
Abstract. Background: Colorectal cancer is the third
leading cause of cancer-related mortality in most developed
countries. This mortality is mainly due to the metastatic
progression to the liver with frequent recurrence. Colorectal
cancer remains a therapeutic challenge and this has
intensified the search for new drug targets. In an effort to
establish a novel targeted-therapy, we studied the molecular
mechanisms of cancer stem cell inhibitor salinomycin.
Materials and Methods: Co-immunoprecipitation was
performed to examine STAT3-STAT1 protein interactions.
Telomerase activity was measured by polymerase chain
reaction (PCR) and ELISA assays. Apoptosis and cell stress
arrays were analyzed to identify key proteins responding to
salinomycin treatments. Results: IL-6 and TNF-α induced
STAT3 and STAT1 interactions, however the interactions
were abolished by salinomycin challenge. Salinomycin
reduced cancer stem cell phenotype and decreased
telomerase activity of colorectal cancer cells. Conclusion:
Our work uncovers a new mechanism through which
salinomycin inhibits cancer stemness suggesting a novel
targeted-therapy for metastatic colorectal cancer.

Colorectal cancer (CRC) is the third leading cause of
mortality in United States and a major cause of death
worldwide (1). CRC mortality is primarily due to hepatic
metastasis. Over 50% of patients are diagnosed with hepatic
metastases, either at the time of initial presentation or as a
result of disease recurrence (2). There have been no major
breakthroughs in the treatment of metastatic CRC for
decades. Multiple new FDA-approved therapies have been
tested, nevertheless the 5-year survival remains very poor.
Conventional chemotherapy efficiently targets tumor bulk,
but there exists a small sub-population of cells that
contributes to resistance to the therapy and tumor regrowth.
These cells are termed cancer stem cells (CSCs). Increasing
evidence suggest that CSCs are responsible for the initiation
and maintenance of tumors, resistance to cytotoxic drugs and
disease recurrence (3). Therefore, targeting cancer stem cell
populations became essential to improve colorectal cancer
prognosis.

Salinomycin is a polyether antibiotic isolated from
Streptomyces albus that acts as a potassium ionophore. It was
identified from the high-throughput chemical library
screening for CSC inhibitor and showed higher efficacy than
in conventional chemotherapeutic agents (4). Salinomycin
treatment induced cell death in various solid tumors. In
mechanism studies, salinomycin was shown to induce
apoptosis in prostate cancer via the accumulated reactive
oxygen species and mitochondrial membrane depolarization
(5). For breast cancer, it has been reported salinomycin
promoted anoikis and decreased the CD44(+)/CD24(–)
cancer stem cell population via inhibition of STAT3 (signal
transducer and activator of transcription 3) in MDA-MB-231
cells (6). However, it is still ill-defined by which
mechanisms salinomycin specifically inhibits colon cancer
stem cell populations. 

STAT3 is a latent transcription factor involved in immune
response and aberrantly activated in various cancer stem cell
populations (7). We have demonstrated that IL-6 treatment
induced STAT3 activation and concurrent epithelial–
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mesenchymal transition (EMT) in colorectal cancer (8).
Notably, STAT3 downstream target genes including cyclin D,
Bax, VEGF and MMP2 contribute to cancer cell proliferation,
drug resistance and metastasis (9).

MST-312 (telomerase inhibitor IX) is a synthetic
compound that functions as a telomerase inhibitor (10).
Telomerase is an enzyme which lengthens telomeres in
DNA strands and activated in more than 90% of human
malignancies. Increasing clinical cases revealed that
telomerase was specifically activated in various human
malignancies including colorectal cancer (11). Furthermore,
clinicians reported that the prognosis of the patients with
high telomerase activity was significantly worse than that of
patients with moderate or low telomerase activity (p<0.01)
(12). These reports suggest that telomerase may serve as a
good prognosis marker for CRC as well as a good potential
cellular target for CRC treatment. 

In addition to its role in telomeric DNA polymerization,
hTERT (human telomerase reverse transcriptase) has been
implicated for multiple essential roles for oncogenesis (13-
15). Ectopic expression of hTERT promoted the malignant
transformation independently of telomere lengthening (16).
Interestingly, hTERT was shown to stimulate EMT and
induce stemness in human gastric cancer cells, thereby
promoting cancer metastasis and recurrence (17). These
reports suggest hTERT modulates not only telomerase, but
also regulates CSC generation and maintenance in aggressive
tumors. We hypothesized that salinomycin might inhibit
telomerase via STAT3 inactivation in colon cancer stem
cells. Herein, we report a new molecular mechanism by
which salinomycin abolishes STAT3 and STAT1 interactions
and decreases telomerase. Our results suggest that targeting
STAT3 and telomerase can be an efficient novel therapy for
metastatic colorectal cancer. 

Materials and Methods

Cell culture and reagents. ATCC CRL-1541 normal colon
fibroblast, HT-29 and SW480 cancer cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). They were maintained in a monolayer culture in DMEM/F12
(Dulbecco’s modified Eagle medium) with 10% fetal bovine serum,
2.5% L-Glutamine and 0.5% Penicillin/Streptomycin. Salinomycin
(Sigma, catalog number: S4526), MST-312 (Sigma, catalog number:
M3949) and IL-6 (Sigma, catalog number: I3268) were purchased
from Sigma company (St. Louis, MO, USA). 

Cell viability assay. Cell viability was determined using the Cell
Titer 96 Aqueous One Solution Cell Proliferation Assay kit [MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] (Promega, Madison, WI, USA catalog
number: G3580) following the manufacturer’s instructions. The
quantity of formazan product was determined by measuring
absorbance at 450 nm using a Promega Glo Max-Multi detection
system (Promega, Madison, WI, USA).

Western blot analyses. Monolayer cultures of respective cell lines
at 80-90% confluence were lysed using 100 μl of RIPA buffer
(Thomas Scientific Inc. Swedesboro, NJ). Tris-glycine (Bio-Rad,
Irvine, CA) gels were loaded with 50-100 μg of cell lysates. After
electrophoresis, the gel was transferred to a nitrocellulose membrane
for 2 h. The membrane was blocked for 1 hour in 5% BSA or 5%
skim milk at 4˚C. The membrane was then washed 3 times with
1xTTBS and incubated overnight with the primary antibody at 4˚C.
Primary antibodies of STAT3, pSTAT3, P38, β-catenin and β-actin
were purchased from Cell Signaling Technology (Danvers, MA,
USA). After incubation with the secondary antibodies conjugated
with horseradish peroxidase (HRP), the protein bands were
developed with the chemiluminescent reagents.

Co-immunoprecipitation. Cancer cells were stimulated with IL6
(10 ng/ml) and TNF-α (25 ng/ml) for 48 h. For inhibition,
salinomycin (3 μM) or MST-312 (5 μM) were challenged during
the cytokine stimulation. Next, cells were washed once with PBS
buffer and lysed in immunoprecipitation lysis buffer (Thomas
Scientific Company). Antibodies to STAT3 (Cell signaling
technology) were added to the cell lysates and incubated for one
hour at 4˚C. Protein A agaroses (Santa Cruz Biochnology) were
then added to the cell lysates 20 μl each, incubated for overnight
at 4˚C. After the immunoprecipiation, cell lysates were briefly
spun and washed three times with PBS buffer. Immuno-pellets
were resuspended in 100 μl of loading dye (Bio Rad) and resolved
on a 10% polyacrylamide gel electrophoresis. Immunoblotting was
performed with STAT1 antibody to confirm the STAT3-STAT1
interactions. 

Colonosphere formation assay. Matrigel (BD, Cambridge, MA)
200 μl was spread as a thick layer on wells of a 24 well plate and
allowed to polymerize at 37˚C for 15 min. 2×104 cancer cells
grown in monolayer were trypsinized to single cells and plated on
top of the pre-coated matrigel. Plates were incubated at 37˚C to
allow cells to fully settle down before media was replaced with
appropriate culture media containing 5% matrigel. 

Stress and apoptosis antibody array. The Stress and Apoptosis
Signal Antibody Array Kit was purchased from Cell Signaling
Technology (Cell Signaling Technology, Beverly, MA, USA;
Catalog number: 12856) and followed the manufacturer’s
instructions. 

Telomerase activity assay. Cells were processed according to the
manufacturer’s protocol for the TeloTAGGG Telomerase PCR
ELISA kit (Roche, Orange, CA, USA. Catalog number:
11854666910). Briefly, cell pellets were thawed in lysis reagent,
incubated on ice for 30 min, and centrifuged at 16,000 × g for 
20 min at 4˚C. Telomerase activity was immediately measured in
the resultant supernatant using the telomeric repeat amplification
protocol in which telomerase, if present in the cell lysate, adds
telomeric repeats to the 3’ end of a biotin-labeled synthetic P1-TS
primer. Samples were amplified by polymerase chain reaction
(PCR), with P1-TS and P2 primers creating an elongated telomere.
The PCR product was denatured and hybridized to a digoxigenin-
labeled probe that detects telomeric repeats in a subsequent enzyme-
linked immunosorbent assay (ELISA). Telomerase assays were
performed three times independently and p-values less than 0.05
were considered statistically significant.
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Statistical analysis. Student t-tests were used to evaluate the
significance of changes in all combination treatment assays
compared to controls. Differences were considered statistically
significant when p<0.05.

Results

Salinomycin challenge reduced cancer cell proliferation,
inhibited STAT3 phosphorylation and P38 and β-catenin
expressions. First of all, we tested if salinomycin specifically
inhibited colon cancer cells with a low-toxicity compared to
normal human colon cells. To this end, the ATCC CRL-1541
normal colon fibroblast cell line was used. As shown in
Figure 1, salinomycin inhibited HT-29 and SW480 colorectal
cancer cell growth effectively over the range of 1, 2 and 5
μM for 48 h (Figure 1A). However, the normal colon cell
line CRL-1541 retained ~80% cell proliferation with the 2
μM salinomycin concentration. HT-29 and SW480 cancer
cells showed 22% and 17% cell proliferation at 2 μM
salinomycin, respectively. Our results confirmed the specific
colon cancer cell growth inhibition by salinomycin
treatments. 

Salinomycin was originally identified from the high
throughput screening for breast cancer stem cell inhibitor.
STAT3 was previously shown to be activated selectively in
various cancer stem cell populations. We hypothesized that

salinomycin may inhibit STAT3 activation in a dose-dependent
manner in colorectal cancer cells. After exposure to
salinomycin (1-5 μM) for 48 h, phospho-STAT3 protein levels
were reduced in a dose-dependent manner (Figure 1B).
Salinomycin inhibited the STAT3 phosphorylation from 1 μM
in HT-29 and SW480 (Figure 1B). However, the total STAT3
amount was not affected. Besides pSTAT3, we have examined
P38 and β-catenin activation with IL6. As shown in Figure
1C, both P38 and β-catenin were activated with IL6
stimulation. However, salinomycin challenge has abolished the
P38 and β-catenin upregulation with pSTAT3 inhibition. Our
data suggest that salinomycin inhibits cancer cell proliferation
and STAT3 signaling in colorectal cancer cells.

Salinomycin suppressed epithelial–mesenchymal transition in
colorectal cancer cells. IL-6 treatment induced epithelial–
mesenchymal transition (EMT) through STAT3 activation in
colon cancer cells (18). We next examined whether
salinomycin challenge suppressed the IL-6 induced EMT.
Typical EMT markers E-cadherin was reduced upon IL-6
treatment (10 U/ml) for 72 h and vimentin started to express
in colon cancer cells, indicating EMT is induced (Figure 2A).
However, in the presence of salinomycin 2 μM, E-cadherin
expression has been restored whereas vimentin expression has
decreased, implicating the EMT has been suppressed.
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Figure 1. Salinomycin inhibited STAT3 activation and down-regulated P38 and β-catenin in colorectal cancer cells. (A) Cells were treated with
salinomycin 1, 2, 5 μM for 48 h and measured for cell viability. Data are presented as average+SD (n=3 in each group) *p<0.05, **p<0.01,
***p<0.001 vs. untreated control. (B) HT-29 and SW480 cells were treated with salinomycin 1, 2, 5 μM for 48 h and phospho-STAT3 levels were
measured. *p<0.05, **p<0.01 vs. untreated control. (C) HT-29 cells were treated with IL6 in the presence or absence of salinomycin (2 μM), then
subject to western analysis of pSTAT3, P38 and β-catenin.



Corresponding histograms were presented with statistical
differences (Figure 2B). These results indicate that salinomycin
acts as a negative regulator of STAT3 during the EMT process.

IL6 and TNF-α stimulation enhanced STAT3 and STAT1
interactions, however, salinomycin abolished the protein-
protein interactions. Pro-inflammatory cytokines IL6 and
TNF-α activated STAT3 and STAT1, respectively. We
hypothesized that STAT3 and STAT1 may interact with each
other, and when IL6 and TNF-α were treated, the protein-
protein interactions might be enhanced. To test this
hypothesis, we performed co-immunoprecipation assay
where we pulled-down STAT3 proteins and resolved the
immune-pellets on western blot to identify the presence of
STAT1 protein. As shown in the Figure 3A, STAT1 was
bound to STAT3 protein and the interactions were increased
upon IL6 and TNF-α combined treatments. Our results
suggest that STAT3 binds STAT1 and the interactions are
enhanced with cytokine stimulation. 

Next, we tested if salinomycin or MST-312 challenge can
abolish the STAT3-STAT1 interactions. Our previous data

showed that salinomycin inhibited STAT3 phosphorylation
(Figure 1B). MST-312 is a telomerase inhibitor and does not
inhibit STAT3 phosphorylation. Salinomycin challenge
abolished the STAT3-STAT1 protein-protein interactions but
MST-312 did now inhibit the interactions (Figure 3B).
STAT3-STAT1 interactions were likely enhanced via
activated STAT3 phosphorylation. Our data suggest that
salinomycin abolished the STAT3 binding with STAT1 by
inhibiting its phosphorylation step. 

Salinomycin treatment inhibited colonosphere formation and
wound-healing ability of colorectal cancer cells. As
salinomycin challenge suppressed epithelial-mesenchymal
transition, we next focused on the cancer stem cell
phenotype. To examine the CSC traits, we studied the
colonosphere formation ability and wound-healing capacity.
In colonosphere culture condition, HT-29 and SW480 cells
formed colonospheres in 7 days. However, when we pre-
treated cells for 24 h with salinomycin (1-5 μM), the
colonosphere-forming capacity has been significantly
reduced (Figure 4A). In HT-29, pre-treatment with
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Figure 2. Salinomycin suppressed epithelial-mesenchymal transition. (A) HT-29 and SW480 cells were treated with IL-6 (10 μl/ml) and salinomycin
(2 μM) to monitor the EMT markers. (B) Histograms were presented from the EMT induced by IL-6 and suppressed by salinomycin. Data are
presented as average+SD (n=3 in each group) *p<0.05, **p<0.01 vs. untreated control. 



salinomycin 1 μM for 24 h reduced the colonosphere
forming fold ratio to 0.66 compared to untreated control.
Salinomycin 2 μM and 5 μM also reduced the fold changes
to 0.42 and 0.18, respectively. The SW480 cell line showed
a similar pattern with the salinomycin challenge.

Next, we performed wound-healing assay to measure the
cell migration capability. Cancer cells were pre-treated with
salinomycin 1, 2 and 5 μM for 24 h and applied to wound
scratching. In SW480, 1 μM salinomycin showed distance
of 4.1 mm between the wounds, whereas untreated control
showed a complete healing (Figure 4B). Salinomycin 2 μM
and 5 μM pre-treatments increased the wound distance to 6.2
and 9 mm, respectively. HT-29 showed the similar wound-
healing inhibition. Our data indicate that salinomycin
treatments clearly inhibit the cancer stem cell phenotype. 

Distinct cellular stress and apoptosis-related proteins were
activated in response to salinomycin and MST-312
treatments. The observation that salinomycin challenge
inhibited colorectal cancer stem cell phenotype suggests it
may directly trigger certain signaling pathways. To find the
underlying mechanisms of salinomycin, we studied

molecular changes in the cellular stress and apoptosis
proteins. We have combined salinomycin and MST-312 to
accomplish the enhanced anticancer effects from the anti-
CSC and anti-telomeric activities. To this end, the stress and
apoptosis signaling antibody array kit was used. By using
this array, we were able to simultaneously interrogate 19
signaling molecules that are involved in the regulation of
stress response and apoptosis. 

Salinomycin activated Akt (Ser 473) and down-regulated
Hsp27 (Ser 82) phosphorylation in HT-29 and SW480
(Figure 5A and B). Akt is activated by stimulation of growth
factor receptors and promotes anabolic growth and survival
signals by targeting its broad array of substrates. In response
to salinomycin challenge, cancer cells likely initiated
survival signals to endure the cell stress triggered by
salinomycin. Hsp27 activation was decreased in the presence
of salinomycin. The main function of Hsp27 is thermo-
tolerance in vivo and cytoprotection under cell stress.
Salinomycin specifically inhibited the Hsp27 activation
during the stress process. 

In SW480, p53 and Chk1 were both activated upon
salinomycin and MST-312 treatment. In HT-29, Chk1 was
activated upon MST-312 treatment as well. Chk1 plays a role
in DNA damage check-point control. Salinomycin and MST-
312 induced the DNA damages, thereby promoted apoptosis
in cancer cells. Chk1 likely responds DNA damages controling
the check-point more tightly. Salinomycin and MST-312
treatments induced DNA damages as p53 started to respond
to the damages. P53 activation levels in HT-29 are the same
in the absence and presence of salinomycin. This may reflect
the differences in cancer cell line specificity.

Salinomycin down-regulated hTERT and reduced telomerase
activity when combined with telomerase inhibitor. Since
salinomycin inhibited STAT3 activation and reduced cancer
stem cell traits, we next wished to determine whether
salinomycin decreased telomerase activity. STAT3 is a
known transcription factor for human telomerase reverse
transcriptase (19). Thus, we first monitored hTERT and
pSTAT3 expression levels with salinomycin alone and in
combination with MST-312. Salinomycin 5 μM was treated
for 48 h for colorectal cancer cells. As shown in the figure,
salinomycin inhibited both pSTAT3 and hTERT, indicating
STAT3 inhibition may transcriptionally down-regulated
hTERT (Figure 6A). In accordance, salinomycin has
decreased telomerase activities in both HT-29 and SW480,
whereas chemotherapeutic drug 5-FU 5 μM for 48 h did not
affect the telomerase (Figure 6B and C). Telomerase activity
has decreased from 3.3 to 2.65 in HT-29 and from 3.35 to
2.7 in SW480. Telomerase inhibitor MST-312 treatment at 5
μM clearly reduced the telomerase activity to 1.5 and 1.3 in
HT-29 and SW480, respectively. When salinomycin 5 μM
and MST-312 5 μM were combined, the anti-telomerase
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Figure 3. STAT3 binds STAT1 and the interactions were enhanced with
IL6 and TNF-α co-treatments and abolished with salinomycin challenge.
(A) Co-immunoprecipitation revealed that STAT3 binds STAT1. When co-
treated with IL6 and TNF-α, the interactions were enhanced. (B)
Salinomycin challenge has abolished the STAT3-STAT1 interactions. 
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Figure 4. Salinomycin reduced cancer stem cell-like traits in colorectal cancer cells. (A) Cells were pre-treated with salinomycin for 24 h and placed
in the colonosphere forming wells. Colonospheres were formed for 7days. (B) Cells were pre-treated with salinomycin and applied to wound healing
assays. All of data are presented as average±SD (n=3 in each group) *p<0.05, **p<0.01, ***p<0.001 vs. untreated control.



activities were even more decreased to 1.1 in HT-29 and 0.75
in SW480. Our data revealed that salinomycin has certain
anti-telomeric activities, and when combined with MST-312,
it can enhance the anti-telomerase activity. 

Discussion

Cancer stem cells are responsible for the tumor initiation,
proliferation, chemoresistance and tumor re-initiation after
therapy. Therefore, it is essential to understand the signal
pathways selectively activated in cancer stem cell populations
so that we can devise strategies to target them. Here, we report
a new molecular mechanism by which salinomycin targets
cancer stem cells. Salinomycin inhibited the STAT3
phosphorylation indicating it targeted STAT3 during its action
of mechanism. In accordance, cancer stem cell phenotype was
inhibited in a dose-dependent manner with salinomycin
treatments. STAT3 is constitutively activated in numerous
human malignancies (20). Furthermore, phosphorylated
STAT3 has been reported to participate in tumor invasion and
metastasis (21). Our study revealed that CSC inhibitor
salinomycin inactivated STAT3, abolished STAT3-STAT1
binding thereby suppressed STAT3 driven EMT process. This
work has potential application to limit the tumor metastasis
and recurrence in colorectal cancer.

To identify signatures responding to salinomycin and
MST-312 challenges, we analyzed the cellular stress and
apoptosis protein arrays. A specific subset of genes that are
up-regulated and down-regulated upon the treatments. Akt is
activated to increase the survival signaling in response to the

salinomycin. Cancer cells likely strengthen the survival
signaling to endure the stress induced by salinomycin.
Salinomycin treatment specifically down-regulated Hsp27
phosphorylation which plays a role in thermo-tolerance and
cell stress. Thermo-tolerance ability has been weakened by
salinomycin challenge. Both Chk1 and p53 are activated to
control the DNA damages elicited by salinomycin and MST-
312. Chk1 and p53 activations are cellular response to
control the DNA damages elicited by the treatments. This
work revealed a distinct stress protein signatures that
responded to the salinomycin and MST-312 challenges.

MST-312 is a telomerase inhibitor as it reduced
telomerase activity and induced telomere dysfunction. MST-
312 exposure to breast cancer cells elevated level of double
strand breaks (DSBs) based on the presence of the γ-H2AX
proteins (22). This acute induction of DSBs resulted in
growth arrest and more evident in the metastatic breast
cancer cells. We chose MST-312 because it induced growth
arrest more efficiently in metastatic tumor cells. When
combined with MST-312, salinomycin inhibited telomerase
activity in an additive fashion. Telomerase is specifically
activated in colorectal tumors. Our results suggest that
salinomycin and MST-312 dual targeting cancer stem cell
and telomerase can be a novel approach for curing colorectal
cancer. Salinomycin inhibits cancer stem cells and MST-312
targets the bulk colorectal tumors at the same time. 

We have shown the new anti-CSC mechanism of
salinomycin where it is negatively regulating STAT3 and
hTERT resulting in telomerase inhibition. STAT3-hTERT
axis may contributes to cancer stem cell generation. Taken
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Figure 5. Salinomycin and MST-312 treatments elicited stress protein activation. (A) HT-29 cells were treated with salinomycin alone (sal), MST-
312 alone and salinomycin and MST-312 combined, then examined for the cell stress and apoptosis antibody arrays. (B) SW480 cells were treated
with salinomycin alone (sal), MST-312 alone and salinomycin and MST-312 combined, then examined for the cell stress and apoptosis antibody
arrays. UT, Untreated.



together, present work suggests that novel targeted-therapy
can be implemented based on the dual targeting STAT3 and
telomerase for metastatic colorectal cancer. The in vivo
animal work is warranted to validate the reduction of colon
tumor formation and limiting liver metastasis with the
salinomycin/MST-312 co-treatment.
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