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Regulating Stem Cell-Related Genes
Induces the Plastic Differentiation of Cancer
Stem Cells to Treat Breast Cancer
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Relapse of cancer is associated with multidirectional differenti-
ation and unrestricted proliferative replication potential of
cancer stem cells. Herein, we propose the plastic differentiation
strategy for irreversible differentiation of cancer stem cells;
further, salinomycin and its newly constructed functional lipo-
somes are used to implement this strategy. Whole gene, cancer
stem cell-related RNA, and protein expression analyses reveal
that salinomycin induces the cancer stem cells into normal
cells, dormant cells, and mature cancer cells. Besides, the results
indicate that the gatekeeper is related to the inhibition of the
protein kinase C (PKC) a signaling pathway. The differentiated
normal or dormant cells are incorporated into normal tissue,
whereas the rest are killed by chemotherapy. The findings
would offer the evidence for plastic differentiation of cancer
stem cells and propose a novel strategy for cancer therapy.

INTRODUCTION

Evidence shows that the occurrence, development, and relapse of can-
cer after treatment are related to a small number of cell subpopula-
tions."”” These cells are referred to as cancer stem cells (CSCs), which
have self-renewal, infinite proliferation and differentiation potential.
They can not only generate new CSCs but also differentiate into
mature cancer cells.” CSCs play a decisive role in the formation, devel-
opment, and metastasis of the tumor.*

The existing strategies by a comprehensive treatment of tumors are
not effective because of the relapse from CSCs. For instance, surgical
operation is unable to remove all of the surrounding tissues of cancer,
whereas the residual CSCs can regenerate new cancer cells. Further-
more, treatments of regular chemotherapy and radiation cannot elim-
inate CSCs as well, due to multidrug resistance and radiation resis-
tance.” ® These are because CSCs are often at rest and rarely divide
or proliferate. Cell-cycle-specific drugs are only sensitive to cancer
cells at certain phases of the proliferation cycle, such as cytarabine
acting on the cells at S phase and vincristine acting on the cells at
M phase, but insensitive to CSCs usually at the GO phase. Conse-
quently, many anticancer drugs cannot effectively treat CSCs.” Be-
sides, CSCs can also activate radiation-responsive DNA damage
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checkpoints, and they repair radiation-induced DNA damage more
efficiently than cancer cells do.'””'* Therefore, how to eliminate
CSCs remains to be the important scientific and clinical issues.

In this study, we proposed a new plastic differentiation strategy for
cancer therapy. Plasticity and elasticity are a pair of antonyms, and
accordingly, we define that the plastic differentiation is a kind of non-
rebound and irreversible differentiation. Here, CSC plastic differenti-
ation refers to the process by which CSCs (initiating cells) divide and
differentiate into normal cells, dormant cells, and mature cancer cells.
The plastically differentiated normal cells or dormant cells could be
incorporated into a normal part of body tissue, whereas the differen-
tiated cancer cells could be killed by the treatment with chemotherapy
drugs during the same process.

The objectives of the study are to treat CSCs by inducing the plastic
differentiations. We constructed a new kind of functional drug lipo-
somes by incorporating distearylphosphatidyl ethanolamine polyeth-
ylene glycol-peptide-3 (DSPE-PEG; ggo-Pep-3) on the surface of lipo-
somes as the functional molecule and by encapsulating salinomycin
as the differentiation-inducing agent. The functional paclitaxel lipo-
somes were similarly fabricated as the anticancer drug.

Pep-3 is a member of amphiphilic transmembrane peptides with a poly-
peptide chain of 15 amino acids (Ac-KWFETWFTEWPKKRK-OH)
and with binding region and uptake region.'” DSPE-PEG, g is a pegy-
lated derivative of the lipid, which enables the circulation effect of drug
carriers in the blood system by avoiding the rapid elimination of the
reticuloendothelial system (RES). Accordingly, engineered surface
modification of drug liposomes with DSPE-PEG; ggo-Pep-3 is beneficial
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Figure 1. Identification of MDA-MB-435S Breast Cancer Stem Cells (435S CSCs)

(A) Microscopic images showing the appearance of 435S CSC during the inducing process (al: Day 1; a2: Day 6). (B) Gene-expression microarray showing the differential
gene expressions among MDA-MB-435S breast cells (435S cells), 435S CSCs, and plastically differentiated cells from 435S CSCs (salinomycin [SAL]-treated 435S CSCs).
(C) Expression ratios of stem cell-related genes in 435S cells and in 435S CSCs. The results were measured by gPCR. *p < 0.05 versus 435S cells. Data are presented as
mean + standard deviation (n = 3). (D) Identification of phenotypes for the CSCs by FACScan flow cytometer. 435S cells were stained with anti-CD44-FITC, anti-CD24-PE
(d1), anti-NES-PE (d2), and anti-MUC1-PE antibodies (d3); 435S CSCs were stained with anti-CD44-FITC, anti-CD24-PE (d4), anti-NES-PE (d5), and anti-MUC1-PE an-
tibodies (d6).
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to enhance the accumulation of drug liposomes in the tumor site and to
increase phagocytosis of the drug liposomes by cancer cells. Besides, as
an antimicrobial drug, salinomycin mainly acts as an ionophore in pro-
moting the transport of cations (K*, Na™, Ca®*, or Mg2+) across the cell
membrane. Recent studies have shown that salinomycin has the poten-
tial to treat cancer and CSCs. Salinomycin can activate nontraditional
cell death pathways; increase DNA damage;'*'” and inhibit tumor
migration, invasion, proliferation, and epithelial-mesenchymal transi-
tion (EMT) by regulating Smad, Wnt,'® and Hedgehog pathways.'” "

The experiments were mainly performed on MDA-MB-435S breast
cancer cells (hereafter referred to as 435S cells) and their stem
cells. 435S cells were originally isolated from the pleural fluid of a
31-year-old female patient with metastatic mammary duct adenocar-
cinoma, but they were contaminated with M14 melanoma cells. These
unique cancer cells lead to their more tolerant nature to chemo-
therapy and radiotherapy and hence, were included in this investiga-
tion. In part of experiments, MDA-MB-231 breast cancer cells (here-
after referred to as 231 cells) and MCF-7 breast cancer cells (MCF-7
cells) were also included, and both were derived from the pleural effu-
sion of a 51-year-old female patient with metastatic breast cancer and
from the pleural effusion of a 69-year-old female patient with meta-
static breast cancer, respectively. This study provides a theoretical ba-
sis and lays an experimental foundation for revealing the plastic dif-
ferentiation treatment of CSCs, indicting scientific significance and
potential clinical application value.

RESULTS

Identification of CSCs

To isolate and culture the CSCs in vitro, we used the serum-free sus-
pension culture method by adding specific growth factors, consisting
of epidermal growth factor (EGF), basic fibroblast growth factor
(bFGEF), insulin, bovine serum albumin (BSA), and B27 supplement
in DMEM-Ham’s F12 culture medium."*’** We acquired MCF-7
breast CSCs (hereafter referred to as MCF-7 CSCs) and MDA-MB-
435S breast CSCs (hereafter referred to as 435S CSCs). Figures 1A
and SIA showed the appearance of CSCs cultured in serum-free
medium for 6 days. On the first day of induction, there was a small
amount of cells adhered to the wall. After 6 days of induction,
the number of cells was increased, and they aggregated into
mammospheres.

To identify the stemness in the mammospheres after 1 week of serum-
free suspension culture, we evaluated the gene and protein bio-
markers of the cells by gene-expression microarray, QRT-PCR, and
flow cytometry.

The gene-expression microarray results (Figure 1B) demonstrated
that the expressions of traditional stem cell-related genes in the
induced 435S cells were enhanced (e.g., MUCI [CA 15-3], ALDHIAI,
POUS5FI , KLF4, and NANOG), and genes related to invasiveness were
upregulated (e.g., OLFM4 and CXCR4), whereas the expressions of
genes associated with cell adhesion were decreased.

398  Molecular Therapy: Oncolytics Vol. 18 September 2020

Molecular Therapy: Oncolytics

Besides, we detected the difference in expression of some specific stem
cell-related RNA in the induced cancer cells. The results showed that
CD44, MUC1, and POU5FI increased 17.09 + 7.14, 2.95 + 0.19, and
3.23 + 0.59 times, respectively, in the induced MCF-7 cells (Fig-
ure S1B), and ALDHIAI, CD44, MUCI, CDH2, MYC, SOX2, and
POUSFI increased 35.14 + 2.75, 7.01 + 0.79, 7.74 + 1.11, 1.32 +
0.16, 6.18 + 0.61, 1.74 + 0.33, and 2.60 + 0.69 times, respectively, in
the induced 435S cells (Figure 1C).

To further identify the phenotypes of the induced cancer cells, we
analyzed the protein expressions on the surface of the cells by flow cy-
tometry. We found that the expressions of CD44+/CD24—, NES+,
and MUC1+ were all elevated in the induced MCF-7 cells (Figure S1C)
and in the induced 435S cells (Figure 1D). These results illustrated
that the cancer cells were induced into CSCs after being cultured in
serum-free medium for 1 week.

Characterization of Liposome Formulations

To increase the uptake and targeting ability of drugs, we synthesized
and characterized a new functional molecule, DSPE-PEG, (oo-Pep-3
(Figure S2), followed by constructing a new kind of functional drug
liposome by incorporating the molecule onto the surface of lipo-
somes. The various liposome formulations were characterized before
performing experiments on the cells and mice (Table S1). The lipo-
some vesicles were all dispersed stably, whereas the functional salino-
mycin liposomes had better uniformity and stronger drug-loading ca-
pacity. Zeta potential values were approximately electrically neutral.

Plastic Differentiation of CSCs Induced by Salinomycin

To investigate the mechanism concerning how much amount of sal-
inomycin differentiated the CSCs, we set MCF-7 CSCs and 435S CSCs
as the models and analyzed the expression differences in genes and in
proteins of the CSCs after being treated with salinomycin for 24 h.

At first, to make sure that it was the differentiation that caused the
changes in the expression of genes or proteins, we evaluated the cyto-
toxicity of free salinomycin and its liposome formulations. Fig-
ure 2A illustrated the inhibitory effects on the MCF-7 CSCs and
435S CSCs after being treated with salinomycin. The results showed
that free salinomycin, salinomycin liposomes, and functional salino-
mycin liposomes had no significant killing effect on CSCs at low doses
(<£0.5 uM).

The gene-expression microarray (Figure 1B) revealed that there were
plenty of stem cell-related or cancer cell-associated genes significantly
downregulated, whereas the genes associated with cell adhesion were
significantly upregulated in 435S CSCs after being treated with salino-
mycin. As depicted in the gene heatmap, the TGFA gene and
METAP2 gene, which were overexpressed in cancer cells, were
decreased, indicating that some of the CSCs were differentiated into
normal cells.”>*” The expressions of cancer-suppressing genes,
including ARHGAP11A, TNFSF9, ARMCX1, RASSFI, and RNF40,
were elevated, implying that some of the CSCs were differentiated

into normal cells or dormant cells.”**° In addition, the expression
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Figure 2. Plastic Differentiation of MDA-MB-435S Breast Cancer Stem Cells (435S CSCs) Induced by SAL

(A) Inhibitory effects to CSCs after treatment with SAL for 24 h. 1, treated with blank; 2, treated with 0.25 uM-free SAL; 3, treated with 0.5 uM-free SAL; 4, treated with 0.25 uM
SAL liposomes; 5, 0.25 uM functional SAL liposomes. (B) Expression ratios of stem cell-related genes in 435S CSCs and in plastically differentiated cells from 435S CSCs
after being treated with SAL for 24 h (SAL-treated 435S CSCs). The results were measured by gPCR. *p < 0.05 versus 435S CSCs. Data are presented as mean + standard
deviation (n = 3). (C) Identification of phenotypes for the differentiated cells by FACScan flow cytometer. 435S CSCs were stained with anti-CD44-FITC, anti-CD24-PE (c1),
anti-NES-PE (c2), and anti-MUC1-PE antibodies (c3); SAL-treated 435S CSCs were stained with anti-CD44-FITC, anti-CD24-PE (c4), anti-NES-PE (c5), and anti-MUC1-PE

antibodies (c6).

levels of cell adhesion and differentiation-related genes, such as TJP1
and ICAM3, were increased.’”>! These results verified that salinomy-
cin could induce CSCs into normal cells, dormant cells, and mature
cancer cells.

To further study the differentiation effect on RNA of the CSCs, we
detected the expressions of a certain stem cell-related RNA. After
being treated with salinomycin, the expression of POU5FI

decreased to 0.36 + 0.05 times, whereas the expressions of SOX2,
CDH2, MUCI1, and MYC increased 1.27 + 0.23, 1.37 + 0.05,
1.60 + 0.27, and 2.52 + 0.28 times, respectively, in the plastically
differentiated MCF-7 CSCs (Figure S3A). Similarly, after being
treated with salinomycin, the expressions of CD44, MUCI,
SOX2, and ALDHI1A1 decreased to 0.37 + 0.11, 0.41 + 0.04,
0.68 + 0.23, and 0.52 + 0.16 times, respectively, in plastically
differentiated 435S CSCs (Figure 2B). These results implied that
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Figure 3. Blockage of PKCa Signaling Pathway in MDA-MB-435S Breast Cancer Stem Cells (435S CSCs)

(A) Expression ratios of PKCa pathway marker in MDA-MB-435S breast cancer cells (435S cells) and in 435S CSCs. The results were measured by gPCR. *p < 0.05 versus
435S cells. Data are presented as mean + standard deviation (n = 3). (B) Expression ratios of PKCa. pathway marker in 435S CSCs and in plastically differentiated cells from
435S CSCs, after being treated with salinomycin (SAL-treated 435S CSCs. The results were measured by gPCR. *p < 0.05 versus 435S CSCs. Data are presented as
mean + standard deviation (n = 3). (C) Protein expressions of PKCa. pathway markers in 435S cells, 435S CSCs, and SAL-treated 435S CSCs by western blot. (D) Schematic

diagram of the plastic differentiation mechanism of CSCs induced by SAL.

the CSCs were plastically differentiated by salinomycin. In addi-
tion, the results from the upregulated stem cell-related biomarkers
(SO0X2, CDH2, MUCI, and MYC) displayed that the CSCs were
induced to normal stem cells.

Flow cytometry results (Figure S3B) revealed that the expressions of
CD44+/CD24— and NES+ were decreased in the plastically differen-
tiated MCF-7 CSCs, whereas the expression of MUCl+ was
increased, demonstrating that the CSCs were differentiated, and
some were induced into normal stem cells. The expressions of
CD44+/CD24—, Nestin+, and MUC1+ were decreased in the plasti-
cally differentiated 435S CSCs, demonstrating that the CSCs were
differentiated.

In addition, we testified whether salinomycin could induce cell-cycle
arrest by flow cytometry (Table S2). The experiment was performed
on 435S cells and 435S CSCs. The results showed that salinomycin
could block the cell cycle of CSCs in the S phase by treating with
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0.05 uM for 24 h, whereas it could block the cell cycle of CSCs in
the G2/M phase after treating with 0.01, 0.25, or 0.50 uM for 24 h.
The results showed that salinomycin could induce the arrest of cell cy-
cle at different phases with a nonproportional concentration relation-
ship, thereby leading to the dormancy of CSCs.

Blockage of Protein Kinase C (PKC) a Signaling Pathway

To investigate how salinomycin induced the plastic differentiation of
CSCs, we detected the expressions of certain biomarkers of the PKCa.
signaling pathway by qRT-PCR. The experiments were mainly per-
formed on MCEF-7 cells, 435S cells, and their stem cells.

After being cultured in serum-free medium, the RNA expressions of
PKCao, TWISTI, JUNB, FOS, and SNAI2 were upregulated 4.51 + 1.49,
5.60 + 1.42, 1.98 + 0.24, 1.23 + 0.02, and 1.58 + 0.14 times, respec-
tively, in the induced MCF-7 cells (Figure S4A), and the RNA expres-
sions of FOS, SNAI2, JUN, TWIST1, and PKCo were upregulated
23.15 + 3.95, 4.78 + 0.22, 2.86 + 0.63, 4.71 * 0.47, and 3.03 + 0.21
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Figure 4. Enhanced Cytotoxicity by Combining Use of Functional Paclitaxel Liposomes and Functional SAL Liposomes
(A) Inhibitory effects to MDA-MB-435S breast cancer cells (435S cells) after treatment with paclitaxel (PTX) plus SAL. p < 0.05. 1, versus treated with PTX; 2, versus treated
with PTX plus 0.1 uM SAL; 3, versus treated with PTX plus 0.25 uM SAL; 4, versus treated with PTX plus 0.5 uM SAL. Data are presented as mean + standard deviation (n = 6).

(legend continued on next page)
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times, respectively, in the induced 435S cells (Figure 3A). These re-
sults indicated that the serum-free suspension culturing could activate
the PKC « signaling pathway, inducing the cancer cells into CSCs.

When CSCs were treated with salinomycin for 24 h, the RNA expres-
sions of PKCw, TWISTI1, FOS, and JUNB were downregulated to
0.47 £ 0.06, 0.71 + 0.06, 0.86 + 0.12, and 0.79 + 0.06 times, respec-
tively, whereas the RNA expression of JUN was upregulated 1.58 £
0.40 times in the differentiated cells as compared to MCF-7 CSCs
(Figure S4B). Besides, when being treated with free salinomycin, sal-
inomycin liposomes, and functional salinomycin liposomes, the RNA
expressions of PKCa were downregulated to 0.86 + 0.05, 0.65 + 0.04,
and 0.52 = 0.10 times in the differentiated cells, respectively, as
compared to 435S CSCs (Figure 3B). The results revealed that salino-
mycin could block the PKC a signaling pathway, thereby inducing the
plastic differentiation in CSCs. The functional salinomycin liposomes
had a better inhibiting effect. In addition, the results from the upregu-
lated stem cell-related biomarker (JUN) displayed that the CSCs were
induced to normal stem cells.

The results from western blot (Figure 3C) also showed that the ex-
pressions of the biomarkers in the PKC a signaling pathway, platelet
derived growth factor receptor beta (PDGFRB), FOSL1, and the stem
cell-related biomarker, ALDHA1, were increased after being cultured
in serum-free medium for 1 week and decreased after being treated
with salinomycin for 24 h, which reconfirmed the theory stated above.

Enhancement in Cytotoxicity

To evaluate whether the plastic differentiation therapy could enhance
the efficacy in suppressing the cancer cells and CSCs, we performed
inhibitory analysis on MCF-7 cells, 435S cells, and 231 cells.

The results (Figures 4A and S5A) showed that the inhibitory effect of
paclitaxel was significantly enhanced when applying paclitaxel plus
salinomycin on MCF-7 cells, 435S cells, and 231 cells, especially at
low concentrations of paclitaxel (<0.01 pM). Besides, the inhibitory
effect of paclitaxel to the cancer cells was elevated with the increase of
salinomycin concentration, showing a dose-dependent manner. The
inhibitory effect of salinomycin alone was minimal until its concen-
tration was increased up to 0.25 uM. Therefore, 0.25 uM salinomycin
was selected as the inducing plastic differentiation concentration (Fig-
ure S5B). Consequently, the inhibitory effect of serial concentrations
of paclitaxel (0-0.01 uM), with a fixed concentration of 0.25 uM sal-
inomycin, was further evaluated on 435S cells and 435S CSCs (Fig-
ure 4B). The results exhibited that, when applying low concentrations
of paclitaxel (<0.0025 pM), the inhibitory effect on both of cancer
and CSCs was negligible. When applying a combination of paclitaxel
(<0.0025 pM) with 0.25 uM salinomycin, the inhibitory effect was
significantly increased on the CSCs but minimal on the cancer cells.

Molecular Therapy: Oncolytics

The inhibitory effects of liposome drug formulations were evaluated
on MCF-7 cells (Figure S5C) and 435S cells (Figure 4C), and the re-
sults showed that the functional blank liposomes or the salinomycin
liposomes had no obvious cytotoxicity to both cells, demonstrating
that salinomycin, blank liposomes, and functional material DSPE-
PEG; 000-Pep-3 were not toxic to the cancer cells. When applying
the combination of functional paclitaxel liposomes and functional
salinomycin liposomes, the treatment indicated a significant killing
effect to both cancer cells.

Enhancement in Anticancer Efficiency In Vivo

To evaluate the treatment efficacy by plastic differentiation, the study
was performed on the 435S cell xenografted tumor model in nude
mice (Figure 5A). The results showed that the tumor inhibition rate
for free paclitaxel was 18.86 + 8.66%, the tumor inhibition rate for
paclitaxel liposomes was 11.05 + 6.18%, the tumor inhibition rate
for functional paclitaxel liposomes was 15.54 + 7.09%, and the tumor
inhibition rate for the combination therapy of functional paclitaxel
liposomes with functional salinomycin liposomes was 37.12 +
5.28% after drug administrations for 10 days.

To preliminarily evaluate the safety of the formulations, we moni-
tored the body weight of each mouse during drug administrations.
The results (Figure 5B) showed that the body weight of each mouse
was not evidently decreased during administrations for all drug for-
mulations as compared to the blank control.

To verify the plastic differentiation effect of salinomycin in animals,
we tested the gene-expression differences in the tumors after drug ad-
ministrations with physiological saline, free salinomycin, salinomycin
liposomes, and functional salinomycin liposomes for 10 days, respec-
tively. The results (Figure 5C) demonstrated that the expressions of
stem cell-related genes were decreased (e.g., JUN, TWIST2, FOSLI,
FOS, NANOG, and MUCI), whereas the expressions of the cell adhe-
sion-associated or differentiation-associated genes were increased
(e.g., TJP1, EPCAM, and epidermal growth factor receptor [EGFR]).

Besides, the expressions of cancer cell-related genes were decreased
(e.g., TGFA, RHBDD2, MIEN1, CST7, and CTAG2), whereas the ex-
pressions of cancer-suppressing genes were elevated (e.g., FABP3,
ARMCX1, STK11, ARHGAPI1A, and RNF40). Furthermore, the ex-
pressions of normal stem cell-related genes were upregulated as
well (e.g., ITGBI1, ITGA6, and PECAMI). These results implied that
the CSCs in tumors were differentiated into normal cells, dormant
cells, and mature cancer cells.

DISCUSSION
Previous studies have shown that both small-molecule drugs (all-trans
retinoic acid®® and cinnamate®’) and macromolecule agents (bone

(B) Inhibitory effects to 435S cells and MDA-MB-435S breast cancer stem cells (435S CSCs) after treatment with PTX plus SAL. (C) Inhibitory effects to 435S cells after
treatment with PTX, SAL, and their liposome formulations. p < 0.05. 1, versus treated with blank functional liposomes; 2, versus treated with PTX; 3, versus treated with PTX
liposomes; 4, versus treated with functional PTX liposomes; 5, versus treated with PTX plus SAL; 6, versus treated with PTX liposomes plus SAL liposomes. SAL in all of the
formulations was fixed at 0.25 uM. Data are presented as mean + standard deviation (n = 6).
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Figure 5. Enhanced Anticancer Efficiency and Induced Plastic Differentiation In Vivo

(A) Anticancer efficacy after treatment with varying formulations in MDA-MB-435S breast cancer cell xenografts in nude mice. Group 1, physiological saline;
group 2, PTX; group 3, PTX liposomes; group 4, functional PTX liposomes; group 5, functional PTX liposomes plus functional SAL liposomes. The arrows
indicate the day of drug administration. p < 0.05. a, versus group 1; b, versus group 2; c, versus group 3; d, versus group 4. Data are presented as mean =+
standard deviation (n = 5). (B) Body weight changes during the treatment process with varying formulations in the above cancer xenografts in nude mice. Group 1,

(legend continued on next page)
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morphogenetic proteins®) are able to induce the differentiation of
CSC into mature cancer cells, whereas the differentiated mature cancer
cells can be more effectively killed by anticancer drugs. In this study,
we reveal that the antibiotic salinomycin can induce the differentiation
of CSCs as well. Furthermore, such a differentiation could go in two
directions: forward and backward. The forward differentiation leads
to the transformation of CSCs into mature cancer cells, which can
be more easily killed by treatment of anticancer drugs. In contrast,
the backward differentiation results in the transformation of CSCs
into normal or dormant cells (benign cells or sleepy cancer/normal
stem cells), which are unharmful to human health.

The serum-free suspension culture method was used to acquire CSCs.
Cancer cells adherently grew in serum-containing medium but not in
serum-free medium, whereas CSCs could survive and proliferate as
mammospheres in serum-free medium.” ** In this experiment, by
adding B27 growth factor and increasing the frequency of medium
exchange, cancer cells could be induced into CSCs in about 1 week,
and the cells aggregated into spheres.

We analyzed the expression changes in RNA or protein of a variety of
genes, including stem cell-related genes (e.g., CD44+/CD24—, MUCI,
ALDHIAI, POU5F1, SOX2, and NES), cell adhesion and differentia-
tion-related genes (e.g., CDH2), and cancer cell-related genes (e.g.,
MYC). The changes in the expression levels of these genes could
reflect the type of cells, thereby verifying the generation and the
induced plastic differentiation of CSCs. The gene-expression changes
before and after serum-free suspension culture demonstrated that the
cancer cells were successfully induced into CSCs, thus providing the
experimental materials for the study of plastic differentiation. The
gene-expression changes before and after being treated with salino-
mycin for 24 h implied that the CSCs were plastically differentiated
into normal cells, dormant cells, and mature cancer cells. The exper-
iments on tolerance concentration of salinomycin to CSCs indicated
that the decreases in stem cell-related markers and cancer cell-related
factors were not related to the death of the cells but derived from the
plastic differentiation of CSCs induced by salinomycin.

PKCa is one of the protein kinase families that has at least ten sub-
types (o, BL BIL v, 3, & M, 0, ¢, and u). Studies showed that the
increased expression of PKCo could promote the metastasis of cancer
cells.”” PKCo. was a central signal pathway and therapeutic target for
CSCs, whereas inhibition of PKCa had a strong effect on CSCs.
Therefore, to explain the mechanism of the plastic differentiation,
the key biomarkers in RNA and protein levels in the PKCa signaling
pathway were analyzed.

After serum-free suspension culture, PKCo was activated by growth
factors.”™*’ PKCe. induced the expression of SNAII mRNA by acti-
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vating early growth response 1 (EGR1),"’ and the transcription factor

TWISTI1 was also activated. FOSLI, the transcriptional target of
SNAII and TWIST1I, was phosphorylated and associated with mem-
bers of the JUN family of transcription factors to form heterodimeric
activator protein-1 (AP-1) complexes, leading to the EMT. In the pro-
cess, a shift from EGFR to PDGEFR signaling occurred. Then, PKCu
was further activated, and extracellular regulated MAP kinase (Erk)
signaling was also elevated, which together, led to further accumula-
tion of phosphorylated FOSL1.*" The results from the increased ex-
pressions of stem cell-related biomarkers (such as POU5FI,
ALDHIA1I, and SNAI2) indicated that the cancer cells were induced
into CSCs by serum-free suspension culture.

After being treated with salinomycin and its liposome formulations, the
PKCa signaling pathway in the CSCs was blocked, and this blockage
led to the inhibition of PKCa-dependent activation of FOSLI, resulting
in the occurrence of mesenchymal-epithelial transition (MET)."' The
plastic differentiation resulted in a forward and a backward transition:
benign differentiation and malignant transformation.

The occurrence of benign differentiation was associated with the
following factors: the downregulation of cell proliferation-related
genes (TGFA, ERF, and SRC) and cell migration-related genes
(MIENI and SRC), as well as the upregulation of cancer-suppressing
genes (ARHGAPI11A, TNFSF9, ARMCXI1, RASSF1, PPMIA, and
RNFA40). As a result, CSCs differentiated into normal cells or dormant
cells. The downregulated cancer cell-related markers (RHBDD2,
CALB2, CST7, and METAP2) further confirmed the benign differen-
tiation. On the contrary, with the shift from PDGFR to EGFR
signaling, part of CSCs went in malignant transformation. This could
be explained by the facts that cell adhesion-related genes (TJPI and
ICAM3) and stem cell differentiation-related genes (NTRK2 and EP-
CAM) were upregulated, whereas stem cell-related biomarkers
(CD44, POUS5F1, ALDHIAI, and SNAI2) were downregulated. Even-
tually, the CSCs turned into mature cancer cells (Figure 3D).

The aim of plastic differentiation was to provide a new strategy on
eliminating CSCs. Accordingly, the anticancer efficiency of salinomy-
cin was evaluated when it was used alone or in combination with an
anticancer drug. In vitro and in vivo experiments both exhibited that
the combination of functional paclitaxel liposomes and functional sal-
inomycin liposomes had a significant killing effect to breast cancer
cells. This could be explained by a mechanism that salinomycin
induced the plastic differentiation of CSCs into normal cells, dormant
cells, and mature cancer cells, and then the differentiated normal cells
or dormant cells could be incorporated into normal tissue, whereas
the rest of cancer cells could be killed by chemotherapy during the
same process. The study may reflect the anticancer efficacy for a
new plastic differentiation-based strategy.

physiological saline; group 2, PTX; group 3, PTX liposomes; group 4, functional PTX liposomes; group 5, functional PTX liposomes plus functional SAL
liposomes. The arrows indicate the day of drug administration. Data are presented as mean + standard deviation (n = 5). (C) Gene-expression microarray showing
the differential gene expressions of the tumor tissues after being treated with physiological saline (Blank), free SAL (S1), SAL liposomes (S2), and functional SAL

liposomes (S3).
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In conclusion, we proposed a new scientific concept on plastic differ-
entiation of CSCs. Whole gene analysis revealed the changes in major
stem cell-related genes during plastic differentiation. The upregulated
cancer-suppressing genes (ARHGAPIIA, TNFSF9, ARMCXI,
RASSFI, PPM1A, and RNF40) and downregulated cancer cell-related
genes (TGFA, RHBDD2, CALB2, ERF, SRC, MIEN1, CST7, and
METAP?2) indicated the benign differentiation in forming normal
or dormant cells, whereas the downregulated stem cell-related genes
(CD44, POU5F1, ALDHIAI, PKCu, and SNAI2) and the upregulated
differentiation and cell adhesion-related genes (TJP1, ICAM3, EGFR,
NTRK2, and EPCAM) denoted the malignant differentiation in pro-
ducing mature cancer cells. Besides, we found that the gatekeeper
for plastic differentiation is related to the blockage of the
PKCuo. signaling pathway. This study may offer a novel treatment
strategy for treatment of cancer and CSCs, hence having an important
scientific significance and potential clinical application value.

MATERIALS AND METHODS
Key resource information was listed in Table S3 of the Supplemental
Information.

Cell Preparation

MCEF-7 cells were maintained in RPMI-1640 medium, whereas 231
cells and 435S cells were maintained in Leibovitz’s L15 medium,
and the two kinds of medium were both supplemented with 10%
fetal bovine serum (FBS), 100 units/mL penicillin, and 100 units/
mL streptomycin. MCF-7 CSCs and 435S CSCs were cultured in
serum-free culture medium, as reported previously."” In this
experiment, the insulin dosage was adjusted to 5 mg/mL, and
the 0.2% B27 growth factor was added to increase the frequency
of medium exchange.

Construction and Characterization of Drug Formulations
DSPE-PEG, gpo-Pep-3 conjugate was newly developed by conju-
gating 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-pol-
yethyleneglycol,ogo-N-hydroxysuccinimide (DSPE-PEG; o0o-NHS)
with Pep-3. Briefly, Pep-3 and DSPE-PEG; o9o-NHS were dissolved
at a ratio of 1:1 (umol/pmol) in super dry N,N dimethylformamide
(DMF) with a little triethylamine, and the coupling reaction was
carried out at room temperature in a light-resistant container for
24 h. Then, the reaction mixture was transferred into dialysis
tubing (molecular weight cutoff [MWCO], 2,000 Da) and dialyzed
against deionized water for 48 h to remove the DMF solvent and
uncoupled molecules. The conjugation was confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF-MS) and stored at —20°C.

Then, six types of liposomes were fabricated, including blank lipo-
somes, blank functional liposomes, salinomycin liposomes, paclitaxel
liposomes, functional salinomycin liposomes, and functional pacli-
taxel liposomes.

To construct functional salinomycin liposomes, egg phosphatidyl-
choline (EPC), cholesterol, and DSPE-PEG; oy-Pep-3 (EPC:-

CHOL:DSPE-PEG; go-Pep-3 = 85:10:5, pmol/umol) and salinomy-
cin were dissolved in chloroform and methanol (CHCL;:CH;OH =
3:1, v/v) in a pear-shaped flask. The solvent was evaporated under a
vacuum with a rotary evaporator. The remaining lipid film was hy-
drated with deionized water in a water-bath sonicator for 1 min, fol-
lowed by probe-type sonication for 6 min. The suspensions were
then serially filtered through polycarbonate membranes (pore sizes
400 and 200 nm), 3 times each, to yield functional salinomycin
liposomes.

To construct functional paclitaxel liposomes, EPC and DSPE-
PEG; o9o-Pep-3 (EPC:DSPE-PEG; ggo-Pep-3 = 95:5, pmol/pumol)
and paclitaxel were dissolved in chloroform and methanol
(CHCL;:CH;OH = 3:1, v/v) in a pear-shaped flask. The synthesis
method was the same as above.

To construct salinomycin liposomes and paclitaxel liposomes, the
same method was used as that for functional salinomycin liposomes
or functional paclitaxel liposomes, except that there was no addition
of DSPE-PEG, oo-Pep-3.

To construct blank functional liposomes, the same method was used
as that for functional salinomycin liposomes, except that there was no
addition of salinomycin.

To construct blank liposomes, the same method was used as that for
salinomycin liposomes, except that there was no addition of
salinomycin.

The mean particle sizes, polydispersity indexes (PDIs), and zeta po-
tential values of all liposomes were measured using the Nano Series
Zenith 4003 Zetasizer.

Gene-Expression Microarray

In vitro, gene-expression microarray was performed to compare the
gene-expression profiles among 435S cells, 435S CSCs, and plastically
differentiated cells. Three independent samples were collected. The
RNA was extracted using TRIzol and used for microarray analysis.

In vivo, gene-expression microarray was performed to compare the
gene-expression profiles in the isolated tumor tissues from the can-
cer-bearing mouse model after treatment with physiological saline
(blank control), free salinomycin, salinomycin liposomes, or func-
tional salinomycin liposomes.

Quantitative Real-Time PCR

RNA was extracted using TRIzol, and cDNA was generated using
reverse transcriptase from the PrimeScript RT Master Mix (Perfect
Real Time). Real-time quantitative PCR was performed using the
SYBR Premix Ex Taq II (Tli RNase H Plus). PCR was performed
on cDNA using specific primers. Expression levels of the target genes
were normalized to the B-actin level in each sample using the 2AAct
method. PCR was conducted with at least three samples. Primer se-
quences were listed in Table S4.
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Western Blot

Cells were lysed using the radio immunoprecipitation assay (RIPA)
buffer. Protein extracts were run on a 10% or 15% acrylamide gel
before being transferred to a polyvinylidene fluoride membrane.
Membranes were blocked with 5% nonfat dried milk for 1 h and incu-
bated with primary antibodies overnight, followed by incubation with
the secondary antibodies for 1 h at room temperature. Primary anti-
bodies used in this study were the following: anti-B-actin, anti-
ALDHI1A1, and anti-PDGFRB. The immunocomplexes were de-
tected using the MiniChemi 610.

Flow Cytometry

After continuous culture in serum-free medium under 5% CO, at 37°C
for 1 week, mammospheres were collected for phenotype identification
of MCF-7 CSCs, 435S CSCs, and plastically differentiated cells. Briefly,
the mammospheres were collected, enzymatically dissociated, and
washed in PBS using gentle agitation. Immunostaining was performed
after incubation with anti-CD44-fluorescein isothiocyanate (FITC),
anti-CD24-phycoerythrin (PE), anti-MUCI-PE, anti-NES-PE, or their
appropriate isotype controls for 30 min at 4°C in PBS (pH 7.4). The
samples were then washed three times with cold PBS (pH 7.4) and re-
suspended in 300 pL cold PBS (pH 7.4). Flow cytometry was performed
on a FACScan flow cytometer. Side-scatter and forward-scatter profiles
were used to eliminate cell doublets.

Cell-Cycle Arrest

435S cells and 435S CSCs were cultured as stated above. Then, salino-
mycin (0.01 pM, 0.05 puM, 0.25 pM, or 0.5 pM) was added into the
CSCs. The cells were grown at 37°C in the presence of 5% CO, for
24 h. After being harvested and washed, the cells were fixed with
ice-cold 70% ethanol at 4°C overnight. After washing twice with
ice-cold PBS (pH 7.4), the cells were incubated with RNase A
(100 pg/mL) at 37°C for 30 min. DNA was stained with propidium
iodide (PI; 50 pg/mL), and the cell-cycle analysis was performed on
a FACScan flow cytometer.

Cytotoxicity in Cancer and CSCs

To evaluate the cytotoxic effects of varying drug liposomes, MCEF-7
cells, 435S cells, and their stem cells were seeded at a density of
7.5 x 107 cells/well in 96-well culture plates and cultured for 24 h.
Then, the cells were exposed to free paclitaxel, free salinomycin,
and their liposome formulations. After incubation for 48 h, the cyto-
toxic effects were evaluated with a sulforhodamine B (SRB) colori-
metric assay. Briefly, the culture medium was removed, and then
the cells were fixed with trichloroacetic acid, followed by washing
with deionized water and staining with SRB. Measurement was per-
formed at 540 nm using a microplate reader. The survival rates of
the cells were calculated using the following formula: survival % =
(A540 nm for treated cells/A540 nm for control cells) x 100%, where
A540 nm represents the absorbance value.

Animal Experimentation

BALB/c mice (initially weighing 18-20 g) were purchased from the
Health Science Center of Peking University. All procedures involving
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the care and handing of animals were approved and supervised by the
Authorities for Laboratory Animal Care of Peking University (Bei-
jing, China).

Briefly, approximately 1 x 107 435S cells were resuspended in 200 pL
of serum-free medium and injected subcutaneously into the right
flanks of nude mice. When tumors reached 100-150 mm’ in
volume, mice were randomly divided into eight treatment groups
(n = 5 per group). At the 13th, 15th, 17th, 19th, and 21st day after
inoculation, physiological saline, free paclitaxel (5 mg/kg), free
salinomycin (1 mg/kg), paclitaxel liposomes (5 mg/kg), salinomycin
liposomes (1 mg/kg), functional paclitaxel liposomes (5 mg/kg), func-
tional salinomycin liposomes (1 mg/kg), or functional paclitaxel
liposomes (5 mg/kg) plus functional salinomycin liposomes (1 mg/
kg) were administered to mice via tail-vein injection. The mice
were then monitored, and the tumor volume was calculated according
to the following formula: the tumor volume (cubic millimeters) on the
nth day = length x width®/2.

To confirm the plastic differentiation in tumors, the cancer-bearing
mice were sacrificed at the 22nd day after drug administration, and
the tumor masses were immediately removed and stored with liquid
nitrogen.

Statistical Analysis

The data are represented as the means + standard deviation. Analysis
of variance (ANOVA) was used to analyze the data by SPSS software
(version 20.0; IBM, Armonk, NY, USA), after which, post hoc tests
with the Bonferroni correction were used for multiple comparisons
between individual groups. A value of p < 0.05 was considered to
be significant.
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