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Abstract
Cancer stem cells (CSCs) are associated with metastasis and recurrence in prostate cancer as well as other cancers. We 
aimed to enhance the sensitivity of cabazitaxel in prostate cancer cell therapy by targeting CSCs with a Wnt inhibitor and 
salinomycin pretreatment. PC3, DU-145, and LNCaP human prostate cancer cells were exposed to Wnt/β-catenin pathway 
inhibitor CCT036477 (iWnt) with salinomycin for 48 h, followed by cabazitaxel treatment for 48 h. Cell viability, mRNA, 
and protein expression changes were evaluated by MTT, RT-qPCR, and Western blot assays, respectively. Apoptosis was 
determined by image-based cytometry, and cell migration was assessed by wound healing assay. Three-dimensional culture 
was established to assess the malignant phenotype and stemness potential of transformed or cancer cells. CD44 + CSCs were 
isolated using magnetic-activated cell sorting system. Pretreatment of PC3, DU-145, and LNCaP cells with salinomycin iWnt 
significantly sensitized the cells to cabazitaxel therapy. Spheroid culture confirmed that the treatment modality was more 
effective than a single administration of chemotherapy. The pretreatment of PC3 cells increased the rate of apoptosis com-
pared to single administration of cabazitaxel, which downregulated Bcl-2 and upregulated caspase 3, caspase 8 expressions. 
The pretreatment suppressed cell migration, downregulated the expression of Sox2 and Nanog, and significantly reduced 
CD44 + CSC numbers. Notably, the treatment modality reduced pAKT, p-P38 MAPK, and pERK1/2. The data suggest that 
pretreatment of prostate cancer cells with salinomycin and Wnt inhibitor may increase the efficacy of cabazitaxel therapy 
by inhibiting cell proliferation and migration, and eliminating cancer stem cells.
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Introduction

Prostate cancer is the second most common cancer in men, 
after lung cancer, and ranks sixth in cancer-related deaths 
[1]. Despite advances in treatment, drug resistance, recur-
rence, and metastasis remain the major cause of cancer-
related death [2]. Androgen deprivation therapy (ADT) 
is used in combination with a gonadotropin-releasing 
hormone agonist or antagonist for prostate cancer that 
has advanced to the metastatic stage [3]. The majority of 
patients respond to ADT by suppressing effective testoster-
one, but the disease may progress to metastatic castration-
resistant prostate cancer (mCRPC). The introduction of 
new agents in the treatment, such as abiraterone acetate, 
enzalutamide, apalutamide, darolutamide, cabazitaxel, 
radium-223, and sipuleucel-T, has significantly advanced 
the treatment of mCRPC [4]. However, the optimal treat-
ment for advanced prostate cancer has yet to be deter-
mined. Docetaxel is the first systemic therapy to improve 
survival in men with mCRPC, but increased chemoresist-
ance reduces success. Cabazitaxel is the standard second-
line chemotherapy for patients with mCRPC [5]. In the 
treatment of cabazitaxel, side effects such as neutropenia, 

leukopenia, and anemia develop, leading to inadequate 
median progression-free survival [5]. Metastasis, recur-
rence, resistance to chemotherapy, and radiotherapy are 
the main reasons for the failure of cancer treatments. 
Cancer stem cells (CSCs) may be among the main rea-
son for the failure of the therapy encountered. Therefore, 
the development of CSC-targeted strategies may increase 
treatment efficacy.

Cancer stem cells are a subpopulation of tumor cells 
and are rare in the tumor mass. The diverse properties of 
these specialized cells enable them to survive standard 
treatments, leading to metastatic disease and tumor recur-
rence [6, 7]. The self-renewal and differentiation property 
of CSCs contributes to the initiation and maintenance of 
tumor growth. Several reports suggest that CSCs share 
numerous molecular features with mesenchymal cells, thus 
CSCs are considered leading players in metastasis [8]. In 
addition, these cells have higher intrinsic resistance to 
chemotherapy and radiotherapy than bulk cancer cells and 
may cause intra-tumor heterogeneity, complicating clini-
cal treatment [9]. As tumor initiators, CSCs can be con-
sidered promising targets for better therapeutic outcome. 
However, various difficulties, such as the lack of suitable 
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experimental models in defining the CSC subpopulation, 
targeting cancer and CSCs without harming normal cells, 
make targeting these cells difficult.

Salinomycin (C42H70O11), a member of the polyether 
ionophore antibiotics [10], has been shown to sensitize clini-
cally used chemodrugs such as doxorubicin, trastuzumab, 
gemcitabine, and tamoxifen [11]. The molecular mechanisms 
are yet to be fully understood, but there is ample evidence 
that salinomycin, identified through high-throughput screen-
ing, exerts a selective effect on the elimination of CSCs [12]. 
Its biological effects include increasing intracellular reactive 
oxygen molecules, decreasing ATP levels, causing autophagy-
related apoptosis, inducing endoplasmic reticulum stress, 
sequestration of iron in lysosomes, triggering DNA damage, 
and inhibiting DNA repair [13, 14]. Inhibition of the Wnt 
signaling cascade, AKT, and mitogen-activated protein kinase 
(MAPK) pathways in cancer cells by salinomycin administra-
tion plays a role in the indicated effects [15, 16]. Salinomycin 
and several of its nanoparticle-based therapy formulations have 
been tried to abolish prostate CSCs, but their potential for use 
with Wnt inhibitors and prior to cabazitaxel administration 
has not been tested.

Wnt/β-catenin signaling is of significant importance in 
cellular processes such as embryonic development, stem cell 
self-renewal, differentiation, and carcinogenesis [17, 18]. 
Aberrant Wnt/β-catenin signaling plays a critical role in bulk 
tumor expansion, metastasis, and treatment response by facili-
tating CSC regeneration, proliferation, and differentiation in 
many cancers including breast, colorectal, lung, ovarian, pan-
creatic, prostate, and melanoma [18, 19]. The Wnt/β-catenin 
pathway is frequently activated in late-stage prostate cancer 
through a variety of mechanisms, including cross-talk with 
other signaling pathways, altered expression of Wnt ligands, 
growth factors, cytokines produced by the damaged tumor 
microenvironment. Wnt signal-targeted therapeutics such as 
monoclonal antibodies, small-molecule hedgehog inhibitors, 
and β-catenin inhibitors are in clinical trials or preclinical stud-
ies for the treatment of patients with Wnt-induced cancer. A 
Wnt signaling inhibitor (2′Z, 3′E)-6-bromoindirubin-3′-oxime 
or CCT036477 (inhibitor XI) blocks transcription at β-catenin 
without altering its levels [20, 21]. CCT036477 is a cell-per-
meable indole derivative that inhibits proliferation of various 
cancer cells, development of embryos, and expression of Wnt 
target genes.

This study evaluated the efficacy of pretreatment with salin-
omycin and Wnt signal inhibitor prior to cabazitaxel therapy 
on prostate cancer cells and their CSCs populations.

Materials and methods

Cell culture

Human prostate PC3, DU-145, and LNCaP cancer cells were 
purchased from the ATCC (Manassas, VA, USA). The cells 
were maintained in complete DMEM/Ham’s F-12 medium 
(Winsent, Quebec, Canada) supplemented with 10% fetal 
bovine serum (Life Technologies, CA, USA) and penicil-
lin/streptomycin. Wnt inhibitor (XI, CCT036477, Sigma-
Aldrich, Darmstadt, Germany), salinomycin, and cabazitaxel 
(Cayman Chemical, Michigan, ABD) were reconstituted in 
dimethyl sulfoxide (DMSO) and stored at −20 °C until use. 
Bovine retinal pigment epithelial cells (RPE) were obtained 
by the ophthalmologist from eyes taken immediately after 
slaughter of cattle at the abattoir and grown in complete 
DMEM medium for three weeks [22]. After examining for 
contamination, these cells were used to determine possible 
cytotoxic effects of pharmacological agents on primary cells. 
PC3, DU-145, and bovine RPE cell doubling times are close 
to each other (approximately 30 h), while for LNCaP cells 
the time is 60 h [23, 24].

Time– and dose–response assessment

The cytotoxic effects of the Wnt inhibitor (iWnt), salino-
mycin, and cabazitaxel on cell survival were determined by 
MTT test. First, PC3, DU-145, LNCaP, and bovine RPE 
cells were seeded at a density of 104 cells/well in 96-well 
culture dishes (Nest Scientific, China) for 16  h. Then, 
the cells were treated with cabazitaxel at concentrations 
of 0.39 nM, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100 nM; 
iWnt at concentrations of 0.39 µM, 0.78, 1.56, 3.12, 6.25, 
12.5, 25, 50, 100 µM iWnt; or salinomycin at concentrations 
of 0.078 µM, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 20 µM. 
The experiments were repeated at least three times using 
eight wells for each dose. The effects of various concentra-
tions of iWnt (Fig. 1A), salinomycin (Fig. 1B), and cabazi-
taxel (Fig. 1C) administrations for 24–72 h on cell survival 
were determined by MTT assay in a microplate reader at 
570 nm (Multiskan GO, Thermo Scientific, Vantaa, Fin-
land). Since 48 h is preferred for combination applications, 
the IC50 values of the agents were calculated using the MTT 
test results in this incubation period.

Determination of apoptosis by annexin V assay

To evaluate the apoptotic efficacy of the treatment modali-
ties, the cells (1 × 105 cells/well) were seeded in six-well 
plate for overnight followed by exposure to a combina-
tion of 0.5 µM salinomycin and 6.25 µM iWnt for 48 h. 
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Fig. 1   Salinomycin, Wnt inhibitor, and cabazitaxel inhibit prostate 
cancer cell proliferation in a dose- and concentration-dependent man-
ner. PC3 cells were exposed to the various concentrations of the phar-
macological agents for 24–72 h. At the end of the treatments, MTT 

test was performed and cell viability rates were determined compared 
to the control groups. *P < 0.01 compared to untreated control (0), 
#P < 0.05 compared to untreated control (0)
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Subsequently, the medium of the cells was then replaced 
with 2.5 nM cabazitaxel in fresh medium and incubated 
for an additional 48 h. At the end of the treatment period, 
the cells were harvested with trypsin/EDTA, centrifuged, 
and washed twice with PBS. The resulting cell pellet was 
stained with the Annexin V/PI kit (Life Technologies, 
Carlsbad, CA) according to the kit instructions. Dead, 
viable, and apoptotic cell proportions were counted in an 
image-based cytometer (Life Technologies). Untreated 
cells were treated with DMSO, a solvent of pharmacologi-
cal agents with a final concentration not exceeding 0.1%.

RNA extraction and RT‑qPCR

PC3 cells were first exposed to a combination of 0.5 µM 
salinomycin and 6.25 µM iWnt for 48 h, then treated with 
single 2.5 nM cabazitaxel as described in the previous 
section. Total RNA was extracted from PC3 cells using 
commercial kit (Thermo Fisher Scientific, MA, USA), 
then reverse transcribed using the high-capacity cDNA 
kit (Applied Biosystems, Victoria, Australia). Quantita-
tive mRNA expression analyses of the selected genes were 
achieved on a real-time PCR system using (Applied Bio-
systems StepOne, Foster City, CA) using SYBR Green 
Master Mix (Thermo Fisher Scientific, MA). Reaction 
conditions were 1 cycle of initial denaturation at 50° °C 
for 2 min and 95 °C for 10 min; 40 cycles 95 °C for 15 s 
and 60 °C for 1 min. The quantification of fold enrich-
ments of targets relative to 2−ΔΔCt was calculated using the 
expression GAPDH used as an internal reference. Primer 
pairs for RT-PCR are given in Table 1 (PRZ Biotech, 
Ankara, Turkey).

Protein expression by Western blot

After PC3 cells were treated as described in the previous 
section, protein homogenates were extracted using RIPA 
lysis buffer (containing 50 mM Tris–Cl, pH 8.0, 150 mM 
NaCl, 0.1% SDS, 1% NP-40, 100 μg/ml PMSF) (Thermo 
Fisher Scientific). Fifty μg protein samples were separated 
by 4–12% SDS-PAGE and transferred onto a polyvinylidene 
difluoride membrane (Life Technologies). Then, the mem-
branes were blocked and exposed to primary antibodies 
against anti-caspase 3, Bax, E-Cadherin, Vimentin, Wnt, 
phosphoP38, AKT, pAKT, pERK, Bcl-2, and β-actin (Novus 
Biologicals, Littleton, CO, USA) at 4 °C overnight. After 
washing the membranes twice in tris-buffer saline, they were 
incubated at room temperature with anti-rabbit/anti-mouse 
IgG using the chemiluminescence Western blot substrate kit 
(Thermo Fisher Scientific). The intensities of the bands were 
determined on the imaging system (Bio-Rad ChemiDoc MP 
System, Carlsbad, CA, USA). β-actin was used as to opti-
mize the amount of loaded protein for the signal intensities.

Three‑dimensional (3D) spheroid cultures

Mono- and multi-spheroid cultures were applied to evaluate 
the efficacy of the treatment in sphere sizes. To prevent cells 
from adhering to the bottom surface of the plates in a mono-
sphere suspension, 96-well culture dishes were covered with 
1.5% agarose. After washing and drying the plates, a single-
spheroid suspension was obtained by leaving 2 × 103 cells 
in each well. Cells were simultaneously exposed to 2.5 nM 
cabazitaxel, 0.5 µM salinomycin, and 6.25 µM iWnt agents. 
50 µl of fresh medium containing the treatment agents was 
added to the respective well every three days for 10 days. 
Seven spheroids were used for each treatment. On days 0 
and 10, images were taken under the microscope (Zeiss, 
Germany), and the diameters of the spheres were measured 
using the imaging software. On day 10, spheroids from the 
same group were harvested with a pipette tip, cells were dis-
sociated with trypsin, suspended in trypan blue solution, and 
viable cells were counted by with a hemocytometer.

In multi-spheroid cultures method, the bottoms of 75 cm2 
plates were coated with agarose as indicated in the single 
spherical method, 1 × 106 PC3 cells were pipetted into each 
well, and processed as above. Colonies were photographed 
on days 0, 7, and 10 of incubation.

Identification of the number of stem cells 
in the population

CD44 + cell subpopulations were sorted by column selection 
using CD44-PE monoclonal antibody conjugated to mag-
netic microbeads (Miltenyi Biotec, Gladbach, Germany) 
as described previously [25]. Briefly, PC3 cells remaining 

Table 1   Sequence of primers used in PCR analyses

F: forward, R: reverse

APAF1 F 5′ GAT​ATG​GAA​TGT​CTC​AGA​TGGCC​ 3′
R 5′ GGT​CTG​TGA​GGA​CTC​CCC​A 3′

NANOG F 5′ ATG​CCT​CAC​ACG​GAG​ACT​GT 3′
R 5′ AGG​GCT​GTC​CTG​AAT​AAG​CA 3′

Cytochrome C F 5′ TGG​GCC​AAA​TCT​CCA​TGG​TC 3′
R 5′ AGG​CAG​TGG​CCA​ATT​ATT​ACTCA​ 3′

CASP3 F 5′ TGG​TTC​ATC​CAG​TCG​CTT​TG 3′
R 5′ CAT​TCT​GTT​GCC​ACC​TTT​CG 3′

CASP8 F 5′ CTG​CTG​GGG​ATG​GCC​ACT​GTG​ 3′
R 5′ TCG​CCT​CGA​GGA​CAT​CGC​TCTC​ 3′

SOX2 F 5′ GCC​GAG​TGG​AAA​CTT​TTG​TCG​ 3′
R 5′ GCA​GCG​TGT​ACT​TAT​CCT​TCTT​ 3′

GAPDH F 5′ TTG​GTA​TCG​TGG​AAG​GAC​TCA​ 3′
R 5′ TGT​CAT​CAT​ATT​TGG​CAG​GTTT​ 3′
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in flasks after treatment with agents were trypsinized and 
washed with PBS. Next, cells were incubated with 100 µl 
of MACS and 10 µl of anti-PE CD44 microbeads (Milte-
nyi Biotec) for 20 min at + 4 °C. Subsequently, cells were 
pelleted and suspended in 1 ml of MACS buffer and then 
passed through the column. CD44 + cancer stem cells in the 
columns removed from the magnetic field were counted after 
eluting.

Wound healing assay

The effect of the treatment strategies on cell migration was 
evaluated by wound healing assay. For this, 9 × 105 PC3 
cells were seeded in 6-well plates; wound was created in 
the midline of the well with a pipette tip after one day of 
incubation for adhesion. Floating cells were removed from 
the media, and then the cells were exposed to 2.5 nM cabazi-
taxel, 0.5 µM salinomycin + 6.25 µM iWnt, or the combina-
tion of the three agents in serum-free medium, and left to 
incubate for 24 h. At the end of the period, the remaining 
wound intervals were determined by phase-contrast micro-
scope (10 × objective).

Statistical analysis

Data were evaluated with SPSS software (19.0; SPSS, 
Chicago, IL), with differences between treatment groups 
determined by analysis of variance (ANOVA) followed by 
Duncan’s multiple range test. Results were expressed as 
mean ± standard deviation (SD) and each experiment was 
repeated at least three times. P < 0.05 was considered sta-
tistically significant. The pharmacological agent values that 
killed half of the cells (IC50) were determined in GraphPad 
Prism 7.0 software (San Diego, CA, USA).

Results

Effect on cell survival

To determine the cytotoxic effects of the agents on prostate 
cancer cell survival, cells were exposed to different concen-
trations of iWnt (CCT036477), salinomycin, and cabazitaxel 
for 24, 48, and 72 h. Wnt inhibitor significantly reduced 
the PC3 cell viability in a dose- and time-dependent man-
ner (Fig. 1A). While salinomycin treatment for 24 h did not 
cause significant cytotoxicity except at the maximum dose 
used, 48 and 72 h of applications produced strong cytotox-
icity (Fig. 1B). Cabazitaxel used at the nanomolar levels 
significantly suppressed the cell viability at all administrated 
time periods (Fig. 1C). The IC50 values were calculated after 
48 h of salinomycin, iWnt, and cabazitaxel administrations 

to PC3 cells were 0.5, 6.25, and 2.5  nM, respectively 
(Fig. 1A–C).

Combination treatment

Cells were exposed to drugs individually or as alternatives 
to determine the appropriate combination therapy. For this, 
PC3 (Fig. 2A), LNCaP (Fig. 2B), or DU-145 (Fig. 2C) cells 
were treated with 2.5 nM cabazitaxel, 0.5 µM salinomy-
cin, or 6.25 µM iWnt for 48 h, then the pharmacological 
agents were removed and incubated for an additional 48 h. 
There was no significant difference in cell therapy between 
the individual use of each agent or the combined use of 
salinomycin with iWnt, salinomycin with cabazitaxel, or 
iWnt with cabazitaxel as determined by MTT test. How-
ever, pretreatment of PC3, DU-145, or LNCaP cells with 
0.5 µM salinomycin and 6.25 µM iWnt for 48 h followed by 
exposure to only 2.5 nM cabazitaxel in fresh medium for an 
additional 48 h significantly increased treatment efficacy. 
Compared with cabazitaxel individual therapy, pretreat-
ment of PC3 cells with salinomycin and iWnt followed by 
cabazitaxel further reduced cell survival by 25% (Fig. 2A). 
Combination therapy reduced cell survival by 75% com-
pared to the untreated group. A similar effect was also 
observed in LNCaP (Fig. 2B) and DU-145 cells (Fig. 2C) 
in the pretreatment.

Bovine eye RPE cells were used to determine the possible 
cytotoxic effect of established treatment strategies on pri-
mary normal cells. Neither single nor combined treatments 
produced a significant cytotoxic effect on RPE cell survival 
compared to the control group (P > 0.05) (Fig. 2D).

Induction of apoptosis

The results of cytometric analysis supported the MTT sur-
vival results. Co-administration of iWnt with salinomycin 
to PC3 cells induced apoptosis at a rate similar to cabazi-
taxel single therapy (Fig. 3A). However, the 40% apopto-
sis rate in these two different treatments increased to 67% 
after pretreatment of iWnt with salinomycin. There was no 
difference between the groups in the percentage of non-
apoptotic cell death (Fig. 3). Molecular events underlying 
apoptosis induced by salinomycin and iWnt administration 
before cabazitaxel treatment were evaluated by RT-PCR and 
western blot. Pretreatment of cells significantly upregulated 
the expression of caspase 3 (Fig. 3B), caspase 8 (Fig. 3C), 
cytochrome c (Fig. 3D), and apaf-1 (Fig. 3E) compared to 
untreated or cabazitaxel single exposure, while decreased 
the protein expression of Bcl-2 (Fig. 3G). Surprisingly, the 
treatment modalities did not alter Bax protein expression 
(Fig. 3F). Calculated from protein expression data after 
B-actin corrections, the Bax/Bcl-2 ratios were 1.17, 1.84, 
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and 3.27 in cabazitaxel, salinomycin + iWnt, and pretreated 
cells, respectively.

Suppression of stemness properties

Due to the similarity of in vivo models, the efficacy of treat-
ment strategies on PC3 cell survival was determined by 
single-spheroid testing [26]. Cabazitaxel application after 
salinomycin + iWnt pretreatment of cells declined sphe-
roid diameter compared to single and combined treatment 
(Fig. 4A), while reducing the survival rate to the maximum 
level (Fig. 4B). According to the viability test performed on 
the cells found in spheroid structures, cabazitaxel admin-
istration after pretreatment enhances cell death by 75% 
compared to the cabazitaxel alone and salinomycin + iWnt 
groups, this rate increases to 90% compared to the untreated 
cells (Fig. 4B).

Multiple spheroid cultures showed that cabazitaxel 
administration after salinomycin + iWnt pretreatment was 
the most effective strategy to reduce the size of the colo-
nies (Fig. 5A). Although cabazitaxel or salinomycin + iWnt 
applications were effective on colony shrinkage, the most 
effective result was obtained with cabazitaxel treatment 
after pretreatment. The properties of the treatments to 
reduce the number of CSCs in spheroid structures were 
determined by magnetic column separation using antibod-
ies specific to CD44 stem cell surface receptor. Administra-
tion of cabazitaxel alone, salinomycin + iWnt, and applica-
tion of cabazitaxel following salinomycin + iWnt treatment 
decreased CD44 + CSC numbers in spheroid structures by 
17.8, 32.1, and 71.4%, respectively, compared to untreated 
cells (Fig. 5B). RT-PCR analysis showed significant sup-
pression of stem cell markers Sox2 (Fig. 5C) and Nanog 
(Fig. 5D) mRNA expression of stem cell-targeted pretreat-
ment. Salinomycin + iWnt reduce Sox2 expression by 70%, 

Fig. 2   Pretreatment inhibits prostate cancer cell survival. PC3 (A), 
LNCaP (B), or DU-145 (C) cells were exposed to 0.5  µM salino-
mycin (Sal), 6.25  µM Wnt inhibitor (iWnt), or 2.5  nM cabazitaxel 
(Cab) for 48  h, the medium was replaced with fresh agent-free 
medium and incubated for another 48 h. The cells (Sal + iWnt group) 
were exposed to 0.5 µM salinomycin and 6.25 µM Wnt inhibitor for 
48 h and then incubated with agent-free medium for 48 h as before. 
Sal + Cab or iWnt + Cab group cells were first treated for 48 h with 
0.5  µM salinomycin or 6.25  µM Wnt inhibitor for 48  h, then incu-
bated for another 48 h with only 2.5 nM cabazitaxel in fresh medium. 

Finally, Sal + iWnt + Cab group cells were treated with 0.5 µM salin-
omycin and 6.25 µM Wnt inhibitor for 48 h and then incubated for 
48  h with only 2.5  nM cabazitaxel in fresh medium. Cell survivals 
were determined using the MTT test after the indicated applica-
tions and plotted as a percentage compared to the control group. 
Similar treatment was applied to retinal pigment epithelial (RPE) 
cells obtained as primary cells from slaughtered cattle to repre-
sent normal healthy cells (D). *P < 0.01 compared to untreated and 
Sal + iWnt + Cab, **P < 0.05 compared to untreated control (0)
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Fig. 3   Cabazitaxel administration after salinomycin and Wnt pre-
treatment leads to the highest apoptosis. PC3 cells were treated with 
0.5 µM salinomycin (Sal) and 6.25 µM Wnt inhibitor (iWnt) for 48 h 
and then incubated for 48 h with 2.5 nM cabazitaxel (Cab) in fresh 
medium (A). Apoptosis assessment was performed on an image-
based cytometer using Annexin V/PI dye. Total RNA samples were 

extracted from cells where similar applications were made, cDNA 
was synthesized and caspase 3 (B), caspase 8 (C), cytochrome C (D), 
and Apaf-1 (E) transcription analyses were performed by real-time 
PCR. Bax (F) and Bcl-2 (G) protein expression levels were deter-
mined by Western blot. Protein amounts were optimized with β-actin. 
*P < 0.01 compared to untreated, **P < 0.05 compared to the others
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cabazitaxel after pretreatment of two agents reduces by 80%, 
while cabazitaxel alone is ineffective (Fig. 5C). All the three 
treatments downregulated the expression of Nanog, while 
salinomycin + iWnt suppressed it by 80% and cabazitaxel 
after pretreatment by 90% (Fig. 5D). Single cabazitaxel 
administration downregulated it by 50%.

Inhibition of cell migration

Abnormal migration of cancer cells promotes metastatic 
progression. Therefore, inhibition of cell migration can 
prevent the formation of secondary foci by spreading the 
disease to distant tissues. Cabazitaxel single treatment sup-
pressed PC3 cell migration at a low level, while salinomy-
cin + iWnt administration markedly suppressed it (Fig. 6A, 
B). The highest cell migration inhibition was obtained with 

cabazitaxel treatment after salinomycin + iWnt administra-
tion, with the migration pathway similar to the zero hour 
(Fig. 6A, B). The last treatment modality made a significant 
difference in the prevention of cell migration compared to 
all groups. We checked whether the treatment modalities 
altered the protein expression of E-cadherin and vimentin, 
which are involved in the epithelial–mesenchymal transi-
tion. Cabazitaxel treatment increased E-Cadherin protein 
expression twofold compared to the untreated group; this 
increase was threefold in salinomycin + iWnt or pretreated 
cabazitaxel cells (Fig. 6C). On the other hand, cabazitaxel 
single treatment did not change vimentin protein expression, 
while salinomycin + iWnt significantly suppressed it. Salin-
omycin + iWnt administration before cabazitaxel produced 
maximum inhibition of vimentin expression compared to all 
other groups (Fig. 6D).

Fig. 4   The treatment modality effectively reduces the spheroid diam-
eter and the number of viable cells in the structure. A mono-sphere 
suspension of PC3 cells was established in 96-well culture dishes as 
described in Sect. “Three-dimensional (3D) spheroid cultures.” Cells 
were simultaneously exposed to 2.5  nM cabazitaxel (Cab), 0.5  µM 
salinomycin (Sal), and 6.25 µM Wnt inhibitor (iWnt). 50 µl of fresh 
medium containing the treatment agents was added to the respec-

tive well every three days for 10 days. Images were taken under the 
microscope on days 0 and 10 (A). At day 10, spheroids from the 
same group were harvested with a pipette tip, cells were separated 
with trypsin, suspended in trypan blue solution, and viable cells were 
counted with a hemocytometer (B). *P < 0.01 compared to untreated, 
**P < 0.01 compared to the others
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Modulation of cell signaling pathways

Major intracellular signaling pathways involved in cell growth, 
proliferation, and cell migration of the treatment modality 
were evaluated. Single administration of cabazitaxel down-
regulated the expression of phospho-p38 MAPK by 30% 
compared to untreated cells, while the downregulation was 
increased to 60% in salinomycin + iWnt pretreated group 
(Fig. 7A). The reduction in salinomycin + iWnt treatment 
without cabazitaxel was only 10%. While pERK expression 
decreased by 20% in cabazitaxel single application or salino-
mycin + iWnt treatment, pretreatment increased cabazitaxel 
efficacy to 40% (Fig. 7B). Treatment modalities did not affect 
AKT protein expression (Fig. 7C), pretreatment sensitized 

cells to cabazitaxel therapy and strongly downregulated phos-
pho-AKT expression (Fig. 7D). The decrease in expression 
was lower in salinomycin + iWnt and insignificant in single 
cabazitaxel therapy (Fig. 7D). Cabazitaxel treatment decreased 
Wnt expression by 20% compared to untreated cells, while 
salinomycin + iWnt increased the rate to 30% (Fig. 7E). Wnt 
expression was reduced to 50% in cabazitaxel pretreated with 
salinomycin + iWnt (Fig. 7E).

Fig. 5   Pretreatment enhances the multi-spheroid inhibition potency 
of cabazitaxel. Multi-spheroid PC3 culture was established in 75 
cm2 plates as described in Sect.  “Three-dimensional (3D) spheroid 
cultures.” Cells were simultaneously exposed to 2.5  nM cabazitaxel 
(Cab), 0.5 µM salinomycin (Sal), and 6.25 µM Wnt inhibitor (iWnt) 
for ten days. Fresh medium containing the therapeutic agents was 
added every three days at the same concentrations. Images were taken 
under the microscope (A). Collected colonies were trypsin digested. 

CD44 + cell subpopulations were sorted by column selection using 
CD44-PE monoclonal antibody conjugated to magnetic microbeads 
as previously described. Columns were removed from the magnetic 
field, and CD44 + cells were counted after elution (B). Total RNA 
samples were extracted from colonies collected after treatments, Sox2 
(C) and Nanog (D) mRNA transcription analyses were quantitatively 
determined by real-time PCR. *P < 0.01 compared to untreated, 
**P < 0.01 compared to the others
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Discussion

Currently, the treatment of castration-resistant prostate can-
cer is still limited. Studies have shown that natural com-
pounds have a synergistic effect with chemotherapeutic 
drugs, revealing negligible side effects in patients as well as 
their chemo-preventive potential. Salinomycin is a natural 

antibiotic that selectively inhibits crucial intracellular sign-
aling pathways such as AKT, Wnt, Hedgehog, and Notch, 
suppresses the ATP-binding cassette transporter in CSCs, 
and thereby inhibits cell growth, proliferation, and metas-
tasis [27, 28] in various cancer types such as breast cancer 
[29], renal cell carcinoma [30], and prostate cancer [16] 
in vitro or xenograft mouse models. There is substantial 

Fig. 6   The pretreatment strategy maximally inhibits cell migration. 
PC3 cells were densely seeded in six-well plates, a day after incuba-
tion wounds were created in the midline of the wells with a pipette 
tip. According to the wells, 2.5 nM cabazitaxel (Cab), 0.5 µM salino-
mycin (Sal) + 6.25  µM Wnt inhibitor (iWnt), or the combination of 
three agents were added in serum-free medium and then incubated 
for 24 h. At the end of the period, the remaining wound spaces were 

imaged under a phase-contrast microscope (10 × objective) (A). 
Relative wound gap by treatments (B). E-cadherin (C) and vimentin 
(D) protein expression levels were determined by western blot. Pro-
tein amounts were optimized with β-actin. *P < 0.01 compared to 
untreated, **P < 0.01 compared to the others, #P < 0.05 compared to 
Cab
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evidence to support the theory that CSCs play a role in 
tumor initiation, intra-tumor heterogeneity, high metastatic 
potential, and the development of treatment resistance [31]. 
The Wnt/β-catenin signaling pathway involved in stem cell 

regeneration cross-talks with the Notch and Sonic Hedgehog 
pathways, which have implications for therapeutic interven-
tions in cancers. Cross-talk between these pathways supports 
the maintenance of CSCs and regulates cancer cell motility 

Fig. 7   Treatment modality regulates major intracellular signaling 
pathways. PC3 cells were treated with 0.5 µM salinomycin (Sal) and 
6.25  µM Wnt inhibitor (iWnt) for 48  h, the medium was replaced 
with fresh medium containing 2.5  nM cabazitaxel (Cab) and incu-

bated for an additional 48  h. Protein expressions of phosphorylated 
P38 (A), pERK (B), AKT (C), pAKT, and Wnt (D) were determined 
by Western blot. β-actin was used as a loading control. *P < 0.01 
compared to untreated, **P < 0.05 compared to the others



Medical Oncology (2023) 40:194	

1 3

Page 13 of 15  194

[32]. We thus hypothesized that targeting CSCs with differ-
ent approaches besides parent cell therapy increases chem-
otherapy efficacy. To test this, androgen-sensitive LNCaP 
or insensitive PC3 and DU-145 prostate cancer cells were 
pretreated with salinomycin and Wnt/β-catenin inhibitor 
prior to cabazitaxel treatment. The results showed that the 
treatment modality could significantly reduce the number of 
CSCs found within the cancer cell population, inhibit sphe-
roid formation and cell migration compared to the conven-
tional application.

Various preclinical studies show that salinomycin alone 
or in combination with 5-fluorouracil, gemcitabine, cabazi-
taxel, and radiotherapy [16, 33, 34] exhibits increased anti-
tumoral activity compared to extensive chemotherapy. In 
the present study, salinomycin, Wnt inhibitor, or cabazi-
taxel inhibited cell proliferation when administered alone. 
Different combinations of these agents produced a similar 
effect. However, pretreatment of cells with a combination of 
salinomycin and Wnt inhibitor prior to cabazitaxel treatment 
strongly suppressed cell proliferation, spheroid formation, 
and cell migration compared to single cabazitaxel treatment. 
Inhibition of cell proliferation has been shown to be largely 
apoptosis-mediated. Cabazitaxel treatment combined with 
pretreatment caused a significant increase in caspase 3, 8 
expression and a rise in Bax/Bcl-2 ratio. The anti-tumor 
activity of salinomycin mainly consists of abolishing the 
nuclear translocation of NF-κB proteins [29], inducing the 
caspase 3-related cell death pathway [35], and interrupting 
HIF-1α/VEGF [36], resulting in induction of apoptosis and 
autophagy. A low Bax/Bcl-2 ratio was characteristic for 
resistant cells and a high Bax/Bcl-2 ratio was characteristic 
for sensitive cells [37]. Inhibition of cancer cell and CSCs 
proliferation is mediated by regulation of AKT, ERK, and 
p38 MAPK phosphorylation [16, 38]. Induction of intracel-
lular oxidative stress and decreased antioxidant capacity [27] 
and mitochondrial membrane depolarization [39] may have 
played a role in stimulating apoptosis in the prostate cancer 
treatment modality. Here, the increased Bax/Bcl-2 ratio and 
downregulation of critical signaling pathways provide strong 
evidence that combined pretreatment prior to cabazitaxel 
treatment promotes apoptosis.

Wnt/β-catenin activation is required for prostate CSC 
self-renewal and the ability to maintain expression of the 
androgen receptor [40]. It has been shown that this signal-
ing contributes prostate cancer heterogeneity [41], docetaxel 
resistance [42], and metastasis [43]. Although salinomycin 
inhibits the Wnt/β-catenin signaling pathway, the addition 
of a Wnt inhibitor to the pretreatment further enhanced the 
efficacy of cabazitaxel therapy. Thus, strong blocking of this 
pathway inhibits the proliferation of CSCs as well as the 
death of the parent cancer cell. We have recently shown that 
simultaneous administration of prostate cancer cells with 
salinomycin and cabazitaxel has a synergistic but limited 

inhibition of cell proliferation [16]. The current modality 
killed 75% of the parent cells, compared to 52% in the previ-
ous one. In addition, with the new modality, CD44 + CSCs 
survival decreased to 28%, whereas concomitant salino-
mycin + cabazitaxel treatment only reduced it to 59% [16]. 
Thus, the use of Wnt/β-catenin inhibitor and salinomycin as 
a pretreatment provides therapeutic advantage by increasing 
the sensitivity of cells to cabazitaxel. Tumor spheroids pro-
vide an in vitro model that more closely mimics the physi-
ological environment of tumors in vivo than monolayer cul-
tures. Under appropriate culture conditions, individual CSCs 
can transform into 3-dimensional structures called spheroids 
or tumorspheres, which have high characteristics of growth, 
migration, clonogenic survival, and anchorage-independent 
aggression [44]. The pretreatment modality significantly 
reduced the number of CSCs present within the PC3 popu-
lation. It has been shown that salinomycin downregulates 
the expression of Sox2 and Oct3/4 in human ovarian CSCs, 
while its combination with paclitaxel reduces the spheroid-
forming abilities of the chemotherapeutic agent [45]. Here, 
treatment modality reduced the stemness marker expression 
and spheroid-forming ability of CSCs. Salinomycin has been 
shown to reduce the characteristics of CSCs by suppressing 
Aldehyde Dehydrogenase 1 and CD44 expressions and Wnt/
β-catenin signaling [16, 28]. Biological activities of CSCs 
such as self-renewal are regulated by critical pluripotent 
transcription factors such as Oct4, Sox2, Nanog, KLF4, and 
Myc [46]. Thus, downregulation of Sox2 and Nanog expres-
sion of the prostate cancer cells may have an adverse effect 
on the biology, self-renewal, and proliferation of CSCs.

Wnt/β-catenin signaling promotes cancer progression as 
well as metastasis through the induction of epithelial–mes-
enchymal transition (EMT) [47, 48]. EMT enables cells to 
detach from the tissue and acquire increased motility by los-
ing their basoapical polarity. Cells that display decreased 
levels of E-cadherin and increased expression of vimen-
tin are associated with drug resistance and promote EMT 
[49, 50]. Conversely, increased E-cadherin expression has 
been shown to enhance sensitivity to chemotherapy, with 
mesenchymal-like tumor cells exhibiting chemoresistance 
[51]. Our study demonstrated that the combination of Wnt/β-
catenin inhibitor and salinomycin prior to cabazitaxel treat-
ment significantly inhibits prostate cancer cell migration 
by downregulating vimentin expression and upregulating 
E-cadherin expression. It was previously shown that the 
administration of salinomycin impedes the migration of 
prostate cancer cells through the suppression of NF-ĸB 
expression and the reduction of aldehyde dehydrogenase 
activity [27]. Targeting CD44 cells with salinomycin can 
decreases EMT and metastasis in vivo by decreasing CD44 
expression as well as downregulating vimentin and upregu-
lating E-Cadherin in prostate cancer [52]. Salinomycin 
has been shown to have a similar effect in different types 
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of cancer, for example, upregulated E-cadherin and down-
regulated vimentin expression in salinomycin therapy was 
associated with the suppression of metastasis and invasion 
of bladder cancer cells [53].

In conclusion, it was shown in this study that pretreatment 
of prostate cancer cells with salinomycin and Wnt inhibi-
tor suppressed proliferation and migration. The significant 
reduction in the number of CSCs in the population points 
to the effectiveness of the treatment modality. Treatment 
efficacy may be partially attributed to the AKT, ERK, and 
p38 MAPK pathways. The data suggest that administration 
of salinomycin and blocking the Wnt/β-catenin signaling 
pathway before chemotherapy may be a new and promising 
approach for effective treatment and perhaps prevention of 
recurrence of prostate cancer.
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