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Abstract. Rearranged during transfection kinase (RET) 
is a validated molecular target in medullary thyroid 
cancer (MTC), as activating mutations in RET are often 
associated with the development of MTC. The present study 
reports the first preclinical characterization of salinomycin 
and selected analogs as potent RET transcriptional inhibitors. 
Reverse transcription-PCR and immunoblotting revealed that 
salinomycin profoundly decreased RET expression in the 
TT human MTC cell line by inhibiting RET transcription. 
Moreover, salinomycin resulted in remarkable anti-prolif-
erative activity against MTC that is driven by RET (gain of 
function mutation) by selectively inhibiting the intracellular 
PI3K/Akt/mTOR signaling pathway. Also, flow cytometry and 
fluorescence‑activated cell sorting showed that salinomycin 
induces G1 phase arrest and apoptosis by reducing the expres-
sion of retinoblastoma protein, E2F1, cyclin D and CDK4. The 
structure-activity relationship of salinomycin was investigated 
in this study. Some of the salinomycin derivatives showed the 
ability to reduce RET expression where others fail to alter RET 
expression. These results suggest that the RET-suppressing 
effect of salinomycin may be largely attributed to disruption 
of the Wnt pathway, presumably through interference with the 
ternary LRP6‑Frizzled‑Wnt complex. Furthermore, these find-
ings support the further preclinical evaluation of salinomycin 
and its analogs as a promising new class of therapeutic agents 
for the improved treatment of MTC.

Introduction

Salinomycin is a potassium ionophore that has been isolated 
from Streptomyces albus and is commercially used as an anti-
coccidal agent in veterinary medicine (1). Salinomycin has been 
shown to reduce growth in several tumor cell types, including 
breast cancer, prostate cancer and chemotherapy-resistant 
cancer cells (2-5). Following a high-throughput screen of nearly 
16,000 small molecules, salinomycin was found to selectively 
inhibit the growth of breast cancer stem cells with 100-fold 
higher potency than paclitaxel (6). Salinomycin has also been 
found to induce apoptosis in PC3 prostate cancer cells by 
increasing reactive oxygen species (ROS) levels and altering 
mitochondrial membrane depolarization through activation 
of the intrinsic apoptosis pathway (2). Recently, amide and 
ester derivatives of salinomycin have shown anti-proliferative 
activity against leukemia and breast cancer (7). Additionally, 
the effects of certain salinomycin derivatives have been shown 
to surpass those of cytotoxic drugs such as cisplatin and doxo-
rubicin in LoVo/DX human colon adenocarcinoma cells that 
are resistant to doxorubicin (8).

Despite being relatively uncommon, medullary thyroid 
carcinoma (MTC) accounts for the majority of thyroid 
cancer‑associated mortalities (9). MTC is characterized as 
an indolent tumor; however, it is one of the most aggressive 
forms of thyroid cancer in its late stages (10). MTC tumors 
are derived from the parafollicular cells of the thyroid gland, 
which normally secrete calcitonin (11). The majority of cases of 
MTC are sporadic, and only 25% arise as hereditary multiple 
endocrine neoplasia (12). Specific mutations are associated 
with phenotype and prognosis for both hereditary and sporadic 
MTC (9,12). Approximately 15% of patients present distant 
metastasis of the tumor into the lung, bone and liver with a 
10-year survival rate of 20% (11). As in other differentiated 
cancers of the thyroid gland, thyroidectomy is the treatment 
of choice (9,11). Since parafollicular cells lack iodine trans-
porters and thyroid-stimulating hormone (TSH), traditional 
thyroid cancer treatments with radioactive iodine or TSH 
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suppression are not effective (13). Additionally, MTC develops 
resistance to most cytotoxic chemotherapies. Previous studies 
have identified few genetic alterations that are involved in the 
pathogenesis of MTC (13). Rearranged during transfection 
proto-oncogene (RET) appears to be the primary oncogene 
in sporadic MTC and other types of endocrine cancer, such 
as papillary thyroid carcinoma (PTC) (14). KRAS, HRAS and 
NRAS are other common mutations, but are less common than 
RET (15).

RET is a single-pass transmembrane receptor tyrosine 
kinase that binds to glial cell line-derived neurotrophic factor 
and dimerizes. Upon RET dimerization, the tyrosine 1062 
residue in the intra-cellular kinase domain is phosphory-
lated (16). RET plays a crucial role in mammalian embryonic 
development of the brain, peripheral nervous system, calcitonin 
producing C-cells and thyroid gland (14). The RET-mediated 
signaling pathway regulates the molecular mechanisms that are 
primarily responsible for biological processes including cell 
growth, differentiation and survival. Increase in RET expres-
sion levels is associated with cancer progression and poor 
survival (17). The constitutive activation of several growth-factor 
receptors, including RET, platelet-derived growth factor 
receptor, insulin-like growth factor receptor 1 and epidermal 
growth factor receptor (EGFR), is generally associated with the 
development and progression of different types of cancers (14). 
Knocking out RET in mouse models increases prenatal death 
rates, demonstrating the importance of RET signaling in early 
development (18,19). Consequently, targeting RET in MTC 
using small molecule tyrosine kinase inhibitors may diminish 
tumor proliferation and induce apoptosis. The current standard 
treatment options of cabozantinib (XL184) and (ZD6474) 
have shown low response rates and serious side effects, which 
include pulmonary embolism and gastrointestinal bleeding with 
cabozantinib, and QT prolongation with torsade de pointes and 
sudden cardiac death with vandetanib (20-22). Therefore, the 
search for safer and more effective small molecules continues, 
with the aim of targeting and understanding the role of the RET 
proto-oncogene in MTC (14).

Activation of Wnt/β-catenin signaling has been shown to 
be associated with several types of cancer, including colorectal, 
hepatocellular and breast cancer (23-25). It is commonly 
accepted that activation of Wnt signaling is a late-occurring 
event in thyroid cancers, particularly in anaplastic and poorly 
differentiated thyroid cancers (26). There is evidence to suggest 
that Wnt activation serves a pivotal role in the initiation of 
papillary thyroid carcinoma; however, the precise nature of 
that role is not yet fully understood (26,27).

The present study demonstrated the effects of salinomycin 
and its analogs on RET expression, low-density lipoprotein 
receptor-related protein 6 (LRP6) expression and phosphoryla-
tion, as well as on their downstream pathways. It also revealed 
an association between RET and LRP6 expression in an MTC 
model for the first time, to the best of our knowledge, using 
salinomycin, salinomycin derivatives, Wnt inhibitors and RET 
small interfering RNA (siRNA). This relationship between 
RET and LRP6 has previously been observed in early kidney 
development and cystic dysplasia in an animal model (19). 
Finally, the unique capability of salinomycin to induce cell 
cycle arrest and apoptosis independently of ROS generation in 
MTC was demonstrated.

Materials and methods

Chemicals. Salinomycin and niclosamide (N3510) were 
purchased from Sigma-Aldrich (Merck KGaA). The synthesis 
and characterization of the 16 salinomycin derivatives were 
conducted as previously described (7,28).

Cell culture and media. Human MTC cell lines (TT and 
MZ‑CRC1), an immortalized normal human thyroid epithe-
lial cell line (Nthy-ori 3-1) and papillary thyroid carcinoma 
cell line (K1) were obtained from the American Type Culture 
Collection. Cell authentication was completed for K1 using 
STR profiling, and the results exceeded the 80% match threshold 
with the K1 reference. K1 is considered as a subpopulation of 
Glag-66, both of which are papillary thyroid carcinoma cell 
lines (29). TT and MZ-CRC cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM)/F12 (Cellgro; Corning) 
supplemented with 15% heat inactivated fetal bovine 
serum (FBS; Sigma-Aldrich, Merck KGaA). NThy-ori 3-1 
and K1 cell lines were cultured in RPMI-1640 and Ham's 
F12 medium (Thermo Fisher Scientific) supplemented with 
9% FBS, respectively. The isogenic cell line 293-RET, 
which has a luciferase reporter gene under the control of a 
wild-type RET promoter, was generated as described in a 
previous study conducted by the present authors (30). The 
293-RET cell line was cultured in DMEM supplemented with 
9% FBS. TPC1 cells were kindly provided by Dr Rebecca 
Schweppe (University of Colorado Denver) and were cultured 
in RPMI-1640 medium supplemented with 9% FBS. All cell 
lines were maintained in a humidified atmosphere containing 
5% CO2 at 37˚C. These cell lines were also tested for myco-
plasma contamination and were further authenticated using 
STR profiling.

Cell‑based screening using a luciferase assay. The 
293-RET cells were plated in a 96-well plate at a concentration 
of 1.5x104 cells/well. The next day, the cells were treated with 
various concentrations (0-3.125 µg/ml) of salinomycin and 
incubated for 24 h. Cells were then lysed with 25 µl passive 
lysis buffer (Promega Corporation), and luciferase expression 
was determined using the Steady-Glo Luciferase assay system 
(Promega Corporation) following the manufacturer's instruc-
tions. Luciferase activity in whole cell lysates was measured 
in relative luminescence units and normalized to the total 
amount of protein.

Semi‑quantitative reverse transcription (RT)‑PCR analysis of 
RET mRNA synthesis in TT cells. The mRNA expression of 
TT cells following exposure to increasing concentrations of 
salinomycin (0.25-1 µg/ml) was determined by RT-PCR as 
described previously (30). Total RNA was extracted from the 
cells utilizing the RNeasy Mini QIAcube kit (Qiagen, Inc.) as 
per the manufacturer's instructions. The extracted RNA was 
subjected to RT using oligo (dT)18 primer with a QuantiTect 
reverse transcription kit (Qiagen, Inc.) to obtain cDNA (30). 
The primers used for RT-PCR were as follows: RET forward, 
5'-GCAGCATTGTTGGGGGACA-3' and reverse, 5'-CACC 
GGAAGAGGAGTAGCTG-30; ribosomal protein L9 (RPL9) 
forward, 5' CTGAAGGGACGCACAGTTAT-3' and reverse, 
5'- ACGGTAGCCAGTTCCTTTCT-3'. The PCR step involved 
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initial denaturation at 95˚C for 3 min followed by 33 and 
23 cycles for RET and RPL9, respectively, at 95˚C for 30 sec, 
52˚C for 30 sec and 72˚C for 30 sec on a GeneAmp® PCR 
system 9600 (PerkinElmer, Inc.). PCR products were analyzed 
using 1.5% agarose gel electrophoresis. RPL9 gene was used 
as the reference gene. Densitometric analysis was performed 
using ImageJ software (version 1.51; National Institutes of 
Health).

Western blotting. After 24 or 48-h treatment with salinomycin 
or niclosamide , whole-cell extracts (TT, K1, Nthy-ori3-1 
and TPC1) were prepared as described previously (30). 
Protein concentration was measured using Bio-Rad Protein 
Assay Dye Reagent (Bio-Rad Laboratories, Inc.) as previ-
ously described (31). Proteins were resolved by either 4-12 
or 12% (for proteins <40 kDa such as cyclin D, BCL2 and 
CDK4) gradient polyacrylamide SDS-PAGE, as described 
previously (30,32). For cytosolic protein, protein fractionation 
was conducted using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (Pierce; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The primary 
antibodies used were: RET (#3220), mTOR (#2983), phos-
phorylated (p)-mTOR (#5536), retinoblastoma (Rb; #9309), 
p-Rb (#8516S), E2F (#3742S), p-LRP6 (#2568), LRP6 (#2560), 
p-Akt (#9271) and Akt (#9272) (dilution 1:1000) purchased 
from Cell Signaling Technology, Inc.; cyclin D (sc-20044), 
CDK4 (sc-260), BCL-2 (sc-509), P53 (sc-393031), P21 
(sc-71811), β-catenin (sc-7963), cyclin B (sc-166152), Lamin 
A/C (sc-7293), GAPDH (sc-47724) and β-actin (sc-47778) 
(dilution 1:300) purchased from Santa Cruz Biotechnology, 
Inc. Mouse or rabbit IgG antibodies tagged with horseradish 
peroxidase (#1706516 and #1706515; Bio-Rad Laboratories, 
Inc.) were used as secondary antibodies (dilution 1:1,000). An 
enhanced chemiluminescence substrate kit (#32106; Thermo 
Fisher Scientific, Inc.) was used for detection. Densitometric 
analysis was performed using ImageJ software (version 1.51). 
GAPDH and Lamin A/C served as a cytoplasmic and nucleus 
markers, respectively (32).

N‑acetyl‑L‑cysteine (NAC) pretreatment. TT cells were 
pretreated with 1 mM NAC (Sigma-Aldrich, Merck KGaA) 
for 2 h followed by the addition of salinomycin (1 µg/ml) for 
24 and 48 h. Cell extracts were prepared, and protein expres-
sion was analyzed by western blotting.

Cell viability assay. TT, K1, Nthy-ori 3-1 and TPC1 cells 
were plated at 7,500 cells/well in a 96-well dish and incu-
bated overnight, followed by treatment with salinomycin or 
salinomycin analogs at a wide range of concentrations for 
96 h. Cell viability was determined using 0.33 mg/ml MTS 
dye in the presence of 25 µM phenazine methosulfate (PMS) 
as described previously (15). The absorbance was measured 
at 590 nm using a Synergy™ HT Multi-detection Microplate 
Reader (BioTek Instruments, Inc.).

Caspase‑3 assay. TT cells were treated with different concen-
trations of salinomycin for 48 h and caspase-3 activity was 
measured using the ApoAlert Caspase Fluorescent assay kit 
(Clonetech Laboratories, Inc.) according to the manufacturer's 
protocol.

Flow cytometry. Cell cycle progression was analyzed in 
TT cells treated with increasing concentrations of salinomycin 
for 48 h, as described in a previous study conducted by the 
present authors (33). In brief, cells were fixed with ethanol and 
stained with propidium iodine (PI) before analysis by fluo-
rescence-activated cell sorting (FACS) using a FACSCanto II 
instrument (BD Biosciences). Data were analyzed using 
BD FACSDiva v8.0.1 software (BD Biosciences).

RET RNA silencing. An siRNA sequence targeting human 
RET siRNA (S11935), Silencer Select Negative Control 
siRNA (cat. no. 4390843) and Opti-MEM Reduced Serum 
Medium were purchased from Thermo Fisher Scientific, Inc. 
In 6-well plates, cells (0.25-1x106) were transfected with 9 µl 
Lipofectamine RNAiMAX (cat. no. 13778150; Thermo Fisher 
Scientific, Inc.) and 30 pmol RET siRNA in reduced serum 
medium as per the manufacturer's protocol. Control cells were 
transfected with the negative control siRNA that has no signifi-
cant effect on cell proliferation and viability (data not shown). 
After 72 h, cells were harvested for western blot analyses.

Statistical analysis. All data are presented as the mean ± SEM 
of at least three independent experiments. One-way ANOVA 
with Tukey's post hoc test or two-way ANOVA with Bonferroni 
post hoc analysis were used to test for significant differences 
among multiple treatment groups. A Student's t-test was 
performed where applicable to test the significant difference 
between two treatment groups. Difference between groups 
were considered to be statistically significant when P<0.05. 
GraphPad Prism (version 5.04; GraphPad Software, Inc.) soft-
ware was utilized for all data analysis.

Results

Salinomycin reduces endogenous RET expression and 
interferes with RET downstream signaling in MTC cells. 
The effect of salinomycin on RET gene transcription was 
examined by a luciferase reporter assay using 293-RET cells 
as described in a previous study by the current authors (30). 
This reporter cell line was constructed by stably transfecting 
the luciferase reporter gene under the control of the RET 
wild-type promoter into 293 cells (30). As shown in Fig. 1A, 
treatment of 293-RET cells with various concentrations of 
salinomycin for 24 h led to a significant reduction in basal 
luciferase expression. Next, the inhibitory effect of salino-
mycin on endogenous RET expression was verified using 
two representative MTC cell lines, TT and MZ-CRC1, which 
harbor C634W and M918T RET mutations, respectively (34). 
As shown in Fig. 1B (top panel), salinomycin decreased RET 
protein levels in a time- and concentration-dependent manner 
in TT cells. The 24-h treatment of TT cells with 0.25, 0.5 and 
1 µg/ml of salinomycin decreased RET protein levels by 70, 
80 and 83%, respectively, compared with the vehicle control. 
The difference in RET protein expression was significant 
between the various treatment groups, with the exception of 
0.5 and 1 µg/ml, which did not differ significantly (top panel; 
Fig. 1B). The downregulation of RET protein appeared to be 
more pronounced in TT cells treated with salinomycin for 
48 h compared with those treated for 24 h. The difference in 
RET protein expression was statistically significant between 
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each treatment group after incubation with salinomycin for 
48 h (top panel; Fig. 1B). To determine if the expression levels 
of RET protein were consistent with those of RET mRNA 
in TT cells treated with salinomycin, the levels of RET 
mRNA in TT cells treated with salinomycin were measured 
using RT-PCR as previously described (30). As shown in 
Fig. 1B (lower panel), salinomycin diminished RET mRNA 
expression in a time- and concentration-dependent manner, 
suggesting that RET protein expression corresponds with 
RET mRNA expression in TT cells. The RPL9 gene was used 
as a loading control in the present RT-PCR analysis (35). The 
lack of evaluation of the RET mRNA levels by RT-quantitative 
PCR in the present study may limit the accuracy of RET 
mRNA quantification in the TT cells. The effect of salino-
mycin on RET protein expression in MZ-CRC1 cells was 
also tested, following treatment with various concentrations 

of salinomycin for 48 h. As shown in Fig. 1C, the treatment 
of MZ-CRC1 cells with salinomycin reduced RET expression 
compared with that in the untreated control, although to a 
lesser extent than in TT cells.

The effect of salinomycin on the expression of the RET 
fusion proteins (RET/PTC1) was investigated using a PTC cell 
line, TPC1, containing a fused RET/PTC1 gene. The fused 
RET/PTC1 protein in the TPC1 cells is formed by a chromo-
somal rearrangement between the RET tyrosine kinase domain 
coding region and the 5'-terminal region of the coiled-coil 
domain containing gene 6 (CCD6) at chromosom  10q11.2. 
This chromosomal inversion causes the transcription of the 
RET/PTC1 gene to be regulated by the CCD6 gene promoter 
region (36,37). As shown in Fig. 1D, salinomycin exhibited 
no effect on fused RET/PTC1 expression in TPC1 cells. This 
result indicates that the wild-type RET promoter is required 

Figure 1. Effect of salinomycin on RET expression and its downstream pathways. (A) Luciferase expression in 293-RET cells after treatment with various 
concentrations of salinomycin for 24 h. Luciferase activity in whole cell lysates was measured in relative luminescence units and normalized to total protein 
content. The x‑ and y‑axes represent the concentration of salinomycin and relative luciferase activity in the 293‑RET cell line, respectively. Data were analyzed 
using one-way ANOVA with Tukey's post hoc test (n=3; **P<0.01, ***P<0.001). (B) Effect of salinomycin on RET protein expression (top panel) and mRNA 
expression (bottom panel) in TT cells after treatment with various concentrations of salinomycin for 24 and 48 h (n=3; *P<0.05, **P<0.01 and ***P<0.001). 
(C and D) Effect of salinomycin on RET protein expression in (C) MZ-CRC1 and (D) TPC1 cells, respectively, after treatment with various concentrations of 
salinomycin for 48 h. The western blotting results for RET were determined by densitometric analysis with normalization to basal expression, and differences 
among groups were analyzed using one‑way ANOVA with Tukey's post hoc test (n=3; ***P<0.001). (E) Cellular effects mediated by RET downregulation after 
treatment with salinomycin. TT, K1, Nthy-ori 3-1 and TPC1 cells were treated with salinomycin for 48-h treatment at various concentrations, and the levels of 
phosphorylated and total mTOR and AKT proteins were measured by western blotting. The western blotting results for p-mTOR/total mTOR and p-AKT/total 
AKT were determined by densitometric analysis with normalization to basal expression, and differences among groups were analyzed using one‑way ANOVA 
with Tukey's post hoc test (n=3; ***P<0.001). (F) Effect of salinomycin on the proliferation of TT, K1, TPC1 and Nthy-ori 3-1 cells. Cell growth was assessed 
by MTS assay following treatment with various concentrations of salinomycin (≤20 µg/ml) for 96 h. Data are the mean ± SEM of three separate experiments. 
RET, rearranged during transfection kinase; PTC, papillary thyroid carcinoma; p, phosphorylated; ns, not significant.
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for the repression of RET transcription in thyroid cancer cell 
lines.

The PI3K/AKT/mTOR pathway has been reported to 
play a critical role in the tumorigenesis induced by RET 
oncogenes (38,39). Therefore, the present study examined the 
effect of salinomycin on RET downstream signaling pathway 
in TT cells by monitoring the changes in the levels of the phos-
phorylated forms of AKT and mTOR relative to those of the 
respective total proteins. As shown in Fig. 1E, a decrease in 
the RET protein level in TT cells was closely associated with 
a reduction in the phosphorylation of AKT and mTOR, with 
only a slight effect on the amount of total AKT and no effect 
on the amount of total mTOR. However, salinomycin showed 
no effect on the AKT/mTOR pathway in RET-independent 
thyroid cells, namely K1, Nthy-ori 3-1 and TPC1, suggesting 
that the effect of salinomycin on the AKT/mTOR pathway is 
closely associated with its RET downregulatory effect.

Since activating point mutations in the RET proto-onco-
gene are well-documented contributors to the progression of 
hereditary and sporadic forms of MTC, a cell viability assay 
of TT, K1, Nthy-ori 3-1 and TPC1 cells was performed. On the 
basis of the cell viability results in Fig. 1F, the half maximal 
inhibitory concentration (IC50) values of salinomycin in TT 

and K1 cells were estimated to be 0.3 and 0.6 µg/ml, respec-/ml, respec-ml, respec-
tively. Notably, Nthy-ori 3-1 and TPC1 cells were less sensitive 
to salinomycin, with IC50 values of 4 and 15 µg/ml, respec-/ml, respec-ml, respec-
tively, suggesting that the inhibitory effect of salinomycin 
against RET expression could be closely associated with its 
anti-proliferative effects on human thyroid cell lines.

Salinomycin induces G1 cell cycle arrest and release of 
caspase‑3. The effect of salinomycin on cell cycle progres-
sion was examined by treating TT cells with salinomycin at 
various concentrations for 24 and 48 h. As shown in Fig. 2A, 
at 24 h after treatment with the highest concentration (1 µg/ml) 
of salinomycin, there was a 12-15% increase in the proportion 
of cells in the G1 phase compared with the control. Treatment 
with 1 µg/ml salinomycin for 48 h resulted in a greater 
increase in the proportion of cells in the G1 phase, by 16-20% 
compared with the non-treated cells, which was accompanied 
by a reduction in the number of cells in the S and G2 phases. To 
confirm the cell cycle arrest, the expression levels of core cell 
cycle regulatory proteins (cyclin D, CDK4, P53, E2F, p-Rb and 
Rb) were assessed in TT cells following treatment with salino-
mycin for 48 h. As shown in Fig. 2B, western blotting revealed 
a strong downregulation of the expression of cyclin D, CDK4 

Figure 2. Effects of salinomycin on molecular events of cell cycle and apoptosis in TT cells. (A) Graphical representation of the cell cycle phase distribution 
of TT cell after treatment with salinomycin for 24 and 48 h. Representative histograms of the cell cycle are shown to the right of the graphs. (B) Expression 
analysis of core cell cycle regulators. TT cells were treated with different concentrations of salinomycin for 48 h and selected cell cycle proteins, namely p-Rb, 
Rb, E2F, P53, cyclin D and CDK4 were measured by western blotting. The expression levels of P21 and cyclin B were also measured by western blotting after 
the treatment of TT cells with different concentrations of salinomycin 48 h (right side). The western blotting results were quantified by densitometric analysis 
with normalization to basal expression, and differences among groups were analyzed using one‑way ANOVA with Tukey's post hoc test (n=3; **P<0.005 and 
***P<0.001). (C) Caspase-3 activity was determined in TT cells after treatment with salinomycin for 48 h, as a marker of apoptosis. Data are the mean ± SEM 
of three separate experiments and analyzed by one‑way ANOVA with Tukey's post hoc test (n=3; ***P<0.001).
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and E2F. Furthermore, salinomycin decreased p-Rb and total 
Rb levels compared with the respective baseline levels, and 
resulted in a significant increase in P53 expression. P21 and 
cyclin B proteins were evaluated in TT cells after treatment 
with salinomycin for 48 h. P21 was upregulated while cyclin B 
was downregulated after the 48-h treatment (Fig. 2B).

Whether salinomycin can induce apoptosis was deter-
mined by measuring the activity of caspase-3, since caspase-3 
activation is an apoptotic event that precedes cell death (40). 
As shown in Fig. 2C, caspase-3 activity in salinomycin-treated 
cells was significantly increased in a concentration‑dependent 
manner compared with the control after 48 h of treatment, 
which indicates the apoptosis-inducing effect of salinomycin 
on TT cells.

RET downregulation in TT cells after salinomycin treatment 
is independent of ROS activation. Oxidative stress can dictate 
the fate of cells. At high levels, ROS can induce cytotoxic or 
cytostatic effects, whereas at low levels, they can facilitate 
cell differentiation and proliferation (41). As has been docu-
mented in previous studies, numerous anticancer drugs induce 
programmed cell death, in whole or in part, by generating 
ROS (42,43). To assess whether ROS production is associated 
with the effect of salinomycin on RET expression or apoptosis, 
TT cells were pre-treated with the ROS scavenger N-acetyl 
cysteine (NAC). As shown in Fig. 3, after treatment with 
1 µg/ml salinomycin for 24 and 48 h, RET and BCL2 protein 
expression levels were not changed by NAC pre-treatment, 
suggesting that RET suppression by salinomycin is indepen-
dent of ROS induction in the MTC model.

Salinomycin analogs show varying effects compared with 
the parent compound on RET expression. To investigate the 
structure-activity relationship of salinomycin, analogs of 
salinomycin generated by chemical synthesis as described 
in a previous study, including salinomycin amide (A1-A8) 
and ester (E1-E8) derivatives were used (7,8). Salinomycin 
analogs have previously been evaluated for cytotoxicity 
and selectivity against TT, K1, Nthy-Ori 3-1 and TPC1 cell 
lines (Fig. 4A) (28,44). As shown Fig. 4A, the majority of 
the derivatives possessed considerably less potent cytotoxic 
effects against normal and cancer thyroid cell lines than did 
salinomycin. However, A3 and E4 exhibited more potent 

cytotoxicity against these cell lines than the parent compound, 
with IC50 values in the ranges of 0.5-2.2 and 0.07-0.8 µg/ml, 
respectively. It is also worthwhile to note that A3 and E4 
exhibited relatively selective cytotoxicity to TT and K1 cells 
over TPC1 and the normal immortalized thyroid cells, 
Nthy-ori 3-1. Next, the effects of selected salinomycin analogs 
on endogenous RET expression were examined in TT cells 
to determine if the structure-related cytotoxic effects of 
salinomycin analogs are associated with their potential to 
downregulate the expression of RET protein. As shown in 
Fig. 4B, nontoxic amide (A2 and A4) and ester (E1) derivatives 
showed no effect on RET expression in TT cells after 48-h 
treatment with ≤10 and 5 µg/ml of the analogs, respectively. 
However, the most potent ester derivative, E4, effectively 
reduced RET expression in TT after 48 h of treatment at a 
concentration of 0.6 µg/ml. The extent of the reduction in RET 
expression achieved with salinomycin E4 is comparable to that 
of salinomycin. These results suggest that the cytotoxic effects 
of salinomycin derivatives are closely associated with their 
downregulatory effect on RET expression in TT cells.

RET reduction can lead to LRP6 attenuation in MTC cell 
lines. Previous studies demonstrated that RET is a novel tran-
scriptional target of Wnt/β-catenin signaling (19,45). Since 
salinomycin is known to interfere with Wnt signaling, whether 
the RET downregulatory effect of salinomycin is mediated 
through its inhibitory effect on Wnt/β-catenin pathway was 
examined in TT cells in the present study (46). As shown in 
Fig. 5A, salinomycin induced a significant reduction in total, 
cytosolic and nuclear β-catenin, p-LRP6 and total LRP6 in 
TT cells after 48 h of treatment. To further verify the involve-
ment of the Wnt pathway in the RET-inhibitory effect of 
salinomycin, the well‑characterized Wnt inhibitor niclosamide 
, was used as a positive control in the present study (47,48). 
Notably, niclosamide was able to reduce p-LRP6, LRP6 
and total β-catenin, as well as RET expression in TT and 
MZ-CRC1 cells (Fig. 5B). These results suggest the existence 
of a close relationship between the Wnt/β-catenin and RET 
pathways in MTC, in agreement with previous studies (27,45). 
Whether the activity of the Wnt/β-catenin pathway is associ-
ated with activation of RET pathway was also investigated in 
the present study. Therefore, TT cells were transfected with 
RET siRNA or negative control siRNA for 72 h. As shown in 

Figure 3. Effects of NAC on salinomycin-mediated RET downregulation and BCL2 in TT cells. TT cells were treated with salinomycin for 24 or 48 h with or 
without NAC (1 mM). Expression levels of RET and BCL2 were determined by western blotting. The western blotting results for RET and BCL2 were quanti-
fied by densitometric analysis with normalization to basal expression, and differences among groups were analyzed using two‑way ANOVA with Bonferroni 
post hoc test (n=3). NAC, N‑acetyl cysteine; RET, rearranged during transfection kinase; ns, not significant.
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Fig. 5C, RET was successfully knocked down by RET siRNA 
transfection compared with the negative control siRNA. Total 
LRP6 expression was also reduced by RET siRNA compared 
with the negative control (Fig. 5C), indicating the likelihood 
of crosstalk between RET and the LRP6 (Wnt) pathway 
in TT cells. Furthermore, RET and LRP6 levels declined 
concurrently in TT cells following treatment with 1 µg/ml 
salinomycin at different time points (Fig. 5D). The effects of 
various salinomycin analogs on the expression levels of LRP6 
and p-RLP6 in TT cells were also examined. As shown in 
Fig. 5E, there appears to be a strong association between the 
ability of an analog to reduce the expression of RET and its 
ability to reduce p-LRP6 and LRP6 expression. Analogs such 

as A2, A4 and E1, which were not able to reduce RET expres-
sion (Fig. 4B) were also unable to alter RLP6 expression or 
phosphorylation (Fig. 5E), while derivatives that were able to 
reduce RET expression, such as E4, were also able to reduce 
the expression and phosphorylation of LRP6.

Discussion

Due to the major contribution of germline mutations in the RET 
proto-oncogene to the development of MTC, activated RET 
protein is considered to be a weakness of MTC (38,49). Previous 
studies have developed several therapeutic strategies against 
RET-driven MTC (11,21,50). These include the use of tyrosine 

Figure 4. Effect of salinomycin amide (‘A’) and ester (‘E’) derivatives on the proliferation of TT, K1, Nthy-ori 3-1 and TPC1 cells, and the effect of selected 
salinomycin derivatives on RET protein expression in TT cells (28,44). (A) TT, K1, TPC1 and Nthy-ori 3-1 cells were treated with an increasing concentration 
of each derivative for 96 h. The IC50 value of each compound was determined by MTS assay. Data are mean ± SEM of three separate experiments. (B) Effect of 
selected salinomycin analogs on RET protein expression in TT cells was determined by western blotting after treatment for 48 h. Densitometric analysis of the 
western blotting results for RET was conducted with normalization to basal expression, and differences among groups were analyzed using one‑way ANOVA 
with Tukey's post hoc test (n=3; ***P<0.001). IC50, half maximal inhibitory concentration; RET, rearranged during transfection kinase.
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kinase inhibitors, siRNAs that silence mutant RET expression, 
and gene therapies that utilize dominant‑negative RET to suppress 
downstream signaling pathways (17,39). To date, two multi-target 
tyrosine kinase inhibitors (vandetanib and cabozantinib), which 
target vascular endothelial growth factor receptor 2, EGFR, 
MET and RET, have been approved for the treatment of locally 
advanced and metastatic MTC. However, long-term vandetanib 
or cabozantinib treatment for advanced MTC has two significant 
disadvantages: Efficacy is lost over time as a result of acquired 
drug resistance, and prolonged treatment can cause serious side 
effects (20,21,51,52). Thus, there is an urgent need to identify and 
discover new therapeutic agents that are able to interfere with 
RET function for use in the curative therapy of MTC.

The potassium ionophore salinomycin has shown inhibi-
tory effects on the Wnt/β-catenin pathway in various cancer 

models (46). In the present study, salinomycin was shown to 
be a potential therapeutic agent for MTC that can target RET 
and its downstream signaling. The present study also demon-
strated that the suppression of RET by salinomycin is closely 
associated with its anti-proliferative and apoptotic effects 
on human MTC cell lines, with a particularly strong inhibi-
tory effect on cells with RET mutations at C634W, such as 
TT cells. Although MZ-CRC1 is an MTC cell line, it appears 
to be less sensitive than TT cells to salinomycin (Fig. 1C). It 
may be speculated that there are some genes that are highly 
overexpressed in the RET M918T mutant but not the C634W 
mutant that could contribute to salinomycin sensitivity in 
MZ-CRC1 (53). Salinomycin demonstrated no clear effect on 
the papillary thyroid carcinoma cell line TPC1, in which its IC50 
was >10-fold higher than that for TT cells (Fig. 1F). Likewise, 

Figure 5. Effect of salinomycin on Wnt/β-catenin signaling and crosstalk between RET and LRP6. (A) Expression levels of p-LRP6, LRP6, cytosolic β-catenin 
and total β-catenin were determined by western blotting in TT cells after treatment with salinomycin for 48 h. The expression levels of cytosolic and nuclear 
β‑catenin were also measured. Proteins expression were determined by densitometric analysis with normalization to basal expression, and differences among 
groups were analyzed using one‑way ANOVA with Tukey’s post hoc test (n=3; *P<0.05, **P<0.01 and ***P<0.001). (B) Effect of niclosamide on the levels of 
p-LRP6, LRP6 and RET in TT and MZ-CRC1 cells, and total β-catenin in TT cells were determined by western blotting. The western blotting results for the 
shown proteins were determined by densitometric analysis with normalization to basal expression, and differences among groups were analyzed using one‑way 
ANOVA with Tukey’s post hoc test (n=3; **P<0.01 and ***P<0.001). (C) Western blot analysis of the expression of LRP6 and RET in RET siRNA and silencer 
negative control‑treated TT cells. Representative images are shown, with normalized densitometric quantification and analysis of the difference between 
groups by Student’s t-test (n =3; ***P<0.001). (D) Time course of the expression of RET and LRP6 protein in TT cells in the presence of 1 μg/ml salinomycin 
(n =3; ***P<0.001). (E) Effect of salinomycin analogs (E4, A4, A2 and E1) on the p‑LRP6/LRP6 ratio in TT cells after treatment for ≤48 h. Western blotting 
results for all proteins were determined by densitometric analysis with normalization to basal expression, and differences among groups were analyzed using 
one-way ANOVA with Tukey’s post hoc test (n=3). LRP6, low-density lipoprotein receptor-related protein 6; p, phosphor; RET, rearranged during transfection 
kinase; siRNA, small interfering RNA.
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salinomycin showed no effect on the expression of the rear-
ranged RET/PTC1 protein in TPC1 cells (Fig. 1D). RET/PTC1 
transcription is regulated by the CCD6 gene promoter region, 
leading to the speculation that a wild-type RET promoter 
region is essential for mediation of the RET-inhibiting effect 
of salinomycin. Furthermore, salinomycin did not exert 
any detectable effect on RET downstream proteins such as 
p-mTOR, mTOR, p-AKT and AKT in TPC1 cells (Fig. 1E). 
K1 cells, which are derived from a primary papillary thyroid 
carcinoma, have been found to have enhanced Wnt signaling 
for growth and survival with wild-type status for RET (54). 
Thus, the disruption of Wnt signaling could be the basis of 
the anti-proliferative activity of salinomycin against K1 cells. 
Therefore, at a low concentration, salinomycin appears to be 
selective, with a stronger anti-proliferative effect on TT and 
K1 cells compared with TPC1 and Nthy-ori 3-1 cells.

Cell cycle analysis by flow cytometry demonstrated that 
the treatment of TT cells with salinomycin for 24 or 48 h 
resulted in cell cycle arrest at the G1 phase in a concentra-
tion-dependent manner (Fig. 2A). The cell cycle is highly 
regulated by different types of cyclin-dependent kinases and 
their catalytic units; cyclin D, E2F, Rb, P53, P21, cyclin B and 
CDK4 serve important roles in cell cycle progression through 
the G1 phase (55,56). After treatment of TT cells with sali-
nomycin, the aforementioned regulators were reduced in a 
concentration-dependent manner (Fig. 2B). However, P27 
was not evaluated in the current cell cycle analysis. The 
cell cycle arrest at the G1 phase was followed by increased 
caspase-3 activity after 48 h of treatment with salinomycin. 
Recent reports have shown that salinomycin induces apop-
tosis in various human cancer cell lines, in part due to the 
accumulation of ROS (57,58); however, pre-treatment of 
TT cells with the antioxidant NAC could not rescue TT cells 
from apoptosis, nor could it reduce the loss of BCL2 or RET 
(Fig. 3). This indicates that the apoptosis of TT cells after 
salinomycin treatment is independent of ROS activation or 
generation.

In the current study, the potential anticancer activities 
of salinomycin amide and ester derivatives are presented. 
Although the majority of the salinomycin derivatives were 
not capable of either reducing RET expression in TT cells 
or inducing selective cytotoxicity, salinomycin E4 produced 
promising results. Salinomycin E4 significantly reduced RET 
expression in TT cells at submicromolar concentrations and 
also diminished total and p-LRP6 levels. The effect on LRP6 
demonstrates the importance of the Wnt/β-catenin pathway 
in the mediation of the anticancer activity of salinomycin 
and its analogs. The Wnt/β-catenin pathway is essential in 
embryonic development and thyrocyte proliferation (23,27). 
The abnormal activation of Wnt/β-catenin is associated 
with multiple types of cancer (23,25). The Wnt pathway is 
activated by the binding of Wnt glycoproteins to Frizzled 
and its co-receptor LRP6 to form a ternary complex in the 
cell membrane. Phosphorylation of LRP6 leads to disrup-
tion of the β-catenin destruction complex, which includes 
adenomatosis polyposis coli, glycogen synthase kinase 3, 
axin and casein kinase 1. This destruction complex typically 
phosphorylates cytoplasmic β-catenin, and targets it for ubiq-
uitination and proteolytic degradation in the absence of Wnt. 
Upon activation, Wnt/β‑catenin signaling stabilizes cytosolic 

β-catenin, allowing it to translocate to the nucleus and form 
a complex with T-cell factor/lymphoid enhancer factor. This 
complex activates target genes that are vital for cell growth 
and survival (27,59). A previous study demonstrated that 
activation of Wnt/β-catenin by lithium chloride upregulated 
RET expression in a concentration-dependent manner in 
mIMCD-3 cells, whereas LRP6 knockout downregulated 
RET expression in mouse embryos (19). In the present 
study, niclosamide, a specific Wnt/β-catenin inhibitor, was 
demonstrated to diminish RET expression by disrupting Wnt 
signaling in TT cells. Also, siRNA-mediated RET knockdown 
led to the downregulation of LRP6 and RET expression in 
TT cells compared with the negative control. The cytotoxicity 
of salinomycin derivatives appears to be established via their 
ability to reduce the activity and the expression of LRP6 and 
RET. On the basis of the aforementioned results, it is hypoth-
esized that LRP6‑mediated Wnt/β-catenin signaling either 
modulates or closely interacts with RET or RET downstream 
proteins in MTC, and that this crosstalk is disrupted by sali-
nomycin, selected salinomycin analogs, niclosamide or RET 
siRNA.

In conclusion, the current study demonstrates that salino-
mycin, characterized as an inhibitor of the Wnt pathway, exerts 
potent antitumor activity against MTC via the reduction of 
RET expression. The chemical modification of salinomycin 
can provide derivatives with stronger cytotoxity. Niclosamide 
and other salinomycin derivatives, which reduce LRP6 expres-
sion, highlight the important role of the Wnt signaling pathway 
in the regulation of RET expression in MTC. This preliminary 
study reveals the effects of salinomycin and its derivatives 
on MTC cells in vitro. Since salinomycin has been reported 
to have serious side effects on the cardiovascular system, the 
evaluation of the toxicity of salinomycin and salinomycin 
derivatives as well as their efficacy in an in vivo MTC model is 
pivotal (60). However, the findings of the current study support 
further preclinical evaluation of salinomycin and its analogs as 
novel therapeutic agents for the treatment of MTC.
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