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Salinomycin induces cell death via inactivation of Stat3
and downregulation of Skp2

KH Koo1, H Kim1, Y-K Bae1, K Kim2, B-K Park3, C-H Lee*,4 and Y-N Kim*,1

Salinomycin has been shown to control breast cancer stem cells, although the mechanisms underlying its anticancer effects are
not clear. Deregulation of cell cycle regulators play critical roles in tumorigenesis, and they have been considered as anticancer
targets. In this study, we investigated salinomycin effect on cell cycle progression using OVCAR-8 ovarian cancer cell line and
multidrug-resistant NCI/ADR-RES and DXR cell lines that are derived from OVCAR-8. Parental OVCAR-8 cells are sensitive to
several anticancer drugs, but NCI/ADR-RES and DXR cells are resistant to several anticancer drugs. However, salinomycin
caused cell growth inhibition and apoptosis via cell cycle arrest at G1 in all three cell lines. Salinomycin inhibited signal
transducer and activator of transcription 3 (Stat3) activity and thus decreased expression of Stat3-target genes, including cyclin
D1, Skp2, and survivin. Salinomycin induced degradation of Skp2 and thus accumulated p27Kip1. Knockdown of Skp2 further
increased salinomycin-induced G1 arrest, but knockdown of p27Kip1 attenuated salinomycin effect on G1 arrest. Cdh1, an E3
ligase for Skp2, was shifted to nuclear fractions upon salinomycin treatment. Cdh1 knockdown by siRNA reversed salinomycin-
induced Skp2 downregulation and p27Kip1 upregulation, indicating that salinomycin activates the APCCdh1–Skp2–p27Kip1
pathway. Concomitantly, si-Cdh1 inhibited salinomycin-induced G1 arrest. Taken together, our data indicate that salinomycin
induces cell cycle arrest and apoptosis via downregulation or inactivation of cell cycle-associated oncogenes, such as Stat3,
cyclin D1, and Skp2, regardless of multidrug resistance.
Cell Death and Disease (2013) 4, e693; doi:10.1038/cddis.2013.223; published online 27 June 2013
Subject Category: Cancer

Cancer cells can acquire multidrug resistance and/or
apoptosis resistance to chemotherapy frequently by various
mechanisms, which is a major problem in successful cancer
treatment.1 It is thought that subsets within tumor populations
acquire genetic alterations that confer drug resistance.
Studies have suggested that subpopulations of cancer cells,
namely cancer stem cells (CSCs), are responsible for cancer
recurrence and drug resistance.2,3 CSCs possess tumor
initiation, self-renewal capacity, invasion, metastasis, and
therapeutic resistance.4 CSCs display numerous mechan-
isms of resistance to chemotherapeutic drugs, allowing them
to survive current cancer therapies and initiate relapse.4,5

Therefore, in addition to killing the bulk of tumor cells,
eradication of CSCs by molecular targeting of distinct
deregulated signaling elements is required for complete
cancer control. Recently, salinomycin has been identified as
a highly effective chemical in the elimination of CSCs in a
high-throughput screen.6

Salinomycin is a carboxylic polyether ionophore isolated
from Streptomyces albus7 that has been widely used as an
agricultural antibiotic to prevent coccidiosis in poultry.
Salinomycin selectively kills CSCs in some types of cancer,
such as breast cancer, leukemia, colorectal cancer, lung
cancer, gastric cancer, and osteosarcoma.6,8–12 Salinomycin
acts as a potent inhibitor of multidrug resistance protein 1
(MDR-1) (P-glycoprotein/ABCB1) and induces apoptosis in
drug- and apoptosis-resistant human cancer cells.8,13,14

Salinomycin exerts its anticancer effects through the generation
of ROS, and it also sensitizes anticancer drug- and radiation-
treated cancer cells by increasing DNA damage.15–18 A recent
study demonstrated that salinomycin inhibits Wnt signaling
and selectively induces apoptosis in chronic lymphocytic
leukemia cells.19 The ability of salinomycin to effectively kill
both CSCs and apoptosis- or drug-resistant cancer cells may
define the compound as a novel and effective anticancer
agent. However, the biochemical basis and molecular
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mechanisms of the anticancer effects of salinomycin remain
unclear.

The mammalian cell cycle is controlled by a subfamily of
cyclin-dependent kinases (CDKs), the activity of which is
modulated by several activators (cyclins) and inhibitors.20,21

Levels of cyclins and CDK inhibitors are regulated at both the
transcriptional and post-translational levels. The Skp, cullin,
and F-box–containing (SCF) complex and the anaphase-
promoting complex (APC) are two major E3 ubiquitin ligases
that govern levels of cyclins and CDK inhibitors at each
cycle.22 The G1- to S-phase transition is critical for cell cycle
progression, and cyclin D1, a positive regulator of this
transition, is a biomarker of cancer phenotype and disease
progression.23–25 CDK inhibitors, such as p21Cip1 and
p27Kip1, inhibit cell cycle progression, and low levels of
p27Kip1 are associated with a poor prognosis in most
cancers.20,26 p27Kip1 is mainly regulated at the protein
stability level, and its proteasomal degradation is preceded
by ubiquitination mediated by S-phase kinase-associated
protein 2 (Skp2), a critical component of the SCF E3 ligase
complex. Skp2 is an oncogenic protein and is frequently
overexpressed in many human tumors. Skp2 targets tumor
suppressor proteins for degradation, especially p27Kip1.27–29

Increased levels of Skp2 and decreased levels of p27Kip1
are observed in many types of cancer, and Skp2 has
been associated with poor prognosis as well as tumor
metastasis.27,30–32 Skp2 is known to be degraded via the
APCCdh1 pathway.33 Skp2 expression has also been asso-
ciated with apoptosis resistance induced by TRAIL, radiation,
and rapamycin.34–36 Therefore, Skp2 has been suggested as
a novel and promising therapeutic target for cancer control.

In this study, we demonstrated that salinomycin induces cell
growth inhibition and apoptosis via cell cycle arrest at G1
phase regardless of MDR-1 expression. We illustrated that
the antitumor effects of salinomycin are due to its ability to
inhibit the signal transducer and activator of transcription 3
(Stat3)–cyclin D1 pathway, degrade the Skp2 oncoprotein,
and induce the accumulation of the p27Kip1 tumor
suppressor.

Results

Multidrug resistance and MDR-1 expression in NCI/ADR-
RES and DXR cells. NCI/ADR-RES cells are multidrug-
resistant cells derived from OVCAR-8 human ovarian
adenocarcinoma cells.37 We further established DXR cells
by exposing NCI/ADR-RES cells to progressively higher
concentrations of doxorubicin, which are able to survive up to
50 mM doxorubicin. As expected, both NCI/ADR-RES and
DXR cells are resistant to doxorubicin-induced cell death,
whereas OVCAR-8 cells are sensitive. Compared with
NCI/ADR-RES cells, DXR cells appeared to be more
resistant to doxorubicin (Figure 1a). We further examined
whether these doxorubicin-resistant cells obtained the multi-
drug resistance to various anticancer drugs (Figures 1b–d).
NCI/ADR-RES and DXR cells exhibited resistance to
paclitaxel, etoposide, and cisplatin compared with the
parental OVCAR-8 cells. Next, we evaluated level of
MDR-1, which is one of the major ABC transporters
associated with multidrug resistance.38 Levels of both mRNA

and protein of MDR-1 were significantly increased in
NCI/ADR-RES and DXR cells, whereas its expression was
not detectable in OVCAR-8 cells (Figures 1e and f). Higher
levels of MDR-1 expression were detected in DXR cells than
in NCI/ADR-RES cells. Consistent with MDR-1 levels, low
levels of accumulation of rhodamine123 or doxorubicin were
observed in NCI/ADR-RES and DXR cells (Figure 1g). In
addition, DXR cells contained lower levels of rhodamine123
or doxorubicin than NCI/ADR-RES cells. These data suggest
that expression levels of MDR-1 are correlated with drug
resistance and efflux of its substrates.

Salinomycin induces cell cycle arrest at G1 phase and
apoptosis in the multidrug-resistant cells. To evaluate
the effect of salinomycin on cell proliferation and survival,
OVCAR-8, NCI/ADR-RES, and DXR cells were treated with
different doses of salinomycin, and cell growth was
measured by MTS assay and cell counting. Salinomycin
treatment induced growth inhibition dose-dependently in all
three cell lines regardless of MDR-1 expression (Figures 2a
and b). DXR cells appeared to be a little more sensitive to
salinomycin. To test whether this growth inhibition is due to
cell death, we stained cells with annexin V and propidium
iodide (PI) and found that apoptosis is increased with
salinomycin treatment (Figure 2c). In addition, clonogenicity
of both OVCAR-8 and DXR cells was reduced by salinomycin
treatment as assessed by colony-forming assay (Figure 2d).
Salinomycin activated apoptosis signaling, including
decreases in phospho-Akt and phospho-Bad and increases
in caspase-3 activation and PARP cleavage (Figure 2e).
Some survival proteins, such as survivin and livin, decreased
without changes in the levels of antiapoptotic proteins,
including c-IAP1, c-IAP2, XIAP, and Bcl-xL, and a proapoptotic
protein, Bax (Figure 2e). Because the cell growth rate was
also decreased in the salinomycin-treated cells (Figure 2f),
we tested whether the antiproliferative effect of salinomycin
is associated with cell cycle arrest. Salinomycin caused
accumulation of G1-phase cells and a slight decrease in
S-phase cells in all three cell lines (Figure 2g). There was a
little increase in the sub-G1 population upon salinomycin
treatment. This increase in the G1 cell population was mostly
at the expense of G2/M cells. These results clearly suggest
that salinomycin exerts its antiproliferative effect by inducing
cell cycle arrest at G1 phase and, consequently, apoptosis.

Salinomycin treatment downregulates cyclin D1 and
Skp2 and accumulates p27Kip1. Next, we determined the
specific cell cycle regulators responsible for the cell cycle
arrest induced by salinomycin by immunoblot analysis using
antibodies specific to CDKs, cyclins, and CDK inhibitors.
Salinomycin treatment markedly decreased protein levels of
Skp2, cyclin D1, and cyclin A but did not change protein
levels of CDK1 (Figure 3a). Salinomycin had little effect on
the levels of CDK4 and CDK6, if any. The Skp2-containing
SCF ubiquitin ligase (SCFSkp2) targets cell cycle-negative
regulators p27Kip1, p21Cip1, and p130Cas for proteasomal
degradation and thereby controls progression through the
cell cycle.29 Consistent with Skp2 reduction, salinomycin
caused p27Kip1 accumulation in all three cell lines. Levels of
another CDK inhibitor, p21Cip1, were slightly elevated upon
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salinomycin treatment, whereas the other CDK inhibitors
p16INK4A and p15INK4B were not largely changed.
Salinomycin did not change the expression of tumor
suppressor genes, such as p53, PTEN, and p130Cas
(Supplementary Figure 1). Because p27Kip1 acts as a
decisive negative regulator of the cell cycle, p27Kip1
degradation is a critical event for the G1/S transition and
occurs through ubiquitination by Skp2 and subsequent
degradation by the 26S proteasome. These results indicate
that salinomycin downregulates cyclin D1 and Skp2 and
induces p27Kip1 accumulation, leading to cell cycle arrest in
the G1 phase.

To investigate how cyclin D1 and Skp2 are downregulated
in salinomycin-treated cells, we examined mRNA levels by
quantitative PCR (qPCR). The mRNA levels of cyclin D1 and
Skp2 were decreased by 49% and 43% compared with those
in the control, respectively (Figure 3b). Next, we examined the
half-life of these proteins using cycloheximide (CHX), a
protein synthesis inhibitor. Salinomycin did not alter cyclin
D1 stability but decreased Skp2 stability approximately
twofold (Figures 3c and d). To further investigate whether
salinomycin increases proteasomal degradation of cyclin D1
and Skp2, we evaluated those protein levels after salinomycin
treatment in the presence or absence of MG132, a proteasome

inhibitor (Figure 3e). MG132 could block salinomycin-induced
Skp2 downregulation but not cyclin D1 downregulation. In
addition, salinomycin treatment increased ubiquitination of
Skp2 immunoprecipitates, indicating that salinomycin
treatment decreases Skp2 via the proteasomal pathway
(Figure 3f).

Salinomycin inhibits phosphorylation and transcrip-
tional activity of Stat3. Stat3 is activated in ovarian
cancers, and Stat3 activation is known to increase cyclin
D1 and Skp2.39–41 Stat3 phosphorylation was significantly
reduced by salinomycin in a dose-dependent manner without
changes in total levels of Stat3 (Figure 4a). To analyze
Stat3 activity changes, DXR cells were transfected with a
Stat3-dependent luciferase reporter construct, 3xLy6E/
pZluc-TK, and treated with salinomycin. Stat3-dependent
luciferase activities were also decreased by salinomycin
treatment, which is comparable with the effects of a
Stat3-specific inhibitor, S3I-201 (Figure 4b). S3I-201 reduced
viability of DXR cells dose- and time-dependently (Figure 4c).
S3I-201 treatment also caused a dose-dependent reduction
of protein levels of Skp2, cyclin D1, and survivin and a
concomitant rise in p27Kip1 expression (Figure 4d). To test
whether Stat3 activation could reverse salinomycin effects,
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Figure 1 Multidrug resistance and MDR-1 expression in ovarian cancer cell lines, including OVCAR-8, NCI/ADR-RES, and DXR cells. OVCAR-8, NCI/ADR-RES, and
DXR cells were treated with the indicated concentrations of (a) doxorubicin, (b) paclitaxel, (c) etoposide, and (d) cisplatin for 72 h, and cell viability was determined by MTS
assay. Data are presented as averages of triplicate measurements, with error bars representing standard deviations. *Po0.05, **Po0.005, and ***Po0.0005. (e) The levels
of MDR-1 mRNA were determined by RT-PCR in each cell line. (f) Equal amounts of cell lysates were subjected to immunoblot analysis using MDR-1 antibody. b-Actin was
used as a loading control. (g) Cells were incubated with 10mM rhodamine123 or 50mM doxorubicin for 2 h, and the accumulation of rhodamine123 (left panel) and doxorubicin
(right panel) was measured by flow cytometric analysis. These experiments were performed twice on separate samples with comparable results
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we established the stable cell lines expressing the constitu-
tively active Stat3 (CA-Stat3) (Figure 4e). When CA-Stat3
was overexpressed, both Skp2 downregulation and p27Kip1
upregulation were attenuated in response to salinomycin,
indicating that Stat3 activity could reverse the effects of
salinomycin partially (Figure 4f and Supplementary Figure 2).
Although cyclin D1 is an important target gene of Stat3,40

salinomycin-induced cyclin D1 downregulation was not
recovered by CA-Stat3 expression. Because Stat3 is known
to be activated through growth factor receptor pathways
and cytokine receptor–Janus kinase (JAK) pathways,42 we
tested whether salinomycin decreases activities of EGFR
and JAK2. However, salinomycin did not affect activation of

EGFR and JAK2 as assessed by their phosphorylation
(Supplementary Figure 3).

Expression levels of Skp2 and p27Kip1 are associated
with sensitivity to salinomycin. To evaluate the roles of
Skp2 and p27Kip1 in salinomycin-induced G1 arrest,
expression of these two proteins was knocked down using
small interfering RNAs (siRNAs) specific for either Skp2 or
p27Kip1. Transfection with si-Skp2 efficiently reduced Skp2
levels and simultaneously increased p27Kip1 levels. Skp2
levels were abolished and p27Kip1 levels were much higher
in the cells treated with salinomycin and si-Skp2 together.
Transfection with si-p27Kip1 abolished both basal levels of
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p27Kip1 and salinomycin-induced p27Kip1 (Figure 5a).
Consistent with these data, salinomycin-induced G1 arrest
was enhanced by si-Skp2 but was significantly blocked by
si-p27Kip1 (Figure 5b).

To test whether Skp2 expression levels correlate with the
effect of salinomycin on cell growth inhibition, we employed
the breast cancer cell lines MCF-7, SK-BR-3, and MDA-MB-468,
which express different levels of Skp2 (Figure 5c). MCF-7
cells express lower levels of Skp2, and salinomycin treatment
abolished Skp2 protein in these cells. Thus, they are
most sensitive to salinomycin-induced cell growth inhibition
(Figure 5d). In contrast, salinomycin-induced cell growth
inhibition was slower in the MDA-MB-468 cells, which express
the highest Skp2 protein level of the three cell lines
(Figure 5d). Salinomycin treatment also decreased Skp2
levels and induced cell growth inhibition in the A549 cells
(Figure 5e). These results suggest that salinomycin induced
Skp2 downregulation, which allows the p27Kip1 accumulation
that is critical for G1 arrest and cell growth inhibition.

APCCdh1–Skp2–p27Kip1 pathway is responsible for
salinomycin-induced G1 arrest. The stability of Skp2

protein is regulated by multiple pathways, including
phosphorylation and proteasomal degradation. Phosphorylation
of Skp2 by Pim-1, Akt1, and CDK2 on Ser64 and Ser72

protects it from degradation by the APCCdh1.43–45 Recently,
Skp2 was shown to be destabilized by von Hippel–Lindau
protein (pVHL) upon DNA damage.46 Therefore, we
examined whether salinomycin treatment alters the levels
of Skp2-regulating proteins. The levels of Pim-1, Cdh1, and
pVHL were not changed, whereas the levels of CDK2 were
decreased by salinomycin (Figure 6a). Although the levels of
protein and mRNA of Cdh1 were not changed (Figures 6a
and b), Cdh1 levels in the nuclear fraction were increased
and Skp2 levels were decreased in both the cytosolic and
nuclear fractions by salinomycin (Figure 6c), indicating that
Skp2 is degraded by the APC/Cdh1 complex. To further
investigate this possibility, we knocked down Cdh1
expression using si-Cdh1. Cdh1 downregulation accumu-
lated Skp2 levels and maintained Skp2 levels even in the
salinomycin-treated cells (Figure 6d). Consistent with the
increased Skp2 levels, salinomycin treatment did not
upregulate p27Kip1 levels in the cells transfected with
si-Cdh1 when compared with cells transfected with siRNAs
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for control (si-Cont) (Figure 6d). Cdh1 knockdown by siRNA
also decreased salinomycin-induced Skp2 ubiquitination
(Figure 6e). Consequently, salinomycin-induced G1 population
was increased up to 73%, but this G1 arrest was blocked to
52% when Cdh1 was knocked down (Figure 6f). Taken
together, these data indicate that salinomycin inhibits cell
growth and induces apoptosis through Skp2 destabilization
by Stat3 inactivation and by an APCCdh1-mediated pathway,
leading to p27Kip1 accumulation.

Discussion

Cancer cells possess numerous mechanisms of resistance to
chemotherapeutic drugs, allowing them to escape current
cancer therapies. Recent reports indicate that CSCs are
resistant to chemotherapy and thus responsible for cancer
recurrence after chemotherapy.4 Salinomycin has recently
been identified as an inhibitor to control selectively CSC-like
cells in some tumor types, including breast cancer and

leukemia,6,8–12 although the underlying mechanisms are not
well elucidated. Here, we demonstrate that salinomycin
induces cell growth inhibition and apoptosis via Stat3–cyclin
D1 and APCCdh1–Skp2–p27Kip1 pathway-dependent cell
cycle arrest at G1 phase in both drug-sensitive and
multidrug-resistant cancer cell lines (Figure 7).

Drug resistance is one of the characteristics of CSCs due to
high expression of MDR-1.4 Some studies have demonstrated
that salinomycin is an MDR-1 inhibitor13 and that it can
sensitize cancer cells to other anticancer reagents.17 In our
study, we found that salinomycin itself exerted cell growth
inhibition and apoptosis in both drug-sensitive and drug-
resistant cell lines, indicating that salinomycin is not a
substrate of MDR-1 (Figure 1). In addition, MDR-1 mRNA
levels decreased at 24 h of salinomycin treatment, but its
protein levels decreased at 72 h treatment (Supplementary
Figures 4a–c). Accordingly, MDR-1 activity assessed
by rhodamine123 efflux decreased at 72 h treatment
(Supplementary Figure 4d). Because we observed cell cycle
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arrest at 24 h of salinomycin treatment, it is likely that
salinomycin induces cell cycle arrest and apoptosis
regardless of MDR-1 expression.

Cell cycle progression and transitions in mammalian cells
are regulated by a subfamily of CDKs, the activity of which is
modulated by several positive regulators (cyclins) and
negative regulators (inhibitors).21 The G1/S-phase transition
is critical for cell cycle progression, and dysregulation of
cyclins and CDKs has been linked to cancer. For example,
cyclin D1 is important for G1 progression and promotes cell
proliferation as an activator for CDK4 and CDK6.21 Cyclin D1
is overexpressed in several cancers and is a biomarker of
cancer phenotype and disease progression, indicating that
targeting of cyclin D1 oncogenes appears to be an attractive
therapeutic strategy.25 As negative regulators of the
G1/S-phase transition, p21Cip1/p27Kip1 and the INK4 proteins
are inhibitors of CDKs, and upregulation of p21Cip1/p27Kip1
is known to cause growth inhibition in various cancer
types.20,26 In this regard, our study demonstrates that
salinomycin downregulates cyclin D1 and upregulates
p27Kip1, leading to cell growth inhibition through G1 arrest.

Stat3 is one of the transcription factors for cyclin D1, and
Stat3 is activated in various cancers, including ovarian
cancer.40,47 It has been reported that aberrant Stat3 activation
promotes uncontrolled tumor cell growth and survival through
multiple mechanisms, including increased expression of
oncogenes, such as c-myc, Skp2, and cyclin D1, as well as
antiapoptotic proteins, including Bcl-2, Bcl-xL, Mcl-1, and
survivin.41,42,48 Stat3 activation is not only essential for cell

survival but also required for cell cycle transition.49 Recently,
Stat3 is known to regulate growth and self-renewal of
glioblastoma stem cells,50 and cyclin D1 is important for
self-renewal of mammary stem and progenitor cells that
are targets of MMTV-ErbB2 tumorigenesis.51 Therefore,
interfering with the Stat3 oncogenic pathway might restore
sensitivity to anticancer drugs. Here, we have illustrated
that salinomycin decreases Stat3 phosphorylation and
transcription activity and thus downregulates expression of
Stat3 target genes, such as cyclin D1, Skp2, and survivin
(Figure 4 and Supplementary Figure 2), although c-myc levels
remain unchanged (Supplementary Figure 5). Treatment with
S3I-201, a Stat3 inhibitor, resulted in Stat3 inactivation and
cyclin D1 downregulation, which is similar to the effects by
salinomycin (Figures 4c and d). However, salinomycin still
downregulated cyclin D1 in the CA-Stat3-expressing cells
(Figure 4e and Supplementary Figure 2). It is possible that
salinomycin is a powerful negative regulator of cyclin D1
independent of Stat3 activity. This could explain why CA-Stat3
expression partially protected cells from salinomycin-induced
growth inhibition.

Among the CDK inhibitors, p27Kip1 is a potent negative
regulator of G1-specific CDK–cyclin complexes. Mice lacking
p27Kip1 display multi-organ hyperplasia and are susceptible
to carcinogen-induced tumors, indicating that p27Kip1 is a
tumor suppressor.52 The loss of p27Kip1 protein has been
found in numerous cancers, and decreased levels of p27Kip1
are associated with shorter disease-free and/or overall
survival.26 Notably, salinomycin upregulated p27Kip1, and
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knockdown of p27Kip1 using siRNA reversed salinomycin-
induced G1 arrest (Figures 3a and 5b), indicating that p27Kip1
upregulation is critical for G1 arrest induced by salinomycin.
The levels of p27Kip1 protein are largely controlled by
ubiquitin-dependent proteolysis, and a major pathway for
p27Kip1 turnover involves its recognition by Skp2, a critical
component of the SCF E3 ligase complex.22

Skp2 targets cell cycle-negative regulators, such as
p27Kip1, p21Cip1, p130Cas, and FOXO1, for proteasomal
degradation, ultimately positively affecting cell cycle
progression.29,53 Levels of Skp2 are inversely correlated
with p27Kip1 expression, and overexpression of Skp2 is
frequently observed in numerous human cancers.27,30,31

Skp2 expression has been considered as a biomarker of poor
prognosis for breast cancer, melanoma, and nasopharyngeal
carcinoma.32,54,55 Interestingly, a recent study revealed a
possible role for Skp2 in maintaining the CSC-like phenotype
of nasopharyngeal carcinoma cells.56 Because of its oncogenic
activity and its role in cancer development, Skp2 has been
suggested as a novel and attractive therapeutic target for the
cancer treatment. In this study, we found that salinomycin
downregulates Skp2 levels and inversely stabilizes p27Kip1 in
multiple cancer cell lines, including ovarian cancer, breast
cancer, lung cancer, and glioma cell lines (Figures 3a, 5c,
and 5e, and data not shown). Skp2 knockdown by siRNA
further upregulated p27Kip1 and potentiated salinomycin-
induced G1 arrest, indicating that the Skp2–p27Kip1 pathway
is an important pathway to cell growth inhibition by salinomycin.

In addition to regulating its gene expression, Skp2 is
regulated by protein stability through multiple pathways,
including phosphorylation, subcellular localization, and
proteasomal degradation.41,43–46 In our study, salinomycin
appeared to downregulate Skp2 at post-translational levels
rather than the transcriptional level because the proteasomal
inhibitor MG132 could reverse Skp2 downregulation
(Figure 3e). Skp2 ubiquitination is triggered by the E3 ubiquitin
ligase APC/Cdh1 complex and results in Skp2 degradation.33

Recently, it was reported that Skp2 is phosphorylated
by Akt44 and CDK245 at Ser72 and Ser64, respectively. The
phosphorylation of Skp2 on these residues disrupts the
interaction between Cdh1 and Skp2, thereby inhibiting Skp2
ubiquitination by Cdh1 and proteasomal degradation.45

Although salinomycin inactivates Akt in OVCAR-8,
NCI/ADR-RES, and DXR cells (Figure 2e), Akt inactivation
appears not to affect Skp2 degradation because Skp2
degradation precedes Akt inactivation (Supplementary
Figure 6). CDK2 could be associated with Skp2 degradation
because CDK2 levels were decreased by salinomycin
treatment (Figure 6a), although we did not examine Skp2
phosphorylation. More interestingly, salinomycin treatment
increased levels of Cdh1 in the nuclear fraction, where Cdh1
ubiquitinates Skp2 for proteasomal degradation. Consistent
with this notion, Skp2 in the nuclear fractions as well as
in the cytosol was decreased with salinomycin treatment
(Figure 6b). In addition, salinomycin-induced Skp2
downregulation was attenuated by Cdh1 knockdown using
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si-Cdh1 RNA. Consequently, salinomycin-induced G1 arrest
was reversed by Cdh1 knockdown. The ability of salinomycin
to control Skp2 levels is of importance because Skp2 is an
oncogene and is overexpressed in most tumors. Recently, it
was reported that salinomycin acts as a potent inhibitor of Wnt
proximal signaling and decreases levels of b-catenin in
chronic lymphocytic leukemia cells.19 However, b-catenin
levels remained unchanged with salinomycin treatment in all
three cell lines (Supplementary Figure 7).

In conclusion, our results provide evidence that salinomycin
is able to downregulate the oncoprotein Skp2 and upregulate
the tumor suppressor protein p27Kip1, thereby inducing cell
cycle arrest at G1 phase and apoptosis. In addition,
salinomycin inactivates Stat3 and downregulates cyclin D1,
which are important for self-renewal of CSCs. Therefore,
salinomycin or its derivatives could be considered as novel
anticancer agents that target Skp2 and Stat3 to induce
apoptosis of both drug-sensitive and drug-resistant
cancer cells.

Materials and Methods
Cell culture. Human ovarian carcinoma cell lines OVCAR-8 and
NCI/ADR-RES, which are multidrug-resistant cells derived from OVCAR-8,37

were both obtained from the National Cancer Institute (Rockville, MD, USA) and
cultured in RPMI 1640 (Hyclone, Rockford, IL, USA) supplemented with 10% fetal
bovine serum (Hyclone) and 1% penicillin and streptomycin (Invitrogen, San
Diego, CA, USA) in a 5% CO2 atmosphere at 37 oC. Doxorubicin-resistant subcell
line (DXR) was selected in stepwise increasing concentrations of doxorubicin from
NCI/ADR-RES cells. DXR cells were obtained, which were able to survive in
50mM doxorubicin, and thereafter maintained in culture media containing 1mM
doxorubicin prior to their use in studies. Breast cancer cell lines, MCF-7, SK-BR-3,
and MDA-MB-468, and A549 lung cancer cell line were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI 1640
(Hyclone) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin
and streptomycin (Invitrogen).

Antibodies and reagents. Salinomycin, doxorubicin, paclitaxel, cisplatin,
etoposide, rhodamine123, and anti-b-actin were purchased from Sigma (St. Louis,
MO, USA). Salinomycin was dissolved in DMSO to make a 10 mM stock solution
and was added directly to the culture media. MG132, S3I-201, CHX, and
anti-Cdh1 were purchased from Calbiochem (La Jolla, CA, USA). Horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG, HRP-conjugated goat
anti-rabbit IgG, anti-MDR-1, anti-CDK1, anti-cyclin A, anti-Bcl-xL, anti-Bax,
anti-survivin, and anti-Skp2 (for immunoprecipitation, sc-7164) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Skp2
(for immunoblotting, CS no. 4358), a conformation-specific mouse anti-rabbit IgG
(CS no. 3678), anti-p27Kip1, anti-p21Cip1, anti-p16INK4A, anti-p15INK4B,
anti-cyclin D1, anti-CDK2, anti-CDK4, anti-CDK6, anti-phospho-Akt (S473),
anti-Akt, anti-phospho-Stat3 (Y705), anti-Stat3, anti-phospho-Bad (S136), anti-livin,
anti-c-IAP1, anti-c-IAP2, anti-XIAP, anti-caspase-3, anti-PARP, and anti-Pim-1
antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA).
Anti-GAPDH was purchased from Abfrontier (Seoul, Republic of Korea). Anti-VHL
was from BD Pharmingen (San Diego, CA, USA). Chemiluminescent reagents
were obtained from GE Healthcare (Buckinghamshire, UK) and Animal Genetics
Inc. (Tallahassee, FL, USA).

Cell viability and cytotoxicity. Cells were plated at a density of 2� 103

cells per well into a 96-well plate. One day (24 h) after seeding, drugs were added
in triplicates per concentration for each cell line. Cell viability and cytotoxicity were
measured after 72 h with the CellTiter96 Aqueous Non-Radioactive Assay
(Promega, Madison, WI, USA) as described in the manufacturer’s instruction.
Briefly, 20ml of the MTS solution was added to each well, and the plates were
incubated for another 3 h. The absorbance at 490 nm was measured using
PowerWave HT microplate spectrophotometer (BioTek Instruments Inc., Winooski,
VT, USA). For cell counting, cells were plated at a density of 1� 105 cells per well
into a six-well plate. One day after seeding, 4 mM salinomycin and equivalent
DMSO were added. After treatment, cells were incubated for 6 days, and media
were changed with fresh media in every 2 days. Cells were counted using Z1
coulter particle counter (Beckman Coulter, Brea, CA, USA) every day.

Colony-forming assay. OVCAR-8 and DXR cells were seeded in six-well
plates (2� 105 cells per well) and incubated for 24 h. Cells were treated without or
with 4mM salinomycin for 72 h. Cells were then harvested, replated into six-well
plates (1� 103 cells per well) in the absence of salinomycin, and incubated for
10 days. Colonies were stained with crystal violet, and images were taken by
Kodak Image Station 2000R (Eastman Kodak Company, New Haven, CT, USA).

Rhodamine123 efflux and doxorubicin accumulation. Cells were
incubated with either 10mM rhodamine123 or 50mM doxorubicin for 2 h.
Thereafter, cells were washed in phosphate-buffered saline (PBS), and the
fluorescence intensity of rhodamine123 or doxorubicin was detected by flow
cytometry.

Flow cytometric analysis. Cells were seeded in six-well plates and
incubated for 24 h before treatment and then 4 mM salinomycin and equivalent
were added. Cells were harvested at 24, 48, and 72 h following treatment. For cell
cycle analysis, harvested cells were washed with prechilled PBS and were fixed
with 70% ethanol and stored at 4oC for overnight. Cells were rehydrated with PBS
for 10 min, and then cells were stained with PI staining solution containing
50mg/ml PI, 2mg/ml DNase-free RNase A, and 0.2% NP-40 in PBS for 15 min at
37 oC. Finally, cell cycle analysis was performed. For detection of apoptotic cells,
harvested cells were washed twice with prechilled PBS and resuspended in 100ml
binding buffer at a concentration of 1� 106 cells/ml. Annexin V and PI double
staining was performed using the Annexin V-FITC Apoptosis Detection Kit
(BD Biosciences, San Jose, CA, USA) as described by the manufacturer’s
protocol. All flow cytometric analysis was performed by FACSCalibur
(BD Biosciences), and the raw data were analyzed by Cell Quest Software
(BD Biosciences) in flow cytometry core facility of the National Cancer Center
(Goyang, Republic of Korea).

Establishment of stable transfected cells. CA-Stat3/pcDNA3
construct was a kind gift from Dr. Sang Kyu Ye (Seoul National University,
Seoul, Republic of Korea) and was described previously.48 DXR cells were
transfected with CA-Stat3/pcDNA3 or mock vector plasmids using Lipofectamine
2000 reagent (Invitrogen) for 24 h and selected with G418 (250mg/ml) for 2 weeks
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Caspase 3

p27Kip1

Salinomycin

Cell cycle arrest
at G1 phase

CDK2
APC/Cdh1

Apoptosis

Akt

BadCyclin D1

Figure 7 Schematic model of signaling pathways in salinomycin-induced cell
growth inhibition and apoptosis. Salinomycin exerts its antitumor effects by inhibition
of oncogenic proteins such as Stat3, cyclin D1, and Skp2 but upregulates the tumor
suppressor p27Kip1. Salinomycin inhibits Stat3 activation and thus decreases
transcription of its target proteins, including cyclin D1 and survivin, which are
important for cell cycle progression and cell survival. Salinomycin activates the
APC/Cdh1–Skp2–p27Kip1 pathway, leading to degradation of Skp2 and thus
accumulation of the cell cycle inhibitor p27Kip1, which culminates in cell cycle arrest.
Salinomycin also activates apoptosis signaling pathways including Akt inactivation
and caspase-3 activation, which leads to cell death
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to establish stable cell lines. Selected cells were maintained in the media
containing G418 (100mg/ml).

siRNA preparation and transfection. Validated siRNA duplex of human
Skp2 (1137712), p27Kip1 (1029382), Cdh1 (1059777), and the negative control
with scrambled sequence (SN1003) were from Bioneer (Daejeon, Republic of
Korea). For RNA interference, DXR cells were transfected with 50 nM siRNA using
Lipofectamine RNAiMAX reagent (Invitrogen) by reverse transfection according
to the manufacturer’s protocol. After 24 h of transfection, the DXR cells were
treated with either DMSO or 4 mM salinomycin. Knockdown efficiency and
specificity of each siRNA was confirmed using immunoblotting with corresponded
antibodies.

Luciferase assays. The pZLuc-TK vector contains three copies of
Stat-binding sites in a Ly6E promoter.57 The 3xLy6E/pZLuc-TK and pGL-3
(Promega) luciferase reporter plasmids were transfected into DXR cell lines using
Lipofectamine 2000 reagent (Invitrogen). Luciferase activity was assayed using the
Dual-Luciferase Assay kit (Promega) according to the instructions of the
manufacturer. Luciferase activity was measured using VICTOR Light
Luminescence counter (Perkin Elmer, Shelton, CT, USA), and the data were
normalized based on the same level of proteins and expressed as the fold
induction over control cells.

Cytosolic and nuclear extraction. After washing with ice-cold PBS, cells
were harvested by scraping and centrifuged at 4 oC for 10 s, and PBS was
removed completely. Cell pellet was resuspended in 200ml of Solution A (10 mM
HEPES (pH 7.9), 1.5 mM MgCl2, and 10 mM KCl) with protease inhibitors and left
on ice for 5 min. A portion of 12.5ml of 10% NP-40 was added into the mixture by
dropping and was mixed immediately and then was centrifuged at 4 oC for 30 s.
The supernatant was used to cytosolic fraction, and the pellet was washed twice
with Solution A. Washed cell pellet was resuspended in 50 ml of Solution C (20 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA, and 25% glycerol)
with protease inhibitors by several pipetting right immediately and was extracted at
4 oC for 60 min using a rotating mixer. Cell mixture was centrifuged at 4 oC for
10 min, and the supernatant was used to nuclear fraction. Protein samples of
cytosolic and nuclear fraction were analyzed by immunoblotting.

Immunoblot analysis. After washing with ice-cold PBS, cells were lysed
with 2� SDS-PAGE sample buffer (20 mM Tris (pH 8.0), 2% SDS, 2 mM DTT,
1 mM Na3VO4, 2 mM EDTA, and 20% glycerol) and boiled for 5 min. Protein
concentration of each sample was determined using a BCA protein assay reagent
(Pierce, Rockford, IL, USA) as described by the manufacturer. In all, 20–50mg of
total cellular protein was separated by 10–15% SDS-PAGE and then transferred to
nitrocellulose membranes (Millipore, Bedford, MA, USA). The membranes were
blocked for 30 min at room temperature in Tris-buffered saline and Tween 20
(TBS-T; 20 mM Tris (pH 8.0), 150 mM NaCl, and 0.05% Tween 20) containing 5%
non-fat dried milk. The membranes were then incubated with the primary antibody
for overnight at 4 oC, washed three times with TBS-T, incubated with
HRP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG secondary antibodies
for 1 h at room temperature, and then washed with TBS-T three times. The labeled
proteins were visualized using the enhanced chemiluminescence method. The film
was scanned, and the protein bands were quantified by the densitometric analysis
using ImageJ software (http://rsb.info.nih.gov/ij/).

Immunoprecipitation. After washing with ice-cold PBS, cells were lysed
with immunoprecipitation assay (IPA) buffer (20 mM Tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
b-glycerophosphate, 1 mM Na3VO4, 1 mg/ml leupeptin, 1mg/ml aprotinin, and
1 mM PMSF). The cell lysates were centrifuged at 4 1C for 10 min at 14 000 r.p.m.,
and 1 mg protein of the supernatants was precleared by incubating with protein
A/G-conjugated agarose beads at 4 1C for 1 h, followed by centrifugation at 4 1C
for 1 min at 14 000 r.p.m. The supernatants were then subjected to immunopre-
cipitation using 2 mg of anti-Skp2 antibody or normal rabbit IgG and an overnight
incubation at 4 1C followed by incubation with protein A/G-conjugated agarose
beads for 2 h at 4 1C. After washing the beads five times with ice-cold IPA buffer,
the bound proteins were eluted with SDS-PAGE sample buffer and subjected to
electrophoresis and immunoblot analysis. Immunoprecipitated Skp2 was detected
using a conformation-specific mouse anti-rabbit IgG and goat anti-mouse IgG
HRP-linked antibody.

Reverse transcription PCR and quantitative real-time RT-PCR.
Total cellular RNA was isolated with Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Single-stranded complementary DNA (cDNA) was
generated using Maxime RT PreMix (Oligo dT15 Primer) (iNtRON Biotechnology,
Sungnam, Republic of Korea) following the manufacturer’s directions. Obtained
cDNA was amplified using specific primers. The primers were as follows: MDR-1,
50-GTTACTCTTAGCAATTGTACCCATCAT-30 (forward) and 50-CAAAGACAA
CAGCTGAAATACTAACA-30 (reverse); b-actin, 50-ACAACGGCTCCGGCATGTG
CAA-30 (forward) and 50-CGGTTGGCCTTGGGGTTCAG-30 (reverse); GAPDH,
50-CTTTGGTATCGTGGAAGGA-30 (forward) and 50-CACCCTGTTGCTGTAGCC-30

(reverse). PCR experiments were performed in TGradient Thermal Cycler (Biometra,
Goettingen, Germany) using AccuPower PCR Premix (Bioneer) according to the
manufacturer’s protocol.

Quantitative real-time PCR was performed in CFX96 Real Time System
(Bio-Rad, Hercules, CA, USA) using Rotor-Gene SYBR Green PCR Kit (Qiagen,
Hamburg, Germany). Validated primers of Skp2 (P215761), cyclin D1 (P298560),
Cdh1 (P291733), Stat3 (P229000), GAPDH (P267613), and B2M (110309) were
purchased from Bioneer. All reactions were performed in triplicates, and the relative
transcript abundance of each tested gene was normalized to the expression levels
of dual housekeeping genes, GAPDH and B2M (b2-microglobulin).

Statistics. Summary statistics are presented as the mean±S.D. Where
appropriate, data were evaluated by performing a simple comparison between two
values using Student’s t-test. A P-value of o0.05 was considered statistically
significant.
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