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Background: Cervical cancer stem cells (CCSCs), a small part of tumor population, are one 
of the important reasons for metastasis and recurrence of cervical cancer. Targeting CCSCs 
may be an effective way to eliminate tumors. Salinomycin (Sal) has been proved to be an 
effective anticancer drug in many studies, especially for cancer stem cells (CSCs). However, 
the cytotoxicity of salinomycin limits its further research as an anticancer drug. High-density 
lipoprotein (HDL) nanoparticles are an excellent drug carrier, which can reduce the toxicity 
of Sal, have a certain targeting effect and improve the clinical benefit of Sal.
Methods: Salinomycin-loaded high-density lipoprotein (S-HDL) was synthesized and char-
acterized by various analytical techniques. CD44highCD24low CCSCs were isolated from 
HeLa cells by magnetic separation. The uptake of HDL nanoparticles was observed by laser 
confocal microscopy, and the effect of S-HDL on the proliferation of CCCs and CCSCs was 
detected by cell viability analysis. Genome-wide analysis was used to analyze the effects of 
S-HDL on the biological processes of CCCs and then cell apoptosis, cell cycle and cell 
migration were selected for verification.
Results: S-HDL had a particle size of 38.98 ± 1.78 nm and an encapsulation efficiency of 
50.73 ± 4.29%. Cell uptake analysis showed that HDL nanoparticles could enhance the drug 
uptake of CCCs and CCSCs and may target CCCs and CCSCs. In cell viability analysis, 
CCCs and CCSCs showed high sensitivity to S-HDL. S-HDL can more efficiently prevent 
CCSCs from developing tumorspheres than Sal in tumorsphere formation study. S-HDL had 
stronger ability to induce cell cycle arrest, promote cell apoptosis and inhibit cell migration 
compared with free Sal, which was consistent with the results of Genome Wide analysis.
Conclusion: S-HDL can effectively target and eliminate CCCs and CCSCs, which is 
a potential drug for the treatment of cervical cancer.
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Introduction
Cervical cancer is a kind of gynecological malignant tumor, which has been 
a serious threat to the health and life of women all over the world for many 
years. Although great efforts have been made to develop more effective treatment 
methods in recent years, clinical trials show that the therapeutic effect is limited due 
to the metastasis and recurrence of cervical cancer.1 Cervical cancer stem cells 
(CCSCs), a small part of cervical cancer cells (CCCs), are resistant to conventional 
cancer treatments, such as chemotherapy and radiotherapy. Residual CCSCs may 
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cause recurrence after treatment.2,3 Therefore, the devel-
opment of treatment strategies based on CCSCs has 
become a key goal to achieve the challenge of radical 
eradication of cervical cancer, especially for patients with 
metastatic cervical cancer.

Salinomycin (Sal) is a polyether K+ selective mem-
brane ionophore antibiotic of Streptomyces albus.4 Gupta 
et al found that Sal had an obvious inhibitory effect on 
breast cancer stem cells compared with other compounds 
in 2009.5 Since then, salinomycin began to be studied as 
an anticancer drug, which was proved to have significant 
inhibitory effect on pancreatic cancer, lung cancer, color-
ectal cancer and other cancer stem cells.6–8 It can eliminate 
cancer stem cells (CSCs) by promoting the differentiation 
and sensitivity to radiotherapy and chemotherapy of 
CSCs.9,10 However, the cytotoxicity and hydrophobicity 
of salinomycin limit its further research as an anticancer 
drug.11,12 Nanocarrier encapsulation is a good strategy to 
improve anticancer drugs. It can increase the solubility of 
anticancer drugs and increase the drug accumulation in 
tumor by enhancing the permeability and retention effect 
of drugs, so as to reduce the toxicity and side effects of 
drugs.13,14 Some studies have shown that using nano car-
riers to encapsulate salinomycin can effectively improve 

its anti-cervical cancer effects and reduce its toxic and side 
effects. Compared with free Sal, Sal-loaded polyethylene 
glycol-peptide-polycaprolactone nanoparticles showed 
stronger inhibition of cervical cancer, lower side effects, 
and had a killing effect on CCSCs.15 Combined delivery 
of salinomycin and docetaxel by dual-targeting gelatinase 
nanoparticles can enhance anti-cervical cancer efficacy 
and reduce side effects by simultaneously suppressing 
CCCs and CCSC.16

High-density lipoprotein (HDL) is a kind of lipopro-
teins that carry lipids as multifunctional aggregates in 
plasma. HDL can be used as an effective carrier for 
many drugs because its phospholipid core can be 
combined with hydrophobic drugs. Nanoparticle drug car-
riers based on HDL can be constructed in vitro by using 
a combination of the main components of HDL, such as 
Apolipoprotein E (ApoE), Apolipoprotein A-I (ApoA-I), 
phospholipid and cholesterol.17 The cells with natural 
receptors of HDL or its components can be targeted by 
them.18 ApoE, a component of HDL, is a ligand for low- 
density lipoprotein receptor-related proteins 1 (LRP1).19,20 

ApoE can target LRP1 and be internalized through LRP1 
mediated endocytosis in hepatoma cells.21 LRP1 is 
expressed in some malignant tumors, and its amount of 
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expression is related to the degree of malignancy. Some 
studies have shown that LRP1 plays a role in regulating 
the invasion and metastasis of thyroid cancer and breast 
cancer cells.22–24 In addition, Catasus found that increased 
LRP1 expression predicted more aggressive tumor beha-
vior and was associated with increased histological grade 
of endometrial carcinoma.25 Therefore, nanocarrier with 
ApoE may be able to target the malignant tumors with 
highly expressed LRP1. ApoA-I is the main protein com-
ponent of HDL, which is widely used to regulate choles-
terol transport and prevent cardiovascular disease, and 
may also regulate inflammation and immune response.26 

In recent years, many studies have reported the antitumor 
effect of ApoA-I. Recombinant ApoA-I can promote cell 
cycle arrest and apoptosis of hepatoma cells and reduce 
the ability of angiogenesis and extracellular matrix remo-
deling of hepatoma cells, thereby inhibiting their meta-
static potential.27 In animal experiments, the application 
of ApoA-I mimic peptide or overexpression of ApoA-I can 
reduce the growth of primary tumor and the metastasis of 
colon cancer cells to the lung.28,29

With a view to synthesizing an anticancer drug that is 
effective for both CCCs and CCSCs, and reduce the toxi-
city of normal tissues, we developed a salinomycin-loaded 
high-density lipoprotein (S-HDL). The shell of S-HDL 
nanoparticles consists of recombinant human ApoA-I (rh 
ApoA-I) and recombinant human ApoE (rh ApoE), and 
Sal is encapsulated in its hydrophobic core. We isolated 
CCSCs from CCCs and then verified the efficacy of 
S-HDL on CCCs and CCSCs in vitro by cellular uptake 
analysis, cell viability assay and tumorsphere formation 
study. Furthermore, the biological process of S-HDL 
affecting cervical cancer cells was screened by genome- 
wide mRNA expression and then verified, which will let 
us understand the way S-HDL works better.

Materials and Methods
Materials
Lecithin and Coumarin 6 were purchased from Sigma- 
Aldrich (USA). RhApoA-I and rhApoE were prepared and 
preserved in our laboratory. Salinomycin was purchased 
from Selleck (China). Vanillin was purchased from J&K 
scientific (China). Basic fibroblast growth factor (b-FGF) 
and epidermal growth factor (EGF) were bought from 
Peprotech (USA). B27 Supplement, DMEM medium and 
DMEM/F12 medium were purchased from Gibco (USA). 
Antihuman CD44 microbeads antibody, antihuman CD24- 

biotin antibody, anti-biotin microbeads, PE-conjugated anti-
human CD44 antibody and FITC-conjugated antihuman 
CD24 antibody were purchased from Miltenyi Biotec 
(Germany). Antibodies against C-myc and Sox-2 were pur-
chased from Cell Signaling Technology (USA). Antibody 
against LRP1 was purchased from Abcam (USA). 
Horseradish Peroxidase-conjugated secondary antibody, 
Cell Counting Kit-8 and Cell Cycle Analysis Kit were 
purchased from Beyotime Institute of Biotechnology 
(China). Annexin V-FITC/PI apoptosis detection kit was 
purchased from BD company (USA).

Salinomycin-Loaded High-Density 
Lipoprotein (S-HDL) Synthesis and 
Characterization
S-HDL was synthesized using sodium cholate methods.30 

An ethanol solution (1 mL) containing 2.7 mg lecithin and 
1 mg salinomycin was rapidly injected into 6 mL phos-
phate buffer (pH = 7.4) via a skin test syringe. After 
mixing in N2 for 15 min, phosphate buffer (0.75 mL) 
containing 2.7 mg sodium cholate, 5 mg rhApoA- I and 
2.5 mg rhApoE was added to the lipid mixture by stirring. 
The mixture was incubated at room temperature for 30 
min and then was incubated at 4°C for 12 h, and the 
components polymerized to form S-HDL. Then, the solu-
tion was mixed and added to a 10KD dialysis bag for 
complete dialysis with a phosphate buffer at 4°C (about 
2 days) to remove ethanol and sodium cholate. After 
dialysis, the solution was filtered by 0.22 μm filter mem-
brane and stored at 4°C. After the synthesis of S-HDL, it 
was characterized using a Zetasizer Nano ZS dynamic 
light scattering (DLS) and a transmission electron micro-
scope (TEM).

Encapsulation Efficiency of S-HDL
Salinomycin encapsulation efficiency was analyzed by 
measuring with a UV–vis–NIR spectrophotometer follow-
ing the published method.31 Briefly, S-HDL was mixed 
with acetonitrile in the ratio of 1:4 and vortex to demul-
sify. The supernatant was derivatized with vanillin in an 
acidic medium at 72°C for 40 min. The derivative mixture 
was determined by UV–vis–NIR spectrophotometer at 
a wavelength of 528 nm. For the following experiments, 
the concentration of S-HDL was calculated by the content 
of salinomycin in it. The encapsulation efficiency was 
calculated as follows:
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Encapsulation
efficiency %ð Þ

¼
Encapsulated salinomycin weight

Total weight of salinomycin
� 100%

Cell Culture and CCSCs Isolation
HeLa cells and human ovarian epithelial cells IOSE80 
were purchased from the cell bank of Chinese Academy 
of Sciences and cultured in Dulbecco modified Eagle 
medium (DMEM) at 37°C with 10% fetal bovine serum 
in 5% CO2 humidified atmosphere. CCSCs sub- 
populations in the HeLa cells were isolated using Auto 
MACS Pro Separator according to protocols from the 
manufacturer. In brief, HeLa cells (1 x 107cells/mL) 
were prepared and incubated with antihuman CD44 
microbeads antibody for 15 min and then using auto 
Macs Pro separator for selection of CD44high cells. Those 
cells were then mixed with antihuman CD24-biotin anti-
body and incubated for 15 min. After centrifugation, the 
cells were resuspended with buffer, and then incubated 
with anti-biotin microbeads for 15 min and then CD24low 

cells were selected by auto Macs Pro separator. After 
washing, CD44highCD24low cells were sorted by magnetic 
separation.

Identification of CCSCs by Flow 
Cytometry and Western Blot
HeLa cervical cancer cells (CCCs) and CCSCs were 
mixed with PE-conjugated antihuman CD44 antibody 
and FITC-conjugated antihuman CD24 antibody, respec-
tively, and incubated for 15 min at 4°C. After washing 
those cells twice, the expression of CD44 and CD24 on the 
surface of CCCs and CCSCs was detected by flow 
cytometry.

Expressions of Sox-2, C-myc in CCCs and CCSCs 
were measured by Western blotting. Total cellular proteins 
of CCCs, CCSCs and IOSE80 cells were extracted by ice- 
cold lysis buffer and quantified using the bicinchoninic 
acid protein assay. Cell lysate was mixed with an appro-
priate amount of SDS sample loading buffer (5x) and 
boiled at 100°C. 45 μg of protein samples were loaded 
to sodium dodecyl sulfate-polyacrylamide gel and then 
were transferred to PVDF membrane and further blocked 
by 10% non-fat milk. Proteins were incubated with pri-
mary antibody (β-actin, C-myc, Sox-2) at a 1:1000 dilu-
tion for 4°C overnight, and then were incubated with 
Horseradish Peroxidase-conjugated secondary antibody 
(1:2000 dilution) for 1 h at room temperature and washed 
three times with TBST. Protein bands were visualized 

using Immobilon Western Chemiluminescent HRP 
Substrate.

Expression of LRP1 and Cellular Uptake 
of Coumarin-6-Loaded High-Density 
Lipoprotein
Expressions of LRP1 in CCCs and CCSCs were measured 
by Western blotting as mentioned above.

Coumarin-6-loaded high-density lipoprotein (C6-HDL) 
was synthesized using coumarin 6 (C6) as fluorescent 
probe. The synthetic method of C6-HDL is similar to 
S-HDL synthesis except that C6 replaces salinomycin. 
The concentration of C6-HDL was determined by fluores-
cence microplate reader and the concentration of C6-HDL 
was calculated by the C6 content inside it. CCCs, CCSCs 
and IOSE80 cells were cultured in laser confocal 24-well 
plate for 24 h; then, CCCs and CCSC were cultured with 
300ng/mL C6 or 300ng/mL C6-HDL, respectively, 
IOSE80 cells were cultured with 300ng/mL C6-HDL. 
After 2 hours of culture, the cellular uptake was observed 
by laser confocal microscope (FITC, NIKON C2), and the 
fluorescence intensity was measured by ImageJ.

Cell Viability Assay
The CCCs and CCSCs were seeded in 96-well plates 
(1x104cells/well) for 24 h. A series of different concentra-
tions of S-HDL or Sal were added to the cells, respec-
tively, and the cells were cultured for 48 h. The control 
group was treated with the same amount of phosphate 
buffer saline (PBS) as S-HDL or Sal. The cell viability 
was determined by Cell Counting Kit-8 (CCK8) assay. 
The intensity of the color formed by this method is pro-
portional to the number of living cells. The CCK8 solution 
was added to the plates at 37°C. The optical density (OD) 
was measured at 450 nm. The mean values and standard 
deviations were calculated from three experiments. 50% 
inhibiting concentration (IC50) was calculated by 
GraphPad Prism 8.

Tumorsphere Formation
CCSCs were treated with a series of concentrations of 
S-HDL for 48 h. DMEM/F12 medium containing 20ng/ 
mL EGF, 10ng/mL b-FGF and 2% B27 supplement was 
used to resuspend CCSCs, and then the cells were seeded 
into 96-well ultralow attachment plates at density of 100 
cells/well. The number of tumorsphere was recorded under 
the microscope after 7 days of culture in a humidified 

https://doi.org/10.2147/IJN.S326089                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6370

Yin et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


atmosphere of 5% CO2 at 37°C. Tumor spheres larger than 
50μm in diameter were counted as positive. The tumor-
sphere formation efficiency was calculated by dividing the 
number of tumor spheres by the initial number of single 
cells.

Analysis of Genome-Wide mRNA by 
L1000 Technology
We used high-throughput L1000 technology to estimate 
genome-wide mRNA expression of CCCs after S-HDL 
treatment. CCCs treated with 8μg/mL S-HDL for 48 
h were collected and then lysed with TCL Lysis 
Buffer. Cell lysate was added to 384-well plate and 
then using ligation mediated amplification of RNA 
sequence-specific probes combined with Luminex- 
based detection to generate expression profiles of 978 
genes per sample. Finally, the 978 genes were used as 
landmark genes to calculate the expression level of the 
remaining genes. t-test was used to calculate the gene 
expression of the experimental group compared with the 
control group and the positive control group (8 μg/mL 
Sal treatment), respectively, and the differential genes 
were obtained. The screening threshold was set as 
p-value <0.05, Foldchange >1.5. The differential genes 
were enriched by GO database (http://geneontology.org/ 
). Then, 20 biological processes with the lowest p-value 
were selected for the following analysis. We selected 
cell apoptosis, cell cycle and cell migration for subse-
quent experimental verification based on the results of 
GO analysis.

Apoptosis Assay
The apoptosis rate was detected by Annexin V-FITC/PI 
apoptosis detection kit. CCCs or CCSCs were treated with 
different concentrations of S-HDL for 48 h. The cells were 
collected and resuspended in 500μL binding buffer. Then, 
3 μL Annexin V-FITC and 3 μL PI were added to the 
buffer and incubated for 15 minutes in the dark at room 
temperature. The cells were analyzed by flow cytometry 
(BD FACSCanto II).

Cell-Cycle Analysis
We used Cell Cycle Analysis Kit to detect the distribution 
of cell cycle of CCCs and CCSCs. CCCs or CCSCs were 
treated with 8 μg/mL S-HDL for 48 h. The cells were 
collected and fixed with 70% ethanol at 4°C for 12 hours, 
then stained with propidium iodide solution containing 

RNase A for 30 minutes. We detected DNA content by 
flow cytometry (BD FACSCanto II) and analyzed cell 
cycle profile using cell quest software.

Cell Migration Assay
Cell migration was analyzed using xCELLigence Real 
Time Cell Analyzer (RTCA) DP instrument (ACEA 
Biosciences). 165 μL DMEM medium supplemented 
with 20% FBS was added to the lower chamber of cell 
migration plate (CIM-plate 16) of RTCA DP instrument, 
and 50μL DMEM without serum was added to the upper 
chamber. The CIM-plate was placed on RTCA DP instru-
ment to detect the baseline after being cultured at 37°C 
and 5% CO2 for 1 h. CCCs or CCSCs with a density of 
5×105 cells/mL were collected after being treated with 
S-HDL for 48 h. 100 μL cell suspension was added to 
the upper chamber of the CIM-plate. After being stored at 
room temperature for 30 min, the cells were detected on 
RTCA DP analyzer every 15 min for 70 hours.

Statistical Analysis
Intergroup t-test comparisons were performed using the 
mean ± standard deviation (x ± s), p-values <0.05 denoted 
statistically significant differences.

Results
S-HDL Preparation and Salinomycin 
Encapsulation
Salinomycin-loaded high-density lipoprotein was synthe-
sized by sodium cholate method for the first time.30 

S-HDL was observed by transmission electron micro-
scope, which showed a uniform discoidal shape 
(Figure 1A). The particle size of S-HDL nanoparticles 
measured by DLS is between 10nm-50nm, and the peak 
value is between 20–25 nm (Figure 1B). The size distribu-
tion of S-HDL makes it possible to stay in tumor tissues 
for a longer time by enhanced permeability and retention 
effect.32,33 The particle size, zeta potential, and polydis-
persity index (PDI) of S-HDL were then measured using 
DLS (Figure 1C). The average particle size of S-HDL was 
38.98 ± 1.78nm, zeta potential was - 3.44 ± 0.90 mV, PDI 
was 0.17 ± 0.05 (<0.2), which indicated that the dispersion 
system of S-HDL was stable. The encapsulation efficiency 
of salinomycin was 50.73 ± 4.29%, which was determined 
by UV spectrophotometer (Figure 1C).
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Isolation and Identification of CCSCs
CSCs were isolated and identified by surface markers 
in vitro. It has been proved that CD44highCD24low cervical 
cancer cells have the characteristics of CSCs.34–36 CCSCs 
with CD44highCD24low were separated from CCCs (HeLa 
cells) by a magnetic separator. The proportion of 
CD44highCD24low cells in CCSCs was 97.2%, which was 
much higher than 1.52% in CCCs, indicating that the 

CD44highCD24low subpopulation has been successfully 
enriched from CCCS (Figure 2A). In order to further 
detect whether CD44highCD24low CCCs possess the char-
acteristics of cancer stem cells, we analyzed the protein 
expression of cancer stem cell markers C-myc and Sox-2 
in CD44highCD24low CCCs by Western blotting. The 
expression of C-myc and Sox-2 in CCSCs was signifi-
cantly higher than that in CCCs (Figure 2B). It was proved 

Figure 1 Characterization of S-HDL. (A) TEM imaging of S-HDL, (B) the size distribution of S-HDL nanoparticles measured by DLS, and (C) physicochemical properties 
and salinomycin encapsulation efficiency of S-HDL (n=3).

Figure 2 Expression of CSCs markers on CCCs and CCSCs. (A) The expression of CD24 and CD44 in CCCs and CCSCs assessed by flow cytometry. The quadrant inside 
the red border represents CD44highCD24low subpopulation in CCCs and CCSCs. (B) The protein expression of C-myc and Sox-2 in CCCs and CCSCs assessed by Western 
blotting.
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that the CD44highCD24low CCSCs have the characteristics 
of cancer stem cells.

Expression of LRP1 and Cellular Uptake 
of HDL Nanoparticles
Low-density lipoprotein receptor-related protein 1 (LRP1) 
is an important member of the low-density lipoprotein 
receptor gene family.37 We analyzed the expression of 
LRP1 in CCCs and CCSCs compared with human ovarian 
epithelial cells IOSE80, in which the expression of LRP1 
in CCCs and CCSCs was 2.5 and 2.3 times higher than 
that in IOSE80, respectively (Figure 3A and B). LRP1 is 
a natural receptor of ApoE, a component of HDL, which 
may trigger endocytosis.19 Therefore, the high expression 
of LRP1 is easier to be targeted by HDL nanoparticles, 
thereby increasing the cellular uptake of HDL encapsu-
lated drugs and reducing the toxicity to normal tissues.

The uptake of C6 and C6-HDL by CCCs, CCSCs and 
IOSE80 is shown in Figure 3C. HDL nanoparticles 
enhanced the cellular uptake of C6. The proportion of C6- 
HDL uptake by CCCs and CCSCs was higher than that of 
C6, and the fluorescence intensity of C6-HDL uptake by 
CCCs and CCSCs was stronger than that of C6. The 
uptake of C6-HDL by different cells was different. The 

fluorescence intensity of C6-HDL by IOSE80 was weaker 
than that of CCCs and CCSCs. The results indicated that 
C6-HDL has a potential targeting effect on CCCs and 
CCSCs, which may be related to the expression of LRP1.

Inhibitory Effects of S-HDL on CCCs and 
CCSCs Proliferation
In order to evaluate the effects of S-HDL on the proliferation 
of CCCs and CCSCs, we used CCK-8 analysis to detect the 
cell viability of CCCs and CCSCs after S-HDL treatment, 
and used GraphPad Prism 8 software to calculate the IC50 of 
S-HDL on CCCs and CCSCs. The IC50 of S-HDL on CCCs 
was 3.43μ/mL, which was significantly lower than that of 
Sal on CCCs (9.18μg/mL) (Figure 4A and B). At the same 
concentration, the cell viability of CCCs treated with 3μg/ 
mL, 4μg/mL, 6μg/mL and 8μg/mL S-HDL was significantly 
lower than that treated with Sal (Figure 4C). The IC50 of 
S-HDL on CCSCs was 2.70μg/mL, which was significantly 
lower than that of Sal on CCSCs (6.12μg/mL) (Figure 4D 
and E). At the same concentration, the cell viability of 
CCSCs treated with 2μg/mL, 4μg/mL and 8μg/mL S-HDL 
was significantly lower than that treated with Sal 
(Figure 4F). Therefore, our findings suggested that using 
HDL encapsulated salinomycin can reduce the IC50 on 

Figure 3 Expression of LRP1 in CCCs and CCSCs and Cellular uptake of HDL Nanoparticles. (A) The expression of LRP1 in CCCs, CCSCs and IOSE80 cells assessed by 
Western blotting and (B) was the statistical value of the relative expression of the three times results in Figure 3A (n=3). *p < 0.05 compared with IOSE80. (C) Fluorescent 
images showing the cellular uptake of C6 and C6-HDL by CCCs, CCSCs and IOSE80 cells. Scale bar = 50μm.
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CCCs and CCSCs, and significantly enhance the inhibitory 
effects on the proliferation of CCCs and CCSCs.

S-HDL Inhibits Tumorsphere Formation
The tumorsphere formation ability is regarded as reflecting 
the self-renewal characteristics of CSCs in vitro and is 
used to screen anti-CSCs drugs.5,38 The tumorsphere for-
mation of CCSCs treated with S-HDL and Sal was imaged 
and quantified in Figure 5. The tumorsphere formation 
efficiency of S-HDL decreased in a concentration- 
dependent manner, which was significantly lower than 
that of PBS. Meanwhile, the tumorsphere formation effi-
ciency of 8μg/mL S-HDL was significantly lower than that 
of 8μg/mL Sal (Figure 5B). Thus, our data demonstrated 
that S-HDL can efficiently prevent CCSCs from develop-
ing tumorspheres and has a stronger inhibitory effect on 
CCSCs regeneration in vitro compared with Sal.

Genome-Wide mRNA Expression After 
Treatment with S-HDL
To understand the biological processes by which S-HDL 
affects CCCs and CCSCs, we carried out Genome-wide 
mRNA analysis using RNA extracts from CCCs after treat-
ment with S-HDL for 48 h. S-HDL treatment resulted in up- 

regulation of 496 genes and down-regulation of 667 genes 
compared with the control group, meanwhile up-regulation 
of 101 genes and down-regulation of 138 genes compared 
with Sal group (Figure 6A and B). GO enrichment analysis 
revealed that S-HDL treatment altered the expression of 
genes that are involved in many biological processes, such 
as cell migration, regulation of cell adhesion, apoptosis path-
way and cell death compared with control group (Figure 6C). 
Compared with Sal, S-HDL treatment also altered the 
expression of genes that are involved in many biological 
processes, such as proteolysis, cell cycle, cell adhesion, 
DNA metabolic process and apoptosis pathway (Figure 6D).

Cervical cancer cells promote their own proliferation 
by down regulating apoptosis and activating cell cycle, 
which is closely related to the occurrence and development 
of tumor.39 Migration of cervical cancer cells from the 
original tissue to surrounding or distant organs is an essen-
tial process of tumor development.40 Therefore, the biolo-
gical processes of cell cycle, cell apoptosis and cell 
migration are the key to the occurrence and development 
of cervical cancer. Therefore, we explored the effects of 
S-HDL on cell apoptosis, cell cycle and cell migration of 
CCCs and CCSCs in the following experiments according 
to the results of Genome-wide mRNA expression.

Figure 4 Inhibitory effects of S-HDL on CCCs and CCSCs. The IC50 of S-HDL (A) and Sal (B) on CCCs. The comparison of CCCs viability between the groups which 
were treated with the same concentration of S-HDL and Sal for 48 hours (C) (n=3). The IC50 of S-HDL (D) and Sal (E) on CCSCs. The comparison of CCSCs viability 
between the groups which were treated with the same concentration of S-HDL and Sal for 48 hours (F) (n=3). *p < 0.05, **p < 0.01 compared with Sal treatment group.
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S-HDL Promotes Apoptosis of CCCs and 
CCSCs
Annexin V-FITC/PI apoptosis detection kit was used to 
detect the apoptosis rate of CCCs and CCSCs treated with 
different concentrations of S-HDL. S-HDL significantly pro-
moted the apoptosis of CCCs and CCSCs in a concentration- 
dependent manner. The apoptosis rates of CCCs treated with 
4μg/mL, 8μg/mL S-HDL and the apoptosis rates of CCSCs 
treated with 2μg/mL, 8μg/mL S-HDL were significantly 
higher than those treated with 8μg/mL Sal (Figure 7). 
Interestingly, the apoptosis rate of CCSCs treated with 
0.5μg/mL S-HDL (38.34±2.16%) was higher than that of 
CCCs treated with 2μg/mL S-HDL (21.63±2.15%), which 
was consistent with the result that the IC50 of S-HDL on 
CCSCs (2.70μg/mL) was lower than that on CCCs (3.43μg/ 
mL) in cell proliferation, suggesting that S-HDL could exert 
effect on CCSCs at a lower concentration.

S-HDL Induces S-Phase and G2/M-Phase 
Arrest in CCCs and CCSCs
In order to investigate the effects of S-HDL on the cell 
cycle progression of CCCs and CCSCs, the DNA content 
of the cells treated with S-HDL was determined by flow 
cytometry. Compared with PBS-treated cells, S-HDL- 

treated CCCs and CCSCs showed increased S-phase and 
G2/M-phase subpopulations and decreased G1-phase sub-
population (Figure 8). Sal-treated CCCs showed an 
increased S-phase subpopulation, a decreased G1-phase 
subpopulation, but no significant changes in G2/M-phase 
subpopulation and Sal-treated CCSCs showed an increased 
G2/M-phase subpopulation but no significant changes in 
G1-phase and S-phase subpopulations (Figure 8). The 
results suggest that S-HDL can effectively induce the 
S-phase and G2/M-phase arrest of CCCs and CCSCs, 
and the cell cycle arrest ability of S-HDL was higher 
than that of Sal, which is consistent with the previous 
results of cell proliferation and apoptosis.

S-HDL Inhibits Migration of CCCs and 
CCSCs
To explore the effect of S-HDL on the migration ability of 
CCCs and CCSCs, RTCA technique was used to measure 
the migration ability of CCCs and CCSCs after S-HDL 
treatment for 48 h. S-HDL significantly decreased the 
migration ability of CCCs and CCSCs compared with 
PBS-treatment and Sal-treatment (Figure 9). S-HDL can 
effectively inhibit the migration of CCCs and CCSCs, 
thereby inhibiting tumor metastasis.

Figure 5 Tumorsphere formation of CCSCs after S-HDL treatment. (A) Light microscopic imaging of the tumorsphere formation of CCSCs after being treated with PBS, 
S-HDL and Sal respectively. (B) Tumorsphere formation efficiency of CCSCs after being treated with PBS, S-HDL, Sal, respectively (n=3). Scale bar = 100μm. *p < 0.05, 
**p < 0.01, ***p < 0.001 compared with PBS treatment group; ##p< 0.01 compared with Sal treatment group.
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Figure 7 The effects of S-HDL on apoptosis of CCCs and CCSCs. Quadrant chart of living and apoptotic cells distribution after treatment with PBS, S-HDL or Sal for 48h in 
CCCs (A) and CCSCs (C). Bar graph representing apoptosis rate with different treatments in CCCs (B) and CCSCs (D) (n=3). **p < 0.01, ***p < 0.001 compared with PBS 
treatment group; #p< 0.05, ##p< 0.01 compared with Sal treatment group.

Figure 6 Genome-wide mRNA analysis of CCCs cells after treatment with 8μg/mL S-HDL. Scatter plot of differential gene expression of 8μg/mL S-HDL treatment 
compared with PBS treatment group (A) and 8μg/mL S-HDL treatment compared with 8μg/mL Sal treatment (B). (Blue: down-regulation genes; Red: up-regulation genes). 
Biological process of GO enrichment analysis of 8μg/mL S-HDL treatment compared with control group (C) and 8μg/mL S-HDL treatment compared with 8μg/mL Sal 
treatment group (D).
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Discussion
In recent years, nanoparticles have been widely studied as 
a drug delivery system because of their unique 
characteristics.15,41 HDL has unique physicochemical prop-
erties, including naturally synthesized physiological compo-
nents, amphiphilic apolipoproteins, specific protein–protein 
interactions, hydrophobic agent-incorporating and small 
size.18 It has been proved that the phospholipid core of 
HDL can be combined with hydrophobic drugs to improve 
the water solubility of drugs and promote the effective 
release of drugs.17,42 Nanoparticles with smaller particle 
size can target the tumor sites through enhanced permeabil-
ity and retention (EPR) effect, reducing the systemic 
toxicity.43,44 Salinomycin is an effective drug for the treat-
ment of CSCs, which is one of the main causes of cancer 
recurrence and metastasis. However, the hydrophobicity and 
toxicity of Sal limit its development as an anticancer drug. 
Therefore, we use HDL for the delivery of Sal to improve 
its water solubility, which further contributes to target CCCs 
and CCSCs to enhance the anticancer efficacy and reduce 
the systemic toxicity.

In previous studies, we successfully synthesized 
recombinant human high-density lipoprotein (rhHDL) by 
sodium cholate method and proved that rhHDL has the 
characteristics of natural HDL.30 In this study, we success-
fully synthesized salinomycin-loaded high-density lipopro-
tein for the first time. S-HDL was a homogeneous and 
discoidal-shaped nanoparticle system with small particle 
size. The absence of vasculature supportive tissues pro-
motes the formation of a diameter of 100 nm ~ 2 μm leaky 
vessels and pores in tumor tissues and this phenomenon is 
called EPR effect.43 Nanoparticles with diameter smaller 
than pore size can penetrate into tumor tissue through 
leaky blood vessels to achieve passive targeting of tumor 
tissue and retain it for a longer time.45 Sykes et al found 
that gold nanoparticles possessing size ˂ 45 nm can easily 
penetrate into the tumor tissue without affecting the tumor 
size.46 The particle size of S-HDL makes it possible to 
accumulate in tumor tissue through EPR effect.

Recently, CSCs subpopulations in cancer cells are 
mainly sorted by surface markers in vitro. CD44 is 
a common marker of CSCs. It plays an important role in 
cell adhesion and migration, and also has the ability to bind 

Figure 8 The effects of S-HDL on cell cycle of CCCs and CCSCs. Representative histograms of the cell cycle distribution after treatment with PBS, S-HDL or Sal for 48 h of 
CCCs (A) and CCSCs (C). Bar graph representing relative cell populations in cell cycle phases G1, S, and G2/M of CCCs (B) and CCSCs (D) (n=3). *p < 0.05, **p < 0.01 
compared with PBS treatment group; #p< 0.05, ##p< 0.01 compared with Sal treatment group.
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with hyaluronic acid in the extracellular matrix.47 However, 
the results of immunohistochemistry showed that CD44 
was expressed in both normal and cancerous cervix.48 

Therefore, CD44 should be used in combination with 
other surface markers to identify CCSCs. CD44 is usually 
used in combination with CD24 as a marker of CSCs and 
CSCs are characterized by CD44highCD24low.49,50 CD24 is 
a kind of cell surface protein, which is associated with low 
expression and poor differentiation.51 We used the expres-
sion levels of C-myc and Sox-2 to further verify the CSCs 
characteristics of CD44highCD24low CCCs. C-myc gene is 
an important member of myc gene family, which is related 

to cell proliferation and cell division and it is also involved 
in the occurrence and development of a variety of tumors. 
As a result, the C-myc gene can be used as a marker for 
CCSCs.52 Sox-2 is a key transcription factor, which plays 
a role in embryonic development and determines the fate of 
stem cells.53 Some studies have shown that CCCs over-
expressing Sox-2 have stronger proliferation ability, clono-
genicity and tumorigenicity.54

The main components of the shell of HDL nanoparti-
cles include ApoA-I and ApoE. ApoA-I has been reported 
to have antitumor effect by many studies, which can pro-
mote cell cycle arrest and inhibit metastatic potential of 

Figure 9 The effects of S-HDL on cell migration ability of CCCs and CCSCs. Cell migration ability of CCCs (A) and CCSCs (B) analyzed by xCELLigence Real Time Cell 
Analyzer DP instrument.
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hepatoma cells.27 Apolipoprotein E is a ligand of LRP1, 
which can target LRP1 and be internalized through LRP1 
mediated endocytosis.21 The expression of LRP1 in cancer 
may be positively correlated with the degree of malig-
nancy. Studies have shown that LRP1 can support the 
migration and invasion of breast cancer cells and thyroid 
cancer cells.22–24,55 In addition, the increased expression 
of LRP1 can predict more aggressive tumor behavior and 
is related to higher histological grade in endometrial 
carcinoma.25 Therefore, nanocarrier with ApoE may be 
able to target the malignant tumors with highly expressed 
LRP1. The relatively high expression of LRP1 of CCCs 
and CCSCs not only indicated the malignant degree of 
tumor tissues but also increased the possibility of being 
targeted by S-HDL. In the cellular uptake experiment, 
HDL nanoparticles were more absorbed by CCCs and 
CCSCs compared with the free drug, which related to the 
enhancement of the solubility of the drug-loaded and the 
endocytosis of the nanoparticles. The cellular uptake of 
HDL nanoparticles by CCCs and CCSCs was stronger 
than that of IOSE80, which was consistent with our 
hypothesis that HDL nanoparticles increase cellular uptake 
by targeting LRP1.

The toxicity of chemotherapeutic drugs will bring 
considerable discomfort and risk to cancer patients. 
Nanoparticles, as the carrier of concentrate anticancer 
drugs, have been proved in clinical studies to have the 
effect of reducing toxicity.56 S-HDL can significantly 
reduce the IC50 of CCCs and CCSCs, indicating that 
S-HDL can kill cervical cancer cells at a lower con-
centration, which may be related to the phenomenon 
that CCCs and CCSCs can take in more HDL encap-
sulated drugs than free drugs. Lower drug concentra-
tion can reduce the systemic toxicity of anticancer 
drugs.

Genome-wide mRNA analysis can only show the 
changes at the gene level in the cell, and there is a certain 
deviation in its accuracy due to the processing of enormous 
information. The possible biological processes can be 
inferred according to the changes of genes in the cell, and 
the corresponding biological processes should be verified in 
combination with corresponding experiments. Genome-wide 
mRNA analysis showed that S-HDL could significantly 
affect the expression of multiple genes in CCCs. We com-
pared the CCCs gene expression of S-HDL-treatment group 
with control group, and selected the genes with significant 
changes. Based on these changes, we predicted the possible 
cellular biological processes induced by S-HDL. Apoptosis 

is an ordered and orchestrated cellular process. One of the 
main reasons of malignant transformation is that cells hardly 
get into the process of apoptosis.57 Cell cycle is a molecular 
event during which DNA damage is detected and repaired to 
prevent uncontrolled cell division, and occurs in an orderly 
sequential irreversible fashion.58 The deregulation of cell 
cycle is one of the causes of tumor formation, which pro-
motes the further proliferation of tumor cells. The proportion 
of cancer cells with active division (G0 phase) is significantly 
higher than that of normal tissues. Cancer cells, which are 
actively undergoing cell cycle, are the targets of cancer 
treatment, as DNA is relatively exposed in the process of 
cell division and hence susceptible to damage by drugs. In 
addition, it has been confirmed that the arrest of G1/G0-phase 
arrest may promote the migration of cancer cells.59 S-HDL 
reduced G1 phase of cell cycle, which did not cause tumor 
cell migration and was also confirmed by migration analysis. 
The migration of cancer cells is the initial step of tumor 
metastasis. Through a series of cellular events, including 
the change of phenotype caused by cytoskeleton remodeling 
and the degradation of extracellular matrix, cancer cells can 
detach from the primary tumor and metastasize to distant 
sites.60 Apoptosis, cell cycle and cell migration are important 
biological processes that affect the occurrence and develop-
ment of tumors. S-HDL can affect these biological processes 
of CCCs and CCSCs simultaneously to eliminate tumor cells.

Conclusion
In this study, we successfully synthesized S-HDL by loading 
salinomycin into HDL, which had good encapsulation effi-
ciency and stability. The shell of S-HDL was mainly com-
posed of ApoA-I and ApoE. ApoE can be combined with 
LRP1, which has been proved to be highly expressed in 
CCCs and CCSCs in our study. This may realize the targeting 
of S-HDL to CCCs and CCSCs in order to reduce the side 
effects of drugs. In addition, HDL nanoparticles can enhance 
the uptake of drugs by CCCs and CCSCs and kill CCCs and 
CCSCs at lower concentrations, thus improving the antitu-
mor efficacy and drug safety. Meanwhile, S-HDL can pro-
mote cell apoptosis, induce cell cycle arrest and inhibit cell 
migration. Thus, S-HDL treatment may become a potential 
treatment for cervical cancer in the future.
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