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ABSTRACT - Purpose: The cancer stem cells play an important role in the invasion, metastasis and relapse
of cancers as they are resistant to regular chemotherapy. In the present study, stealth liposomal daunorubicin
plus tamoxifen was developed for eradicating breast cancer cells together with cancer stem cells. Methods:
Inhibitory effects were performed on the bulk human breast cancer cells (MCF-7), the sorted MCF-7 cancer
stem-like cells (side population, SP), and the sorted MCF-7 cancer cells (NSP), respectively. Antitumor
activity and TUNEL analysis were evaluated on the MCF-7 xenografts in nude mice. Results: The
encapsulation efficiencies of daunorubicin and tamoxifen were 95% and 90%, respectively. The mean
particle size of the stealth liposomes was about 100 nm. Breast cancer stem cells were identified by the
specific markers CD44+/CD24-, and isolated from bulk MCF-7 cells. When applying stealth liposomal
daunorubicin plus tamoxifen, the inhibitory effects on both the breast cancer cells and the cancer stem cells
were significantly increased in vitro, respectively. In the MCF-7 xenografts in mice, stealth liposomal
daunorubicin plus tamoxifen showed the most favorable antitumor activity due to the passive targeting the
tumor tissue and the synergistic effects in eliminating breast cancer cells and cancer stem cells. Conclusions:
Stealth liposomal daunorubicin plus tamoxifen could have the potentials in eliminating both breast cancer
cells and cancer stem cells.

INTRODUCTION

stem cells render their resistance to drug treatment.
For instance, cancer stem cells have more efficient
DNA damage repair mechanisms and can activate
DNA damage check points easier. In addition,
cancer stem cells overexpress the ATP-binding
cassette (ABC) transporters, which are able to
protect the cancer stem cells from drug damage via
efflux pumping mechanism (5-7). When patients
are treated with cytotoxic agents like daunorubicin,
the tumor masses may be shrunken obviously but a
small population of cancer stem cells still remained
alive due to their resistance. Consequently, the
residual cancer stem cells lead to relapse and
metastasis of cancer (8).

Breast cancer usually starts in the breast in the inner
lining of the milk ducts or lobules. It has been
classified into different types (low, high and
intermediate grade), and is the fifth most common
cause of cancer death (7% of cancer deaths) (1). In
virtually all cases, breast cancer death results from
the process of excess proliferation, invasion and
metastasis (2).

Cancer stem cells have recently been identified
in various malignant tumors, ranging from
leukemia to solid tumors including breast cancer.
Evidence indicates that the cancer stem cells play
an important role in the pathogenesis, invasion and
metastasis of malignancies (3, 4). Cancer stem cells
represent only a small fraction of a tumor, as they
possess the capability of self-renew and
differentiation which lead to high. tumorigenesis, Corresponding Author: Wan-Liang Lu, Ph.D, Professor,
and most cancer cells lack this regenerative Deputy Chair, Department of Pharmaceutics School of
capability. Standard chemotherapeutic agents can Pharmaceutical Sciences, Peking University, Xueyuan Road 38,
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Several potential strategies are suggested for
the cancer therapy by targeting the cancer stem
cells. The first strategy is to target molecular
signaling pathways (Wnt etc.) by regulating the
proliferation, differentiation and self-renewal of
cancer stem cells. Components of these pathways
provide new targets for inducing harmful damage to
cancer stem cells. The selective anti-Wnt antibodies,
Wnt protein inhibitors or repressors disrupting
nuclear LEF/TCF/B-catenin complexes could
counteract the nuclear accumulation of B-catenin,
thus inhibiting proliferation and maintenance of
cancer stem cells (9). The second strategy is an
immunotherapeutic approach. Several clinical
protocols involve the activation of a patient’s
immune cells against the cancer cells, or the
transplant of bone-marrow stem cells from a donor
to kill the tumor cells in the recipient. Purified
tumor stem cells isolated were lethally irradiated
and used to ‘immunize’ the patient or to activate the
donor’s immune cells against the tumor stem cells
(5). The third potential strategy is to target ABC
transporters (especially ABCG2) to overcome the
resistance of the cancer stem cells (5, 10).
Co-treatment of ABCG2 inhibitors either before or
during chemotherapy might help eliminate tumour
stem cells. Two compounds (GF120918 and
tariquidar) that inhibit both ABCG2 and ABCBI1
are already approved for clinical studies. Another
example is imatinib which decreases the SP subset
of head-and-neck squamous carcinoma cells, and
allows greater doxorubicin retention, which may
due to the inhibition of Akt which eventually
regulates ABCG2 function (11). In addition, some
other strategies are proposed by modulating the
cancer stem cells using certain cytokines, such as
G-CSF, GM-CSF, IL-3, IL-6 and IFN-a (10) or by
inducing differentiation of the cancer stem cells
with a inducer like all-trans retinoic acid (12).

It has been demonstrated that the breast cancer
stem cells express specific surface markers
CD44+/CD24- (13, 14). They were able to be
sorted by the side population (SP) (15) using
dual-wavelength flow cytometry. Cancer stem cells
express high levels of ABC drug transporters which
make cancer stem cells efflux cell-permeable
DNA-binding dye Hoechst 33342, while cancer
cells accumulate this dye (7, 10). This technique has
also been used for sorting the SP cells in other
tumors, including  glioma  tumor  (16),
hepatocarcinoma  (17), thyroid tumor (18),
colorectal cancer (19), and ovarian carcinoma (20).

Stealth liposomes coated with the synthetic
polymer polyethyleneglycol (PEG) had longer
blood exposure with an increased half-life due to
the highly hydrophilic polymers that inhibit
phagocytotic protein recognition by opsonization.
Accordingly, the PEG-coated drug-loaded stealth
liposomes accumulate more in the solid tumors
through passive diffusion, exhibiting an enhanced
permeability and retention effect (EPR effect)
because of the suitable pore size of vasculature in
solid tumor ranging from 100 to 780 nm (21).

Daunorubicin (DNR) is a cell cycle
non-specific anthracycline antibiotic and has been
used in treating a wide range of cancers (22-24). Its
antineoplastic mechanisms are associated with
DNA  topoisomerase Il  inhibition, DNA
intercalation, RNA synthesis inhibition, cell
membranes interaction, free radical production and
induction of apoptosis (25-27). However, the
clinical use of daunorubicin is hampered by two
major problems, namely, cardiotoxicity (28) and
drug resistance. Previous studies showed that
daunorubicin is a substrate for P-glycoprotein
(MDR1; ABCBI1) (29) and for breast cancer
resistance protein (BCRP; ABCG?2) (5), resulting in
the resistance of daunorubicin. Tamoxifen is a
selective estrogen receptor modulator that is widely
used as the adjuvant therapy for breast cancer. It
produces therapeutic efficacy in breast cancer by
binding to the estrogen receptor, by inhibiting
protein kinase C activity (30) or by up-regulating
p53 expression (31). In addition, tamoxifen exhibits
P-glycoprotein-reversing (32) and BCRP-reversing
activities (33), suggesting that it may potentially be
capable of killing the cancer stem cells. Therefore,
we hypothesize that the stealth liposomal system by
incorporating daunorubicin plus tamoxifen into the
same liposomal vesicle would be able to eliminate
cancer cells and to eradicate cancer stem cells.
Accordingly, the objectives of the present study
were to construct the stealth liposomal
daunorubicin plus tamoxifen, and evaluate its
potentials for eliminating both breast cancer cells
and cancer stem cells.

MATERIALS AND METHODS
Materials
Daunorubicin hydrochloride was purchased from

Nanjing Tianzun Zezhong Chemicals, Co. Ltd,
(Nanjing, China). Tamoxifen citrate was kindly
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provided by Peking University Pharmaceuticals Co.,
Ltd. (Beijing, China). Egg phosphatidyl - choline
(EPC) and polyethylene glycol-distearoyl
Phosphatidylethanolamine (PEG,0-DSPE) were
purchased from NOF Corporation (Tokyo, Japan).
Cholesterol ~was  purchased from Beijing
Shuangxuan Microbial Media Products Plant
(Beijing, China). Sulforhodamine B (SRB) was
purchased from Biodee Biotechnology Co. Ltd.
(Beijing, China). Hoechst 33342 was purchased
from Sigma-Aldrich Corporation (Bejing local
agent, China). Verapamil hydrochloride was
purchased from National Institute for the Control of
Pharmaceutical and Biological Products (Bejing,
China). All other solvents and reagents used were
of chemical grade.

Preparations and characterization of the stealth
liposomes

Stealth liposomal daunorubicin plus tamoxifen was
prepared using an ammonium sulfate gradient
loading method as reported previously (14,34,35).
For experimental comparisons or convenience in
treating with various concentrations of drugs, other
two types of liposomes were prepared including
stealth liposomal daunorubicin and stealth
liposomal tamoxifen.

To prepare stealth liposomal daunorubicin, egg
phosphatidyl - choline (EPC), cholesterol and
polyethylene glycol — distearoyl — phosphatidy -
lethanolamine (PEG2000-DSPE) (55/40/5,
pmol/pmol) were dissolved in chloroform in a
pear-shaped flask. The chloroform was removed by
evaporation with a rotary vacuum evaporator, and
the lipid film was hydrated with 250 mM
ammonium sulfate followed by sonication for 0.5
min with a water bath sonicator. Afterwards, the
blank liposomes were obtained, and successively
extruded through polycarbonate membranes
(Millipore, Bedford, MA, USA) with pore size of
400 nm and 200 nm for 2 times, respectively. After
dialysis (12000-14000 molecular mass cutoff)
against the Hepes buffered saline (HBS, 25 nM
Hepes/150 nM NaCl) for 4 times, blank liposomes
were mixed with an appropriate volume of
daunorubicin hydrochloride HBS buffer, incubated
at 60 °C water bath, and intermittently shaken for
25 min.

To prepare stealth liposomal tamoxifen, EPC,
cholesterol, PEG2000-DSPE (55/40/5, pmol/pmol)
and tamoxifen were dissolved in chloroform in a

pear-shaped flask. The following procedures were
the same with those of blank liposomes.

Stealth liposomal daunorubicin plus tamoxifen
was prepared with a combination procedure,
namely, after preparation of stealth liposomal
tamoxifen, daunorubicin was loaded with the same
method as that of stealth liposomal daunorubicin.

The drug-loaded liposomes were separated

from un-encapsulated daunorubicin or
un-encapsulated tamoxifen by passing the
liposomes over a Sephadex G-50 column

equilibrated with HBS buffer, and the encapsulation
efficiencies for both agents were estimated. The
mean particle sizes, polydispersity index (PDI) and
zeta potential values were measured using Nano
Series Zen 4003 Zeta Sizer (Malvern instruments,
Ltd, UK).

Cell culture

The human breast cancer MCF-7 cells (obtained
from Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union
Medical College, Beijing, China) were routinely
grown in Dulbecco's Modified Eagle's Medium
(DMEM, high glucose) supplemented by 10%
heat-inactivated fetal bovine serum (FBS),
containing  antibiotics  (penicillin ~ 100U/ml,
streptomycin 100pg/ml) and L-glutamine (Tianrun
Shanda Biotech Co., Ltd, Beijing, China). Cells
were grown at 37°C and in the presence of 5% CO..
In the logarithmic phase of growth, cells were used
for drug sensitivity assays.

Bulk breast cancer cells drug treatment

MCF-7 cells in the logarithmic phase of growth
were harvested, washed, and seeded into 96 well
plates at a concentration of 5000 cells per well.
After 24 h for attachment, a series of drug
formulations were added into the wells, including
free daunorubicin (0 — 2.5 uM), free tamoxifen (0 —
50 uM), various concentrations of free
daunorubicin (0 — 2.5 uM) co-treated with free
tamoxifen (0 10 pM), stealth liposomal
daunorubicin (0 — 2.5 pM), stealth liposomal
tamoxifen (0 — 50 uM), various concentrations of
stealth liposomal daunorubicin (0 — 2.5 uM)
co-treated with stealth liposomal tamoxifen (0 — 10
uM).

The cytotoxicity was measured at 48 h later by
sulforhodamine B (SRB) staining assay (36), and
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the absorbance was read on a microplate reader
(BIO-RAD Model 680, Bio-Rad Laboratories, Inc.
Shanghai, China) at the wavelength of 540 nm. The
SRB assay was based on the uptake of the
negatively charged pink aminoxanthine dye,
sulphorhodamine B (SRB) by basic amino acids in
the cells. The greater the number of cells, the
greater amount of dye is taken up and, after fixing,
when the cells are lysed, the released dye will give
a more intense colour and greater absorbance (37).
The viability percentages were calculated using the
following formula: viability % = (As4 nm for the
treated cells/Ass o for the control cells) x100%,
where Asyum 1S the absorbance value. Each assay
was repeated minimum of three times.

Identification and isolation of SP cells

To isolate the breast cancer stem-like cells (SP
cells), human breast cancer MCF-7 cells were
harvested by ftrypsinization at about 80%
confluence, washed and suspended at 1x10° cells
per ml in medium (DMEM containing 2% FBS),
and pre-warmed at 37°C for 10 min. The cells were
then labeled in the same medium for 90 min at
37°C with 4 pg/ml of fluorescent dye Hoechst
33342 plus 200 uM verapamil hydrochloride (or
without adding verapamil hydrochloride). Hoechst
exclusion was inhibited by verapamil, which serves
as an inhibitor of ABC transporters (38). Then cells
were re-suspended at 1x10° cells per ml in the
medium and filtered through a 40-um cell strainer
to obtain the single cell suspensions. Finally, cells
were stained with 1 pg/ml of propidium iodide to
label dead cells. Cell analysis and sorting were
performed on a FACSDiva (Becton Dickinson, San
Jose, CA, USA) by using a dual-wavelength
analysis (blue, 420470 nm; red, 660-680 nm).
Propidium iodide-positive dead cells were excluded
from the analysis, and 1 x10* cells were analyzed
(9). Each experiment was repeated at least three
times.

To characterize the cell-surface phenotype of
SP cells, the SP subpopulation of MCF-7 cells were
sorted, and immuno-stained with anti-CD44-FITC,
anti-CD24-PE  and their appropriate isotype
controls (Becton Dickinson, San Jose, CA, USA)
on ice for 20 min in staining buffer (pH 7.4 PBS +
2%FBS), after which the sample was washed twice
with cold PBS (pH 7.4) and re-suspended in 500 pl
(per 10° cells) of cold PBS. Flow cytometry was
performed on a FACScan flow cytometer (Becton

Dickinson, San Jose, CA, USA). Side scatter and
forward scatter profiles were used to eliminate cell
doublets (13).

Breast cancer stem-like cells drug treatment

To evaluate cytotoxicity to the breast cancer
stem-like cells after applying the stealth liposomal
daunorubicin co-treated with stealth liposomal
tamoxifen, the SP cells and NSP cells of MCF-7
cells were cultured as the following procedure.
Briefly, the sorted SP and NSP cells were seeded
into the 96-well plates at 2,000 cells in 100 pl of
medium per well. After incubation for 24 h, various
drug formulations were added, including free
daunorubicin (0.5 uM), free tamoxifen (1.5 pM),
free daunorubicin (0.5 uM) co-treated with free
tamoxifen (1.5 uM), stealth liposomal daunorubicin
(0.5 uM), stealth liposomal tamoxifen (1.5 uM),
and stealth liposomal daunorubicin (0.5 puM)
co-treated with stealth liposomal tamoxifen (1.5
uM), respectively. After further incubation for 48 h,
cell viability was estimated by SRB assay.

Tumor-bearing mice drug treatment

Female BALB/c nude mice (6 - 8 weeks of age,
initially weighing 19 - 25g) were obtained from
Peking University Health Science Center (Beijing,
China). All animal experiments were performed in
accordance with the principles of care and use of
laboratory animals, and were approved by the
Institutional Animal Care and Use Committee of
Peking University. Briefly, adherent MCF-7 cells
were removed by trypsinization, and the resultant
cell suspensions were centrifuged for 5 minutes at
1,000 g and then re-suspended in serum-free
DMEM culture medium. Cell suspensions with
approximately 1.5 x 10 MCF-7 cells were
subcutaneously injected (S.C.) into right armpits of
mice (39). When tumor volumes reached to about
100 - 150 mm’, nude mice were sacrificed to
dissect the tumors. The tumors were cut into
approximate 1 mm’ pieces aseptically, and the
pieces were transplanted into the right armpits of
the nude mice, respectively. Once tumor volumes
reach to approximately 200 mm’, mice were
randomly divided into nine groups (4-6 each group).
At day 18, 20 and 22 after inoculation, various drug
formulations were injected into mice via tail vein,
respectively. The drug formulations included
physiological saline, free daunorubicin (5 mg/kg),
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free tamoxifen (2.5 mg/kg), free daunorubicin (5
mg/kg) co-treated with free tamoxifen (2.5 mg/kg),
stealth liposomal daunorubicin (5 mg/kg), stealth
liposomal tamoxifen (2.5 mg/kg), stealth liposomal
daunorubicin (5 mg/kg) plus tamoxifen (5 mg/kg),
stealth liposomal daunorubicin (5 mg/kg) plus
tamoxifen (2.5 mg/kg), and stealth liposomal
daunorubicin (5 mg/kg) plus tamoxifen (1.25
mg/kg). After administrations, the tumor volumes
of the mice were further monitored daily with a
caliper, and evaluated with the formula: V = length
x width x 0.52 (mm®). The change ratio of tumor
volume (%) at the i™ day was calculated with the
formula: R = (Vi—Vyg) /Vig x 100%, where R is the
change ratio of tumor volume, V; represents the
tumor volume at the i™ day, and Vg indicated the
tumor volume at day 18.

TUNEL analysis

The tumor-bearing mice were sacrificed at day 29
since the inoculation. Then the tumors were
isolated and fixed with terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
(TUNEL). The DNA fragmentation in tumor
masses was analyzed by following the instructions
of the manufacturer of an ApopTag plus peroxidase
in situ apoptosis detection kit (Intergen Co Ltd.,
Burlington, MA, USA). Under the light microscope,
apoptotic cells showed brownish staining in the
nuclei. The digital images of non-necrotic zone
were randomly selected in the tissue sections.

STATISTICS

Data are presented as the mean + standard deviation
(SD). One-way analysis of variance (AVONA) was
used to determine the significance among groups,
after which post hoc tests with the Bonferroni
correction were used for comparisons between
individual groups. A value of p < 0.05 was
considered to be significant.

RESULTS
Characterization of the stealth liposomes

Results showed that the encapsulation efficiency of
daunorubicin was > 95% and encapsulation
efficiency of tamoxifen was > 90% in all three
kinds of stealth liposomes, respectively. Table 1

shows the mean particle size, polydispersity index

(PDI) and zeta-potential values. The mean particle
sizes of all liposomes were approximately 100 nm.
The particle size distributions (PDIs) were 0.16 +
0.01 for stealth liposomal daunorubicin plus
tamoxifen, 0.17 + 0.01 for stealth liposomal
daunorubicin, and 0.16 = 0.0 for stealth liposomal
tamoxifen, respectively. In addition, all liposomes
zeta potential values were closed to a neutral state
(-6.5 £ 0.7 mV for stealth liposomal daunorubicin
plus tamoxifen, -7.2 = 1.6 mV for stealth liposomal
daunorubicin and -5.5 + 3.7 mV for stealth
liposomal tamoxifen).

Effect on bulk breast cancer cells in vitro

Figure 1 represents the effect on MCF-7 breast
cancer cells after applying various formulations.
Results showed that free daunorubicin alone
significantly inhibited the proliferation of MCF-7
cells, exhibiting a dose dependent manner at low
concentrations ranging from 0.25 to 2.5 uM (Figure
1.A). Free tamoxifen did not exhibit obvious
inhibitory activity to MCF-7 cells at lower
concentrations of 2.5 - 5 uM. When its
concentration increased (= 10 pM), the inhibitory
effect was increased significantly (Figure 1.B). The
in vitro inhibitory effects of drug-loaded liposomes
were attenuated as compared with those of free
drugs, respectively.

When the concentration of free daunorubicin
was in the range of 0.25 - 2.5 puM, the inhibitory
rate was from 12.6 % to 80.8 %. The inhibitory
effect of free daunorubicin at a fixed concentration
(0.25 — 2.5 uM ) was increased after co-treating
with free tamoxifen (2.5, 5 and 10 pM),
respectively (Figure 1.0), showing a
tamoxifen-dose dependent manner. For instance,
when co-applying free daunorubicin (0.25 pM)
with free tamoxifen (10 pM), the inhibitory rate
was increased from 12.6% to 66.2% as comparing
with that applying daunorubicin (0.25 pM) alone.
The same effect was observed by co-treating stealth
liposomal daunorubicin with stealth liposomal
tamoxifen (Figure 1. D).

Identification and isolation of the SP cells

The percentage of SP population was decreased
markedly to zero by treatment with verapamil in
advance (Figure 2. A), which was consistent with
the reports that verapamil could prohibit Hoechst
33342 efflux (16).
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Table 1. The average particle size, polydispersity index (PDI) and zeta potential values
daunorubicin plus tamoxifen, stealth liposomal daunorubicin and stealth liposomal tamoxifen.

of stealth liposomal

Mean size (nm)  Polydispersity index  Zeta potential (mV)
Stealth liposomal daunorubicin plus tamoxifen 99.6 +0.3 0.16 £0.01 -6.5+0.7
Stealth liposomal daunorubicin 96.4+0.3 0.17+0.01 -72+1.6
Stealth liposomal tamoxifen 93.8+0.3 0.16 £ 0.00 -55+3.7
A
—e— Free daunorubicin (0-2.5 uM)
—A— Stealth liposomal daunorubicin (0-2.5 uM)
120
100
—~ 80
S
2 60
=
8
40
20
0
0 0.5 1 1.5 2 2.5 3
Concentration of daunorubicin (uM)
B
—a— Free tamoxifen (0-50 uM)
—o— Stealth liposomal tamoxifen (0-50 pM)
120 -
100 ¢
—~ 80
5
B
z
S 40
20
0 I
0 10 20 30 40 50 60
Concentration of tamoxifen (UM )
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C
—¥— Free daunorubicin (0-2.5 uM)
—a— Free daunorubicin (0-2.5 pM) co-treated with free tamoxifen (2.5 uM)
—o— Free daunorubicin (0-2.5 uM) co-treated with free tamoxifen (5 pM)
120 —e— Free daunorubicin (0-2.5 pM) co-treated with free tamoxifen (10 pM)
100
~ 80
§
£ 60
)
> 40
20
0
0 0.5 1 1.5 2 2.5 3
Concentration of daunorubicin (UM )
b —a— Stealth liposmal daunorubicin (0-2.5 uM)
—a— Stealth liposmal daunorubicin (0-2.5 uM) co-treated with stealth liposmal tamoxifen (2.5 uM)
—o— Stealth liposmal daunorubicin (0-2.5 uM) co-treated with stealth liposmal tamoxifen (5 M)
120 —ae— Stealth liposmal daunorubicin (0-2.5 uM) co-treated with stealth liposmal tamoxifen (10 pM)
100
= 80
S
2 60
2
> 40
20
0

0 0.5 1 1.5 2 2.5 3

Concentration of daunorubicin (UM )

Figure 1. Effects on MCF-7 breast cancer cells after applying various formulations. A. Daunorubicin. B. Tamoxifen. C.
Free daunorubicin (0 - 2.5 pM) co-treated with free tamoxifen (2.5, 5, 10 uM), respectively. D. Stealth liposomal
daunorubicin (0 - 2.5 pM) co-treated with stealth liposomal tamoxifen (2.5, 5, 10 uM), respectively.

a, versus stealth liposomal daunorubicin;

b, versus stealth liposomal tamoxifen;

¢, versus free daunorubicin (0 - 2.5 uM);

d, versus free daunorubicin (0 - 2.5 pM) co-treated with free tamoxifen (2.5 pM);

e, versus free daunorubicin (0 - 2.5 uM) co-treated with free tamoxifen (5 uM) ;

f, versus stealth liposomal daunorubicin (0 - 2.5 pM) co-treated with stealth liposomal tamoxifen (2.5 uM);
g, versus stealth liposomal daunorubicin (0 - 2.5 pM) co-treated with stealth liposomal amoxifen (5 uM).
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Breast cancer stem cells were identified by the
specific surface markers CD44+/CD24-.
Approximately 1% SP cells were isolated from
MCF-7 cells (Figure 2. B).

Effect on the SP cells

Figure 3 presents the inhibitory effect on the sorted
breast cancer stem-like cells (SP) and breast cancer
cells (NSP) following co-treating free daunorubicin
with tamoxifen, or co-treating stealth liposomal
daunorubicin with stealth liposomal tamoxifen.
When treated with free tamoxifen (1.5 uM) alone,
its inhibitory effect to SP cells was similar to that to
NSP cells, suggesting that tamoxifen was able to
effectively inhibit both SP cells and NSP cells. In
contrast, the inhibitory effect of free daunorubicin
to SP cells was lower than that to NSP cells,
suggesting that the SP cells were resistant to
daunorubicin. However, free daunorubicin by
co-treating free tamoxifen showed an obvious
inhibitory effect to the SP cells. For example, when
treated with free daunorubicin (0.5 pM) alone, the
inhibitory effects to SP cells and to NSP cells were
25.8%, and 47.6%, respectively. When co-treated
free daunorubicin (0.5 pM) with free tamoxifen
(1.5 uM), the inhibitory effect to SP cells was
significantly increased to 69.8%, and the inhibitory
effect to NSP cells was also enhanced to 69.7%
(Figure 3. A). Similar result was obtained after
co-treating stealth liposomal daunorubicin with
stealth liposomal tamoxifen (Figure 3. B).

Antitumor efficacy in tumor xenografts in mice

Figure 4 represents the change ratios of tumor
volume (%) after intravenous injection of stealth
liposomal daunorubicin plus tamoxifen or various
formulations as the controls. After inoculation,
suitable tumor masses (approximately 200 mm’)
appeared at day 18. After three administrations at
day 18, 20 and 22, the inhibitory effects to tumor
growth were evidently observed in all drug-treated
groups, as compared to the blank control
(physiological saline).

After treated with free daunorubicin (5 mg/kg)
or free tamoxifen (2.5 mg/kg), the tumor growth
was obviously inhibited. When co-treated free
daunorubicin (5 mg/kg) with free tamoxifen (2.5
mg/kg), the inhibitory effect to the tumor growth,
was slightly improved.

When comparing the antitumor effects between
stealth liposomal daunorubicin (5 mg/kg) and free
daunorubicin (5 mg/kg) or between stealth
liposomal tamoxifen (2.5 mg/kg) and free
tamoxifen (2.5 mg/kg), more strong inhibitory
effects were observed in the groups administered as
the drug-loaded stealth liposomes.

After treatment with stealth liposomal
daunorubicin (5 mg/kg) plus tamoxifen (1.25, 2.5
or 5 mg/kg), the tumor growth was the most
significantly inhibited, and the tumor volume was
gradually shrunk, showing an optimal inhibitory
effect.

TUNEL analysis

The TUNEL assay showed that the apoptotic
percentages were 3.3 + 1.5% for the group treated
with physiological saline (Figure 5. A), 8.0 = 2.0%
for the group treated with free daunorubicin
(5mg/kg) (Figure 5. B), 5.7 + 2.5% for the group
treated with free tamoxifen (2.5 mg/kg) (Figure 5.
C), 9.7 £ 4.7% for the group treated with stealth
liposomal daunorubicin (5 mg/kg) (Figure 5. D),
5.0 £ 1.0% for the group treated with stealth
liposomal tamoxifen (2.5 mg/kg) (Figure 5. E),
11.3 £ 3.0% for the group co-treated free
daunorubicin (5 mg/kg) with free tamoxifen (2.5
mg/kg) (Figure 5. F), 12.0 = 3.0% for the group
treated with stealth liposomal daunorubicin (5
mg/kg) plus tamoxifen (1.25 mg/kg) (Figure 5. G)
and 14.7 £ 2.3% for the group treated with stealth
liposomal daunorubicin (5 mg/kg) plus tamoxifen
(5 mg/kg) (Figure 5. H), respectively. In
comparisons, stealth liposomal daunorubicin (5
mg/kg) plus tamoxifen (5 mg/kg) resulted in the
more obvious inducing apoptotic effect.

DISCUSSION

The main finding of the present study was that the
stealth liposomal daunorubicin plus tamoxifen was
able to eliminate cancer cells together with the
cancer stem cells. The PEGylated stealth liposomes
were included for use because the liposomes coated
with the synthetic polymer polyethylene glycol
(PEG)-lipid derivative were able to avoid the rapid
uptake by the reticuloendothelial system (RES),
and had optimal stability which contributed to
higher accumulation in the tumor tissues by the
enhanced permeability and retention effect (EPR
effect) (21,34).
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Figure 2. Identification of SP cells in human breast cancer cell lines. P3 gate represents the SP cells, and P4 gate
denotes the NSP cells. A. MCF-7 cells were treated with verapamil (200 uM) in advance, labeled with Hoechst 33342
and then analyzed by flow cytometry; B. MCF-7 cells were labeled with Hoechst 33342 and then analyzed by flow

cytometry.
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Figure 3. Effects on the sorted MCF-7 breast cancer stem-like cells (SP cells) and the sorted breast cancer cells (NSP
cells) following applying various formulations: A, free tamoxifen (1.5 uM), free daunorubicin (0.5 uM), and free
daunorubicin (0.5 pM) co-treated with free tamoxifen (1.5 uM); B, stealth liposomal tamoxifen (1.5 uM), stealth
liposomal daunorubicin (0.5 pM), and stealth liposomal daunorubicin (0.5 pM) co-treated with stealth liposomal

tamoxifen (1.5 uM).
**p<0.05.

Daunorubicin and tamoxifen were incorporated into
the same vesicle of one liposome because the
liposomal encapsulation would be beneficial for the
simultaneous action of both drugs in the tumor site.
Moreover, the systemic side effects of
chemotherapeutic agents were minimized by
lowering the drug concentrations in non-target
organs and tissues (40) and by the indirect exposure
to blood circulation system.

Results from the characterization indicated that
the stealth liposomal daunorubicin plus tamoxifen
was of benefit to its therapeutic activity because of
its smaller particle size ( 100 nm) which led to the
enhanced permeability and retention effect in solid
tumors (41,42). A narrow PDI for the stealth
liposomes showed that they were homogeneous.
All three kinds of liposomes were slightly
negatively charged and the variations in negativity
were observed. The reduction in negativity of
stealth liposomal daunorubicin plus tamoxifen
could be explained by the fact that tamoxifen, as a
neutral molecule, contributed to delocalize the
negative charge centers, resulting in an increased

zeta potential value of stealth liposomal
daunorubicin plus tamoxifen when compared with
that of stealth liposomal daunorubicin.

Previously, we had developed a tumor stem cell
targeting liposomal system by a combination use of
liposomal vinorelbine with liposomal parthenolide
(PTL) in which parthenolide acted as a specific
agent having capability of killing tumor stem cells
(14,43). During the further studies, the parthenolide
was found to easily “escape” from the liposome
surface resulting in the instability of the liposomal
parthenolide. Tamoxifen was selected due to its
ability in evidently killing the breast cancer stem
cells at the early screening, and the stability of the
tamoxifen-loaded liposomes in our preliminary
studies. In addition, tamoxifen had been used in
treating patients with early-stage breast cancer (44),
and with metastatic breast cancer (45), suggesting
that tamoxifen may potentially be capable of
eliminating the breast cancer stem cells.
Consequently, our hypothesis of the present study
was based on these considerations.
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Figure 4. Effects on the tumor growth of MCF-7 xenografts in female nude mice after injections trhough tail vein of
physiological saline, free daunorubicin (Smg/kg), free tamoxifen (2.5mg/kg), free daunorubicin (Smg/kg) co-treated
with free tamoxifen (2.5mg/kg), stealth liposomal daunorubicin (Smg/kg), stealth liposomal tamoxifen (2.5mg/kg),
stealth liposomal daunorubicin (Smg/kg) plus tamoxifen (Smg/kg). stealth liposomal daunorubicin (Smg/kg) plus
tamoxifen (2.5mg/kg), stealth liposomal daunorubicin (5mg/kg) plus tamoxifen (1.25 mg/kg) at day 18, 20, 22 post
tumor inoculation, respectively. Data are presented as the mean + standard deviation (n = 4-6).

a, p <0.05, versus physiological saline;

b, p <0.05, versus free tamoxifen (2.5mg/kg);

¢, p <0.05, versus stealth liposomal tamoxifen (2.5mg/kg);

d, p <0.05, versus free daunorubicin (Smg/kg);

e, p <0.05, versus free daunorubicin (Smg/kg) co-treated with free tamoxifen (2.5mg/kg);

f, p <0.05, versus stealth liposomal daunorubicin (Smg/kg).

To elucidate the overall effect, daunorubicin
and tamoxifen were firstly applied to bulk breast
cancer cells (a mixture of breast cancer cells and
cancer stem cells). Results demonstrated that both
daunorubicin and stealth liposomal daunorubicin
were able to effectively kill the breast cancer cells

but exhibited different inhibitory effects at the same
dose level. The difference was due to the liposomal
encapsulation of drugs. Because the liposome-cell
interactions were via four possible modes:
adsorption, endocytosis, fusion, and lipid transfer.

146



J Pharm Pharmaceut Sci (www.cspsCanada.org) 13(2) 136 - 151, 2010

Figure 5. Paraffin sections showing TUNEL-labeled cells in the tumor tissues at day 29 after inoculation of MCF-7 in
the female nude mice (x400). Apoptotic cells (shown by arrowhead) are characterized by a dense staining of nuclei.
The MCF-7 xenografted mice were given intravenously with physiological saline as a blank control (A), free
daunorubicin (5mg/kg) (B), free tamoxifen (2.5mg/kg) (C), stealth liposomal daunorubicin (5mg/kg) (D), stealth
liposomal tamoxifen (2.5mg/kg) (E), free daunorubicin (5mg/kg) co-treated with free tamoxifen (2.5mg/kg) (F), stealth
liposomal daunorubicin (5mg/kg) plus tamoxifen (1.25mg/kg) (G), stealth liposomal daunorubicin (5mg/kg) plus
tamoxifen (5Smg/kg) (H), respectively.
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Under the condition in vitro, these interactions
could retard the inhibitory effect of stealth
liposomal daunorubicin to the breast cancer cells,
while free drugs acted on the cancer cells via direct
exposure. This situation has been reversely changed
in animals, namely, administration of stealth
liposomal daunorubicin plus tamoxifen showed
more favorable inhibitory effect as compared to
free daunorubicin plus free tamoxifen, as discussed
below. The phenomenon has also been found in our
other investigations (14, 34). Similar phenomenon
was also observed after treating with stealth
liposomal tamoxifen.

A lower dose of free tamoxifen alone or stealth
liposomal tamoxifen alone did not exhibit
obviously inhibitory activity until the dose of
tamoxifen reached a higher level (=10 uM). A
recent report showed that the high dose of
tamoxifen was able to trigger the active cell death
and macroautophagy of MCF-7 cells (46). The
previous reports showed that the combination
therapy of anthracyclines and tamoxifen did not
result in significant synergistic inhibition to MCF-7
cells (47, 48). These may be associated with a
lower concentration of tamoxifen accessed into the
breast cancer cells by regular administrations in
patients. In the present study, co-treating stealth
liposomal duanorubicin with a lower dose of stealth
liposomal tamoxifen resulted in synergistically
inhibitory effect to the breast cancer cells.

To define the effect on the breast cancer stem
cells, SP cells should be identified and isolated
from the bulk breast cancer cells. In the present
study, the identification and isolation procedures
were identical to our previous report (14). The
stem-like characteristics of the isolated SP cells
were further confirmed by expressing specific

markers CD44+/CD24- and having
a higher proliferation rate (data not shown).
Results from cytotoxicity studies on the

isolated SP and NSP cells demonstrated that
daunorubicin had a higher inhibitory effect to NSP
cells when compared to SP cells, proving that
daunorubicin was resistant to the cancer stem cells.
In contrast, tamoxifen alone or a combination of
daunorubicin with tamoxifen exhibited a significant
inhibitory effect to the sorted SP cells. The most
likely reason could be associated with the
mechanism which tamoxifen could inhibit BCRP
and MDRI1 proteins overexpressed on the breast
cancer stem cells (32, 33). When co-treating with
tamoxifen, an enhanced inhibitory effect of

daunorubicin to cancer stem cells was observed due
to the effect of tamoxifen on the ABC transporters
by blocking the efflux of daunorubicin from breast
cancer stem cells. In addition, tamoxifen itself
could also induce the active cell death and
macroautophagy of breast cancer stem cells by
modulating cholesterol metabolism (46). Similar
findings were obtained when applying stealth
liposomal daunorubicin plus tamoxifen.

In vivo results proved that the stealth liposomal
daunorubicin plus tamoxifen showed an optimal
antitumor activity in the MCF-7 xenografts in mice.
The possible reasons could be due to multiple
aspects.  Firstly, the PEG-modified stealth
liposomes had a longer circulatory half-life and
were beneficial for their passive targeting the tumor
tissue via the EPR effect, thus making the
drug-loaded liposomes accumulate more in the
solid tumors (49). Secondly, stealth liposomal
daunorubicin plus tamoxifen resulted in a
synergistically inhibitory effect to the tumors. In
contrast, administration of two kinds of free drugs
would result in different distributions in animals,
thereby leading to a lower inhibitory effect or a
lower synergistic effect to the tumor tissue. Finally,
as a result of the elimination of the caner stem cells
by tamoxifen, the self-proliferative potential of
tumors was diminished. When comparing the
results among three groups administered as stealth
liposomal daunorubicin plus tamoxifen, their
inhibitory effects were increased with the dose
escalation of tamoxifen, indicating that tamoxifen
has potential in the complete eliminating the breast
cancer cells together with cancer stem cells.
TUNEL analysis further displayed that the stealth
liposomal daunorubicin plus tamoxifen generated
the most optional pro-apoptotic effect in the
xenografts, thereby contributing to the global
antitumor activity.

In summary, the stealth liposomal daunorubicin
plus tamoxifen was constructed for eliminating
both breast cancer cells and cancer stem cells.
Breast cancer stem cells were identified by the
specific markers CD44+/CD24-, and isolated from
total MCF-7 cells. Daunorubicin itself was resistant
to the breast cancer stem cells. When applying
stealth liposomal daunorubicin plus tamoxifen, the
inhibitory effects on both the breast cancer cells
and the cancer stem cells were significantly
increased in vitro, respectively. In the MCF-7
xenografts in mice, stealth liposomal daunorubicin
plus tamoxifen showed the most satisfactory
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antitumor activity due to their suitable particle size,
passive targeting to the tumor tissue, and
synergistic effects in eliminating breast cancer cells
and cancer stem cells. It could be concluded that
the therapy using stealth liposomal daunorubicin
plus tamoxifen may provide a potential strategy for
hampering relapse and metastasis by eradicating
both bulk breast cancer cells and cancer stem cells.
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