as it is found to effectively destroy
both non-CSCs and CSCs, including cancer cells with the multi-drug
resistance (MDR) phenotype, whose presence constitutes another
significant clinical challenge in the effective cancer treatment. All
these aspects are summarized and discussed in detail in the next
sections of this review article.

2. Salinomycin — promising anticancer agent

The natural product — salinomycin (SAL, Fig. 2A), a polyether
K'-selective membrane ionophore from Streptomyces albus [11],
exhibits a broad spectrum of antimicrobial activity against
eukaryotic parasites, Gram-positive bacteria, viruses, protozoa and
some fungi [12,13]. For a long time, SAL has been widely used in

veterinary medicine as feed additive to control coccidiosis, the
single-cell parasitic disease of the intestinal tract, and as non-
hormonal growth promoter [14]. In 1981, a total synthesis of SAL
was proposed by Kishi et al. [15] which was successfully developed
in subsequent years by other chemists [16—21]. Intensive studies on
SAL biosynthesis were recently carried out [22-27] and finally a
biosynthetic model for the preparation of SAL was presented in
2012 [26].

SAL pentacyclic molecule contains in its structure 11 oxygen
atoms as components of various functional groups (carboxyl group,
three hydroxyl groups, ketone group and five ether oxygen atoms).
Characteristic of the structure of SAL is the presence of unique
tricyclic 6-6-5 bis-spiroketal ring system with cis isomerism that
has been rarely found among other naturally-occurring compounds
[28-30]. Although SAL exists as an open-chain structure, due to the
presence of a carboxyl group at one end of the molecule and a
hydroxyl group at the opposite site, it has the possibility to form
‘head-to-tail’ intramolecular hydrogen bonds, leading finally to the
formation of a pseudocyclic ‘crown ether-like’ structure (Fig. 2A). In
such a structure, the oxygen atoms are directed to the interior of the
molecule, so that SAL can effectively bind cations. The outer part of
the SAL molecule is hydrophobic which greatly facilitates its
diffusion (and ion flux) through the lipid bilayers, according to the
electroneutral transport mechanism (Fig. 2B) [31].

Interestingly, the accumulating evidence points to the ion
transport properties as the origin of SAL phenotype effects [32-34].
Functionally, the polyether skeleton of SAL has the ability to form
complexes with both mono- and divalent cations, showing partic-
ularly high affinity to potassium cations [35]. It has been found
however, that SAL was more effective as a mobile carrier of
monovalent cations than divalent ones [36]. In 2017, it was further
proven that SAL was able to form complexes with organic amines
[37].
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Fig. 2. (A) Structure and mode of K™ complex formation by salinomycin; (B) the electroneutral, electrogenic and bio-mimetic mechanism of cation transport realized by ionophore
antibiotics; and (C) schematic representation of the proposed mechanism of action of salinomycin that finally leads to the Wnt/$-catenin inhibition.

The knowledge of mechanism of cation transport realized by
SAL is essential for understanding of the bio-action of this natural
product (and other ionophore antibiotics) and for explanation of
the broad spectrum of its biological properties. The electroneutral
(non-electrogenic) transport mechanism (Fig. 2B), explaining at
least partially the high bioactivity of SAL, is carried out in an inert or
basic environment, because only under such conditions the
carboxyl group may undergo deprotonation [38—40]. SAL interferes
with transmembrane potassium potential. The K™ cation com-
plexed inside the polyether pocket of SAL is transferred in the form
of electroneutral complex across the biological membranes from
the extracellular environment into the targeted cells, where the
cation is released. It disturbs the natural Na*/K' concentration
gradient and induces the Ca®* release into cytosol by means of Na*/
Ca®* exchangers (NCXs), changes the intracellular pH, leads to
vacuolization and consequently to programmed cell death
(apoptosis) (Fig. 2C) [41].

However, in the cancer cells and their immediate vicinity often
acidification takes place, which is related to the process of anaer-
obic glucose metabolism and is known as the Warburg effect [42].
Due to the fact that under such conditions SAL and other ionophore
antibiotics, including inostamycin, ionomycin, lasalocid acid,
monensin, nanchangmycin and nigericin [13,31,43,44], are also
active against cancer cells, an alternative mechanism of cation
transport (electrogenic) has been recently proposed (Fig. 2B)
[38,39]. It may be effectively carried out by ionophores with a
protonated carboxyl group [38,39]. Moreover, the biomimetic
transport mechanism, a type of electrogenic one, has been
described in the scientific literature. It is realized by ionophore
antibiotics with a modified carboxyl group, for example by their
amides or esters (Fig. 2B) [38,39].

As highlighted above, SAL is a well-defined antibiotic that has
been widely used in veterinary medicine as an anticoccidial agent
as well as to improve nutrient absorption and feed efficiency in
ruminants and swine because of its significant antimicrobial

activity [12,13]. However, the attention of scientists and oncologists
from around the world has been attracted mainly by very potent
anticancer activity of SAL discovered less than ten years ago.
Recently, many publications have appeared reporting the
extremely high potential of SAL to induce massive apoptosis in
human cancer cells of different origins, both in vitro and in vivo; the
efficacy of this compound has been demonstrated for cancer cells
characterized by MDR as well as for CSCs. Interestingly, it has also
been proven that SAL in combination with other chemotherapeu-
tics or together with radiation therapy may be used as a sensitizing
agent in cancer therapy.

3. In vitro and in vivo anticancer activity of salinomycin

According to the concept of tumor cell plasticity, migrating
breast non-CSCs are able to utilize the epithelial-mesenchymal
transition (EMT) mechanism in order to switch between different
cellular identities, to undergo de-differentiation to cancer cells
exhibiting a cancer stem cell phenotype and to gain them the
migratory and invasive capabilities. There is increasing evidence
suggesting a link between EMT and CSCs [45-47]. Gupta et al. have
used this attribute in 2009 to develop a high-throughput screening
to identify structures that selectively inhibit the proliferation of
breast CSCs in vitro and in vivo [48]. The authors screened a
collection of ~16,000 molecules for their effects against EMT-
induced breast CSCs. From among them, only 32 compounds
selectively exhibited the toxicity towards tumorigenic cancer cells
with stem-cell like properties; four agents (SAL, abamectin, eto-
poside and nigericin) were confirmed in follow-up studies, wherein
SAL showed the highest CSC-specific toxicity. SAL selectively
inhibited tumor growth and significantly reduced the relative
proportion of breast CSCs both in vitro and in vivo. It should be
noted that the clinical chemotherapeutic drug paclitaxel (taxol)
that is frequently used in breast cancer therapy, displayed nearly
100-times lower activity relative to that of SAL [48]. Since this
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original report, SAL has shown activity across numerous cancer cell
lines of different origin, including colorectal, gastric, hepatocellular,
leukemia, lung, osteosarcoma, ovarian, prostate and squamous
ones (Table 1) [13,49].

One of the first studies in the field of anticancer activity of SAL
has been performed by Naujokat et al.; in 2009, the authors
demonstrated that SAL induced massive apoptosis in a dose-
dependent manner of human leukemia, lymphoma and uterine
sarcoma cells, including those that display multiple mechanisms of
MDR. For instance, the leukemia cells isolated from the peripheral
blood of cancer patients with acute T-cell leukemia underwent
programmed cell death in response to exposure to SAL. The use of
the highest dose of SAL resulted in the killing of almost all leukemic
cells without damaging the normal T-cells, proving its high selec-
tivity of action [50]. In further studies, the same authors have found
that SAL may be regarded as a novel and effective agent for the
elimination of human leukemia cells that exhibit characteristics of
leukemia stem cells [51]. Lu et al. have clearly evidenced that SAL
selectively induces apoptosis in chronic lymphocytic leukemia
cells, the most frequent form of human leukemia in the Western
world [52]. In addition, it has been also observed recently that low-
dose SAL results in anti-leukemic responses in both acute myeloid
leukemia and mixed-lineage leukemia [53], and induces apoptosis
and differentiation in human acute promyelocytic leukemia cells
[54].

The evidence that SAL induces dose- and time-dependently
apoptosis of human prostate cancer cells, including both
androgen-responsive as well as androgen-refractive cancer cells,
was presented for the first time in 2011. SAL exposure reduced the
viability of prostate cancer cells at a lower dose than non-malignant
prostate epithelial cells. It is worth noting here that the chemo-
resistance of the hormone-independent human prostate cancer
cells to SAL was higher than that of the hormone-dependent cancer
cells [55]. In 2012, Iljin et al. confirmed that SAL inhibits prostate
cancer cell growth, reduces cell migration and impacts on prostate
CSC functions, and, similarly to above mentioned results, does not
affect non-malignant prostate epithelial cells. SAL was at least 10-
fold more potent growth inhibitor of the studied prostate cancer
cells when compared with non-malignant prostate epithelial cells.
Of note, SAL showed similar effects as an antihelmintic drug
niclosamide and as an antihistamine agent terfenadine [56]. All
these observations have been confirmed once again very recently;

the cytotoxicity of SAL to human prostate cancer cells was stronger
than to non-malignant prostate cells, and exposure to SAL induced
G2/M phage arrest and apoptosis of cancer cells. Furthermore, SAL
reduced resistance and relapse of prostate tumor by killing cancer
cells and CSCs [57].

Osteosarcoma is the most common primary bone tumor in
children and adolescents, and is typically associated with poor
prognosis, resulting from a failure to target the CSCs in osteosar-
coma. SAL was able to target osteosarcoma cells with stem-cell like
properties both in vitro and in vivo, and had simultaneously mini-
mal severe side effects on mesenchymal stem cells. Wang et al. have
observed significantly lower sphere and tumor formation as well as
higher reduction in tumorigenic ability after SAL treatment [58]. In
the same year, SAL was identified as a novel and potent gastric anti-
CSCs agent towards which commonly used cytostatic drugs (5-
fluorouracil and cisplatin) were ineffective [59]. Very recently, it
has been also found that SAL is a promising agent for the systemic
treatment of chondrosarcoma [60].

Lung cancer is the leading cause of cancer-related death
worldwide and is classified into two main subtypes — non-small
cell lung cancer which accounts for approximately 85% of all lung
cancers, and small-cell lung cancer which is diagnosed in 15% of
cases [61]. The main reason for the terrifyingly high rates of mor-
tality in lung cancer patients is that the tumors are generally
diagnosed in the latter stages of the disease and that effectiveness
of the currently used treatments is either therapeutically insuffi-
cient or beneficial to a small population of patients only [62].
Importantly, the extremely promising effects of SAL on cell survival,
colony growth, migration, and invasion of human non-small cell
lung cancer cells and CSCs have been documented, although these
cancer cells were resistant to standard chemotherapeutics, like 5-
fluorouracil, cisplatin and gemcitabine [62-65]. SAL did not
reduce the size of the primary tumor [63] but reduced the
tumorsphere-forming potential of CSC sub-population, decreased
the expression of the cancer cells with stem-cell like properties as
well as metastatic tumor burden by hampering lung cancer
migration, both in vitro and in vivo [62-66].

Moreover, three Chinese research groups have independently
demonstrated the interesting properties of SAL against colorectal
cancer cells [67-69]. SAL effectively induced apoptosis in cisplatin-
resistant colorectal cancer cells [68], destroyed selectively the
colorectal cancer cell sub-populations that were identified as CSCs,

Table 1

Anticancer activity of salinomycin against various cancer cells and cancer stem cells.
Type of cancer Cancer cell line Activity in vitrofin vivo References
bladder cancer 5637, T24 in vitro [94,95]
breast cancer 4T1-luc, Hs578T, MCF-7, MDA-MB-231, MDA-MB-436, T47D in vitro and in vivo [48,66,72,73,75,101]
cholangiocarcinoma EGI-1, Mz-ChA-1, p246, p254, TFK-1 in vitro and in vivo [89,90]
chondrosarcoma SW1353 in vitro [60]
colon cancer COGA2, COGA10 in vitro [66]
colorectal carcinoma CT26, HCT-116, HT29, MC38, SW480, SW620 in vitro and in vivo [67-70]
endometrial cancer Hec-1, RENT4 in vitro [97]
gastric cancer AGS, BGC-823, KATO-III, MKN-28, MKN-45, NCI-N87, SGC-7901, SNU-1, SNU-16 in vitro [59]
glioma DBTRG-05MG, EFC-2, GL261, US7MG, U251MG in vitro and in vivo [98-100]
head and neck carcinoma HN-1, HN-30, JLO-1, UMSCC-10B in vitro and in vivo [96,101]
hepatocellular carcinoma BEL-7402, HepG2, HCCLM3, Huh7, MHCC-97H, SMMC-7721 in vitro and in vivo [86-88]
leukemia A9Mp, hAML1-3, KG-1a, MAF9p, Molt-4 and Jurkat CD4" T-cell in vitro and in vivo [50-54]
lung cancer A549, LLC, LNM35 in vitro [64-66]
lymphoma Namalwa Burkitt in vitro [50]
nasopharyngeal carcinoma CNE-1, CNE-2, CNE-2/DDP in vitro and in vivo [84,85]
osteosarcoma MG63, SA0S2, SAOS2/MTX30, U20S, U20S/MTX300 in vitro and in vivo [58]
ovarian cancer A2780, A2780/ADR, A2780/DDP, C13, OV2008, OVCAR-3, SKOV3 in vitro and in vivo [78-83,101]
pancreatic cancer AsPC-1, Colo357, MiaPaCa-2, PANC-1, Panc02, SW1990 in vitro and in vivo [91-93]
prostate cancer DU-145, LNCaP, PC-3, VCaP in vitro and in vivo [55-57]
squamous cell carcinoma OCTT2, SCC9 in vivo [71]
uterine sarcoma MES-SA/Dx5 in vitro [50]
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and decreased the malignant traits in these cells. The tested cancer
cells were ~10-fold more sensitive to SAL than to oxaliplatin, a
commonly used anti-colorectal cancer drug [69]. Very recently, a
murine model to investigate the effectiveness of SAL against human
colorectal cancer cells has been proposed. SAL markedly impaired
tumor cell viability, proliferation and migration, and induced
necrotic cell death both in vitro and in vivo [70].

In the original report of Basu et al., SAL was found to equally
target both epithelial-like and mesenchymal-like sub-populations
in squamous cell carcinoma cell lines of the breast cancer as well as
to deplete the latter population in a mouse xenograft model, in
contrast to cisplatin. What should be stressed here, the sub-
population of mesenchymal-like cells displaying phenotypic plas-
ticity and increased resistance to both cytotoxic and targeted agents
was recognized as stem cell-like cancer cells [71]. SAL was also able
to induce growth inhibition, permanent cell cycle arrest, apoptosis
and senescence of different breast cancer cells, including triple-
negative human breast cancer cells [72,73]. Moreover, higher
resistance of non-tumor breast cancer cells to SAL was observed
[72]. In a recent study, Marchal et al. have compared the effects of
SAL on breast CSCs to that of a newly identified small anticancer
compound bozepinib; both agents showed a similar range of half
maximal inhibitory concentrations (ICsg) [74]. Additionally, SAL
could be applied at a relatively low concentration for a longer time
to overcome drug-resistance of breast cancer cells [75].

Although much progress in its treatment has been made,
ovarian cancer is the most lethal gynecologic malignancy. Maximal
surgical cytoreduction followed by platinum-based chemotherapy
is the standard treatment for patients with ovarian cancer. How-
ever, the problem with this therapy is that ovarian cancer cells are
resistant to the action of cisplatin [76]. Importantly, SAL elicited a
dose-dependent inhibition of cell growth and a pronounced
inhibitory effect on cell proliferation in ovarian cancer cells [77],
including both cisplatin-sensitive and cisplatin-resistant ovarian
cancer cells [78-83], such as the adriamycin-resistant ovarian
cancer cells [83]. Testa et al. have observed, however, that MDR
ovarian cancer cell lines are moderately less sensitive than their
chemosensitive counterparts to the apoptotic effects induced by
SAL [83].

In further studies, the scientists from other research groups have
demonstrated that SAL can effectively inhibit proliferation and
invasion, and/or induce apoptosis of human nasopharyngeal car-
cinoma cells and CSCs (activity in vitro and in vivo) [84,85], human
hepatocellular carcinoma cells (activity in vitro and in vivo) [86-88],
human cholangiocarcinoma cells — a primary liver cancer that is
characterized by aggressive tumor growth, high recurrence rates,
and resistance against common chemotherapeutical regimes (ac-
tivity in vitro and in vivo) [89,90], human pancreatic cancer cells
(activity in vitro and in vivo) [91-93], human bladder cancer cells
(activity in vitro and in vivo) [94,95], human head and neck squa-
mous cell carcinoma stem cells (activity in vitro) [96] as well as
human endometrial CSCs (activity in vitro and in vivo) [97]. The
effects of SAL on brain tumors have also been explored. It has been
shown that glioblastoma multiforme cells and glioma tumor cells
surviving to hydroxyurea or aphidicolin are slowly depleted by
treatment with SAL [98,99]. SAL had the ability to inhibit the tumor
growth of glioma stem cells by selectively suppressing glioma-
initiating cells [100].

In 2012, only three years after the discovery of the anticancer
properties of SAL, Naujokat and Steinhart successfully used SAL in
the treatment of a small group of patients with invasive carcinoma
of the head, neck, breast and ovary. Monotherapy with
200—250 ug kg~! of SAL administered intravenously every second
day resulted in the inhibition of disease progression with the
appearance of few side effects only. Importantly, long-term acute

adverse effects, including nausea, vomiting, alopecia, and gastro-
intestinal disorders, were not observed [101].

4. Synergistic effects of salinomycin

An ideal anticancer strategy would be to look for agents that
target both non-CSCs and CSCs within tumors. Alternatively, it may
be preferable to develop novel synergistic combinations that
combine agents with specific toxicity towards non-CSCs together
with the ones that specifically target CSCs sub-populations within
tumors. In this context, the sensitizing effects of anti-CSCs agent
SAL on tumor cells of various origin have been noticed recently
both in combination with other chemotherapeutic drugs and with
radiotherapy (Table 2).

In 2010, Testa et al. proved that SAL treatment restores
vinblastine sensitivity in vinblastine-resistant cells; similar results
have been observed in human cisplatin-sensitive ovarian epithelial
carcinoma cells exposed to doxorubicin alone or in combination
with SAL [83]. Treatment with SAL alone reduced the stemness
marker expression and spheroid-forming ability of ovarian CSCs,
while the therapy with paclitaxel alone did not decrease the
viability of cancer cells with stem cell-like properties. Interestingly,
the treatment with a combination of both agents decreased the
viability of ovarian CSCs and promoted cancer cell apoptosis [102].
In the original report published recently, a combination of SAL and
homogenous, spherical in shape silver nanoparticles showed a
stronger synergistic interaction in ovarian cancer cells than in
breast cancer cells. A combined treatment increased the thera-
peutic potential and demonstrated the relevant targeted thera-
peutic effect in the treatment of ovarian cancer [103].

Since SAL inhibited the growth of CSCs, intensive studies have
been conducted in pancreatic cancer cells using SAL combined with
gemcitabine which suppresses the viability of non-CSC pancreatic
cancer cells. It has been found that the combination of SAL with
gemcitabine could eliminates the engraftment of human pancreatic
cancer cells more effectively than either of the agents alone. It
suggested that administration of SAL, a selective anti-CSCs agent,
may be a potential therapeutic strategy for improving the efficacy
of gemcitabine in the treatment of patients diagnosed with
pancreatic cancer [104].

Although much success in developing novel anticancer drugs
has been made, drug resistance remains a major obstacle in cancer
treatment. It may be a pre-existing, inherent feature of cancer cells
or a feature acquired during the course of treatment, leading to
cancer relapse after months or years; MDR can also be found
through the promotion of drug efflux [105,106]. In this context,
chemotherapy in combination with SAL may improve MDR cancer
therapy. SAL and 5-fluorouracil were used in combination therapy
on MDR hepatocellular carcinoma cell lines and nude mice to study
whether SAL could increase the sensitivity of hepatoma cells to the
traditional chemotherapeutics. Interestingly, the combination of
SAL and 5-fluorouracil resulted in synergistic enhancement of
cytotoxicity and cell growth inhibition in liver tumors both in vitro
and in vivo [107].

The recently performed studies have clearly proved that SAL and
metformin are effective EMT-inhibiting agents in non-small cell
lung cancer cell lines [108]. On the basis of this result, scientists
from different research groups have shown that SAL in combination
with metformin, but also with cisplatin and erlotinib, acted syn-
ergistically to inhibit the growth and alveosphere formation of non-
small cell lung cancer cells [109—111]. In contrast, a combination of
SAL and paclitaxel did not improve the effect of single therapies on
lung primary tumors and their metastasis [63]. On the other hand,
SAL interacted with HDAC inhibitors to kill parental and stem-like
human glioblastoma cells [112] and was able to potentiate the
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Table 2
Synergistic anticancer co-action of salinomycin with other agents or irradiation.

Type of cancer Synergy

Cancer cell line

Activity References
in vitro/

in vivo

breast cancer Akt inhibitors, antimitotic agents, doxorubicin,

etoposide, frondoside A, panobinostat, radiation,

BT-474, HCC1937, Hs578T, MCF-7, MCF-7/LCC2, MCF-7/ in vitro and [73,103,117—
LCC9, MDA-MB-231, MDA-MB-436, MDA-MB-468, T47D in vivo

121,123,124,129—

resveratrol, 134,136]
4-hydroxytamoxifen, tamoxifen, trastuzumab, silver
nanoparticles
cholangiocarcinoma doxorubicin Huh-28, RBE in vitro [127]
chondrosarcoma doxorubicin SW1353 in vitro [60]
colorectal carcinoma gefitinib, nelfinavir HCT-116, HT-29, LoVo, SW480, SW1116, SW1116-GEF  in vitro and [115,118]
in vivo
gastric cancer 17-AAG, cisplatin SGC-7901 in vitro [125,126]
glioma HDAC inhibitors, TRAIL, radiation A172, GBM6, GBM12, U251, T98G, TB10 in vitro and [112,113,140]
in vivo
head and neck cisplatin, paclitaxel, radiation HLaC-78, JLO-1, UMSCC-10B in vitro [96,139]

squamous cell

carcinoma
hepatocellular 5-fluorouracil, doxorubicin, etoposide HepG2, Huh7, LM3, SMMC-7721, SNU-387, SNU-449 in vitro and [107,116,128]
carcinoma in vivo
leukemia doxorubicin CEM-VBL10, CEM-VBL100 in vitro [83]
lung cancer erlotinib, cisplatin, metformin, nelfinavir A549, H1650, H1703, H1975, HCC95, HCC4006, NCI- in vitro [108—111,118]
H460, NCI-H1975, NCI-H2122, NCI-H3122
nasopharyngeal radiation CNE-2, SUNE1IR in vitro [136,137]
carcinoma
osteosarcoma adriamycin, cisplatin, methotrexate U20S/MTX300, U20S/0CT4 in vitro [58]
ovarian cancer antimitotic agents, paclitaxel, silver nanoparticles A2780, ES2 in vitro [102,103,117]
pancreatic cancer  gemcitabine AsPC-1, SW1990 in vitro and [104]
in vivo
soft tissue sarcomas doxorubicin A204, HT-1080 in vitro [114]
uterine sarcoma doxorubicin, etoposide MES-SA/Dx5 in vitro [116]

cytotoxic effects of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) on these cancer cells [113]. SAL increased
chemosensitivity to the effects of doxorubicin in chondrosarcoma
[60] and soft tissue sarcomas [114], and enhanced the cytotoxic
effects of the commonly used chemotherapeutic drugs (adriamycin,
cisplatin and methotrexate) to osteosarcoma CSCs compared to the
effects of these agents alone [58]. Synergistic induction of apoptosis
by SAL and gefitinib through lysosomal and mitochondrial depen-
dent pathway overcame gefitinib resistance in colorectal cancer,
with a relatively low toxicity to normal cells [115].

Furthermore, co-treatment with SAL reduced the viability and
increased the apoptosis of the breast, liver and MDR uterine cancer
cells treated with etoposide and doxorubicin, suggesting that SAL
was capable of targeting cancers originating from various organs
when combined with these drugs. The results also demonstrated
that doxorubicin was more efficient in combination with SAL than
etoposide in combination chemotherapy [116]. Low concentration
of SAL could sensitize the breast and ovarian cancer cells to anti-
mitotic (microtubule-targeting) drugs, such as colchicine, doce-
taxel, paclitaxel and vinblastine, irrespective of their specific
targeting domains [117]. SAL worked synergistically with cisplatin
or paclitaxel in inducing cell death and differentiation in head and
neck squamous cell carcinoma stem cells [96] as well as with nel-
finafir, a widely used anti-HIV agent, to selectively kill TSC2-
deficient cancer cells [118].

Resveratrol is a natural polyphenol having antiproliferative ac-
tivity against breast cancer cells. Recently, a novel combination of
SAL and resveratrol for targeting breast cancer cells has been re-
ported [119-121]. Such a combination significantly enhanced
cellular toxicity of low dose resveratrol in ER-positive but not in
triple-negative breast cancer cells. A combination of resveratrol
with SAL was observed to be more potent that a combination with
rapamycin, a widely used mTOR inhibitor [119]. In contrast, Shukla
et al. have showed in the same year that resveratrol synergistically

potentiated the anticancer activity of SAL also against triple-
negative breast cancer cells [120].

In 2013, a novel SAL-sensitization mechanism in cancer cells
was identified; Yoon et al. indicated that Akt deactivation may
promote the sensitivity of cancer cells to SAL [122], and this
observation was exploited in further studies [ 123,124]. SAL could be
applied to increase treatment efficacy for cancer cells treated with
AZD5363, an inhibitor of protein kinase B (Akt) that is currently in
clinical trials [123]. Co-treatment using SAL and MK-2206 or
LY294002, another anticancer drugs in clinical trials, could be used
as a therapeutic method to sensitize cancer cells through targeting
of the PI3K/Akt/mTOR pathway as well. Collectively, these results
indicated that the sensitization mechanism observed when SAL
was combined with MK-2206 or LY294002 could also take place
when combined with other Akt inhibitors [124]. Furthermore,
Zhang et al. have demonstrated that a combination of SAL and
cisplatin or 17-AAG inhibited proliferation and induced apoptosis of
human gastric cancer cells. The alterations in gastric cancer cells co-
treated with these agents were more significant when compared
with those in cancer cells treated with one drug only [125,126].

SAL was also identified to exert synergistic cytotoxicity with
doxorubicin in cholangiocarcinoma and in hepatocellular carci-
noma cells through reversing/inhibiting doxorubicin-induced EMT
[127,128]. Similarly, SAL could enhance doxorubicin-induced cyto-
toxicity and reversed the resistance of doxorubicin in MDR human
breast cancer cells via diminishing drug efflux pump expression
and its activity [129,130]. As far as breast cancer is concerned, SAL
co-treatment enhanced tamoxifen cytotoxicity in both tamoxifen-
sensitive and tamoxifen-resistant breast tumor cells i.a. by facili-
tating lysosomal degradation of receptor tyrosine kinases [131,132].
The treatment of breast cancer mammospheres with SAL alone
reduced the expression of defined stem cell markers, indicating its
selectivity towards CSCs. Although trastuzumab did not reduce the
expression of these cancer stem-like markers, a combinational
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treatment of mammospheres with SAL and trastuzumab was su-
perior to single treatment with each of the agent that efficiently
targeted both HER2-positive cancer cells and CSCs [133]. It is of note
that SAL was additionally able to potentiate the antiproliferative
activity of 4-hydroxytamoxifen and frondoside A against breast
cancer cells [73], and acted as a promising drug for the eradication
of triple-negative breast cancer cells in combination with histone
deacetylase inhibitor panobinostat (LBH589) [134].

It is well known that many cancers are resistant to radiotherapy
and the existence of proliferatively quiescent CSCs is clearly one of
the reasons, along with the fact that they may exist within hypoxic
niches resulting in lower levels of reactive oxygen species (ROS)
and enhanced free radical scavenging systems [135]. It is therefore
worth noting that SAL sensitized radiation-treated breast cancer
cells by causing their DNA damage [136]. Moreover, Zhang et al.
have found that SAL can reverse radioresistance and promote
radiation-induced apoptosis in resistant to irradiation human
nasopharyngeal carcinoma cells [137,138]. It is postulated that SAL
and radiation are an effective combination therapy against head
and neck squamous cell carcinoma. A combined treatment with
SAL and radiation revealed very recently a significantly higher
reduction of tumor cell viability, proliferation, motility and secre-
tory capacity compared to the cells receiving only one of the
treatments alone [139]. Very recently, it has been also shown that
combined treatment of 2’ seeds and SAL induces enhanced
growth inhibition against human glioma cells through induction of
cell apoptosis. Further investigation has revealed that such com-
bination therapy triggers enhanced DNA damage through inducing
ROS generation [140].

5. Mechanism of anticancer activity of salinomycin

Although results of intensive studies have brought significant
progress in this issue, the precise anticancer mechanism of SAL is
still not fully understood and needs further investigation. The ef-
fects on several signal transduction pathways were however
invoked to explain the change in phenotype composition after SAL
treatment. Notably, it was demonstrated that SAL treatment in-
hibits Wnt signaling pathway involved in tumorigenesis and
embryogenesis through more than one mechanism [52]; the other
pathways that were inhibited by SAL include KRas [141] and
modulation of Hedgehog signaling [142—-144]. Alterations in genes
involved in stemness-related pathways, including Wnt, Notch and
Hedgehog, have been proved to play a pivotal role in breast cancer
progression [145].

Mechanistically, the demonstrated effects of SAL treatment in
different types of human cancers include decreased mitochondrial
membrane potential, decreased ATP levels, increased ROS produc-
tion (oxidative stress) that caused DNA damage and cell death, and
interfering with ABC drug transporters [56,146—152]. The ABC
transporters, like P-glycoprotein, constitute a group of trans-
membrane macromolecules that extrude a variety of substrates,
including structurally unrelated chemotherapeutic drugs, from the
cytosol, thereby conferring MDR [153,154]. The intense research
conducted recently, unveiled that SAL becomes a substrate of ABC
transporter, induces conformational change and blocks the MDR of
P-glycoprotein (MDR1/ABCB1) that finally reduces its activity [83].
Moreover, SAL was able to induce programmed cell death in human
cancer cells that exhibit resistance to apoptosis not only by inter-
acting with P-glycoprotein, but also by overexpression of Bcl-2 or
26S proteasomes with enhanced proteolytic activity [50]. In
contrast, it has been shown in another publication that SAL is able
to decrease the expression of Bcl-2 and simultaneously to increase
the expression of Bax as well as to cleave both caspase-3 and
caspase-9 [147].

SAL treatment has been also found to produce endoplasmic
reticulum (ER) stress in different cancer cell lines leading to auto-
phagy, which plays a role in various stages of tumorigenesis
[62,155-159]. ER stress is a cellular defense mechanism that can
force epithelial stem cells [160] and stem-like cancer cells to
differentiate [161,162], and it is well known that this response can
be induced by depletion of ER Ca’* stores [162,163]. Importantly,
increased level of cytosolic Ca>* was observed as a result of SAL-
mediated alkali-metal cation transport across the ER membrane
(Fig. 2C) [88,150,164]. Caspase-independent apoptosis was postu-
lated by Fuchs et al. who demonstrated that SAL activated a distinct
apoptotic pathway, which was not accompanied by cell cycle arrest
and that was independent of the tumor suppressor protein p53,
caspase activation, FAS/FAS ligand and the CD95/CD95L system
[50]. In contrast, Zhang et al. have suggested that SAL induces p53
translocation to mitochondria and forms a complex with
cyclophilin-D, which is required for mitochondrial permeability
transition pore opening and subsequent programmed necrosis [98].
There is also a report on cell death induction by SAL via inactivation
of Stat3 [165,166], downregulation of Skp2 [166], abolished Stat1
interactions and reduced telomerase activity [167].

Functionally, SAL is one of the representatives of membrane
ionophores which show significant affinity to alkali cations, espe-
cially to K", and the accumulating evidence points to the ion
transport properties as the origin of its phenotype effects [31].
Earlier it has been postulated that a decrease in intracellular K*
concentration was essential for the induction of apoptosis in hu-
man lymphoma cells [168,169]. Potassium channels of the mito-
chondrial and cytoplasmic membranes which are overexpressed in
many human cancer cells, play the pivotal roles in the regulation of
tumorigenesis, tumor cell proliferation, cell cycle progression and
apoptosis, and may constitute novel and promising molecular tar-
gets for cancer therapy [170]. In this context, SAL may interfere with
transmembrane potassium potential and promote the efflux of K*
cations from mitochondria and/or cytoplasm, suggesting that
apoptosis induced by SAL is mediated, at least in part, by its ability
to deplete cytoplasmic and/or mitochondrial K™, and to interfere
with potassium membrane potential (Fig. 2C). Although the mo-
lecular basis of the changes in phenotype composition, i.e. which
ion fluxes in the cell, are mediated by SAL to induce phenotype
effects, is still unknown, the data provide a connection between the
ionophoric activity of SAL in the ER, and between the previously
described changes in phenotype composition via suppressing of
proximal Wnt [52,58,164,171-173] and/or mTORC1 signaling
[174,175].

On the other hand, Li et al. and Los et al. have shown that SAL
induces autophagic flux [150,158]. The authors have shown a
massive autophagic response to SAL in prostate and breast cancer
cells, and this response has been substantially stronger than that to
the commonly used autophagic inducer — rapamycin; these find-
ings suggest possible clinical application of SAL in combination
with autophagy inhibitors, such as chloroquine [150]. In contrast,
Yue et al. have presented SAL as an inhibitor of functional auto-
phagy without altering the lysosomal acidity, but through an un-
known mechanism of attenuating lysosomal proteases [176]; this
comparison is complicated by the fact that the above-mentioned
studies employed different cancer cellular models [150,158,176].
According to other authors, it was found that SAL mediated with
regulation of autophagy that enhanced its anticancer activity by
many different ways, including activating of AMP-activated protein
kinase, ROS induction, mediation of PI3K/Akt/mTOR and ERK/p38
MAPK-dependent signaling [177-183]. On the other hand, it has
been indicated very recently that SAL-induced autophagy blocks
apoptosis via the ATG3/AKT/mTOR signaling axis in PC-3 prostate
cancer cells [184].
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It is of note that SAL suppressed cell viability concomitant with
the downregulation of cyclin D1 and increased p27XP! nuclear
accumulation; mammosphere formation assays revealed that SAL
downregulates the transcription factors Nanog, Oct4 and Sox2
[185]. SAL blocked also cancer cell migration by disrupting stress
fiber integrity [92] and through the dephosphorylated FAK and
ERK1/2 pathways, reflecting the changes in cell stiffness resulting
from the increased actin cytoskeleton [186]. Li et al. showed that
SAL has the ability to reverse transforming growth factor-g1 (TGF-
61) accompanied with down-regulation of MMP-2; SAL was able to
inhibit TGF-#1-induced EMT phenotypic transition and the acti-
vation of key signaling molecules involved in both Smad and non-
Smad signals, which cooperatively regulate the induction of EMT
[187].

New growth in the vascular network is important since the
proliferation and metastatic spread of cancer cells depends on an
adequate supply of oxygen and nutrients as well as the removal of
waste products; new blood vessels form through the processes
called angiogenesis [188]. In this context, it has been found very
recently that SAL exerts antiangiogenic and antitumorigenic ac-
tivities by inhibiting vascular endothelial growth factor receptor 2-
mediated angiogenesis [189] as well as by suppressing the VEGF-
VEGFR2-Akt/FAK signaling axis [190].

6. Salinomycin toxicity

Like any other bioactive substance, SAL used in the amount
above a certain dose also induces toxic effects. It is postulated that
the neuronal and muscular toxicity of SAL is mediated by the un-
controlled and abrupt elevation of cytosolic Na™/K" concentration
that consecutively enhances Ca>* concentration inside the cells due
to NCX exchangers in the plasma membrane and mitochondria
[152,191]. A high level of intracellular Ca®* induced the activation of
calpain triggering a caspase-dependent apoptosis [152] and may
result in normal cell necrosis [192]. P-gp can also be a major
determinant of the pharmacokinetic behavior and toxicity of SAL
[193].

Several reports describing the toxicity effects of SAL on animals
and humans have been published whose authors distinguished
many different symptoms, such as rhabdomyolysis, myocardial
insufficiency, neuropathy and metabolic acidosis [191]. For
example, SAL accidently fed to cats induced severe axonal and
demyelinating neuropathy [194]; the toxic effects of SAL on rat
neuronal cells at concentrations effective against CSCs were proved
[152]. There was also a case report on human poisoning by SAL;
accidently ingested unknown concentration of SAL resulted in life-
threatening neuropathy, rhabdomyolysis and 6-week hospitaliza-
tion. The concentration of SAL in the plasma was not determined,
but it was estimated that 1mgkg~! of the body weight was
ingested [195]. In China, a group of 14 people accidentally ingested
high concentrations of SAL during a banquet due to the misuse
substitution of SAL powder as starch. Clinical symptoms included
diarrhea, dizziness, limb anesthesia, nausea, stomachache, vomit-
ing, weakness and dark red to brown urine [196].

However, Boehmerle and Endres demonstrated an attenuation
of SAL toxicity by inhibition of NCX and calpain [152]. Indeed, a
significant reduction in SAL neuronal toxicity was observed by
inhibiting the mitochondrial NCXs, using the benzodiazepine
derivate CGP37157. Importantly, the tumor toxicity of SAL was
simultaneously not inhibited by CGP37157, which may be a novel
and very promising dual-drug strategy in future cancer therapy
[197]. The interaction between SAL and hepatoprotective agent
silybin resulted in considerable toxicity reduction [198] as well as it
was found that SAL underwent rapid metabolism in liver micro-
somes and had a high intrinsic clearance [199].

Since SAL was found to selectively destroy CSCs, its effects on
normal human bone marrow mesenchymal stem cells (hBMSCs)
were also elucidated. Low-dose SAL showed no negative effects on
the essential functional properties as well as immunophenotype
and multi-differentiation capacity of hBMSCs. Cytotoxic effects
were observed at concentrations of >30puM only; neither the
migration capability nor the ability to form spheroids was affected
[200]. All these findings were confirmed recently by other scien-
tists; hBMSCs were treated with low-dose SAL (100 nM) for four
weeks and no differences were observed in cell morphology or
cytoskeletal structures following SAL exposure. The differentiation
into adipocytes and osteocytes was not counteracted, proliferation
capability was not inhibited and no genotoxic effects were
observed after four weeks of SAL exposure as well [201]. On the
other hand, Kleinsasser et al. revealed significant cytotoxic effects
in human nasal mucosa cells and peripheral blood lymphocytes at
SAL concentrations of 10—20 uM without observation of any gen-
otoxic effects [202].

7. Conclusions

Cancers are characterized by uncontrollable and unstoppable
growth and cell division, and cancer cells also have the ability to
metastasize to other tissues and organs. Although oncology has had
several milestones in the fight against cancers, the patients are still
waiting for development of effective ways to combat the disease.
Chemotherapy, whose action is based on the inhibition of cell di-
vision, is effective towards many types of cancers but to many
others it is completely unsuccessful. Therefore, the search for new
biologically active substances is of top importance. Over the last
few decades, natural compounds have been commonly used in
cancer treatment, and there is much evidence indicating that sali-
nomycin (SAL), a naturally-occurring polyether antibiotic, is a
candidate for novel and very effective anticancer drug.

There is no doubt that SAL has remarkable and unusual anti-
cancer properties. Within just a few years, the high activity of SAL
was proved against cancer cells and cancer stem cells of different
origin, including those that display multi-drug resistance. Every
year, there are dozens of new articles describing the new discov-
eries in the field of SAL bioactivity. Particularly interesting are new
reports on the synergistic effects of SAL treatment in combination
with other chemotherapeutic drugs or radiotherapy that signifi-
cantly increase the effectiveness of the dual therapy applied.

SAL, like any other bioactive substance, is toxic when applied
above a certain concentration. However, the results have clearly
shown that it is able to effectively suppress cancer progression with
the appearance of a few minor side effects only, when used in the
appropriate dose. It should be emphasized here that long-term
acute adverse effects, including nausea, vomiting, alopecia, and
gastrointestinal disorders, have not been observed, which proves
its huge therapeutic potential.

For sure, in the coming years there will be further, numerous
scientific reports regarding the anticancer activity of SAL as well as
its synergistic co-actions both in vitro and in vivo. In the light of all
data presented in this review article, SAL should be approved in
future for cancer therapy as a powerful and very selective drug that
will bring hope and real help to cancer patients worldwide.
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