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ABSTRACT
Many types of tumors are organized in a hierarchy of heterogeneous cell populations. The cancer stem-like
cells (CSCs) hypothesis suggests that tumor development and metastasis are driven by a minority
population of cells, which are responsible for tumor initiation, growth and recurrences. The inability to
efficiently eliminate CSCs during chemotherapy, together with CSCs being highly tumorigenic and
invasive, may result in treatment failure due to cancer relapse and metastases. CSCs are emerging as a
promising target for the development of translational cancer therapies. Ideal panacea for cancer would kill
all malignant cells, including CSCs and bulk tumor cells. Since both chemotherapy and CSCs-specific
therapy are insufficient to cure cancer, we propose combination therapy with CSCs-targeted agents and
chemotherapeutics for improved breast cancer treatment. We generated in vitro mammosphere of 2
breast cancer cell lines, and demonstrated ability of mammospheres to grow and enrich cancer cells with
stem-like properties, including self-renewal, multilineage differentiation and enrichment of cells
expressing breast cancer stem-like cell biomarkers CD44C/CD24¡/low. The formation of mammospheres
was significantly inhibited by salinomycin, validating its pharmacological role against the cancer stem-like
cells. In contrast, paclitaxel showed a minimal effect on the proliferation and growth of breast cancer
stem-like cells. While combination therapies of salinomycin with conventional chemotherapy (paclitaxel or
lipodox) showed a potential to improve tumor cell killing, different subtypes of breast cancer cells showed
different patterns in response to the combination therapies. While optimization of combination therapy is
warranted, the design of combination therapy should consider phenotypic attributes of breast cancer
types.
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Introduction

Most normal tissues in adults are composed of heterogeneous
cell populations with a functional hierarchy. The stem cells
stand on the top of the hierarchical tree. Stem cells in the steady
state are in dormancy. The stem cell niche provides a microen-
vironment which can send specific signals to induce quiescent
stem cells to commit to asymmetric division, leading to genera-
tion of both an identical stem daughter cell (known as self-
renewal) and a progenitor which undergoes multilineage differ-
entiation. Thus stem cells are able to repopulate whole tissues
under certain conditions such as disease and injury, and regen-
erate cells composed of the tissues via pluripotency.1 Self-
renewal and multilineage differentiation are 2 fundamental
properties of stem cells.2 Self-renewal allows for maintenance
of stem cell population over the entire lifetime of an organism,
while multilineage differentiation acts to maintain tissue
hemostasis.1

Inspired by the biology of stem cells, Valeriote FA and his
co-workers in 1968 began to speculate the existence of similar
functional hierarchies within cancer.3 In 1994, John Dick’s lab-
oratory first tackled the question with a demonstration of func-
tional hierarchies and the identification of putative cancer stem

like cells (CSCs) within acute lymphocytic leukemia through
extensive cell cloning.4 They discovered a small subset of cells
with phenotype CD34C/CD38¡ which was able to initiate a
new leukemia episode in a SCID mouse model, and possessed
self-renewing capacity, that is a critical property of all stem
cells.4

These advances with leukemic stem cells generated enthusi-
asm in the scientific community. Continuing studies focused
on the search for a similar subset of cells with capacity to initi-
ate and maintain malignancy in other types of cancers includ-
ing solid tumors. After two decades, Michael Clark in 2003
reported the first evidence for the presence of putative cancer
stem-like cells or cancer-initiated cells within solid breast
tumors.5 They isolated and identified a small subpopulation of
human breast cancer cells that had the potential for tumorigen-
esis. Just 200 such breast cancer cells with immunephenotype
of CD44C/CD24¡ were able to initiate new tumors in a nude
mouse model, in comparison to at least 106 of unsorted breast
cancer cells required to develop a new engrafted tumor.5 Imme-
diately following this milestone in research, putative brain can-
cer stem cells were reported with positive expression of CD133
and similar attributes to normal neural stem cells.6,7 As low as
100 such CD133C brain CSCs were capable of driving
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tumorigenesis in the mouse models.6,7 Recently, rare CSCs have
been identified in other types of patient tumors and established
cancer cell lines, including ovarian, melanoma, breast, brain,
prostate, pancreatic, lung and colon.1,8 Isolation and enrich-
ment of putative CSCs are done mainly through 3 methodolo-
gies, including (a) implanting tumor tissues in suitable animal
model,5,9 (b) Use of established cell lines containing a minor
population of cells with properties similar to those of stem cells
10 and (c) Isolation of CSCs based on the expression of surface
markers for cancers.1,8

Discovery of the putative cancer stem cells has radically
altered the prospective of cancer biology with this novel pro-
posal of cancer stem cells (CSCs) model, leading to a paradigm
shift in oncology. The classic paradigm, where a stochastic
model dominated, suggested that all cancer cells are function-
ally identical with an equal potential for being tumorigenic and
with the same possibility to initiate and maintain cancer. In
contrast, the emerging cancer stem cell model hypothesized
that many types of tumors are organized in functional hierar-
chies with a heterogeneous cell population, including a small
proportion of cancer cells with stem cell-like properties (CSCs)
and a majority of tumor bulk cells. The rare CSCs are able to
both self-renew and give rise to non-tumorigenic daughter cells
that constitute the bulk of a tumor.5,9,11 Other than bulk tumor
cells, only these stem-like cancer cells have intrinsic tumori-
genic properties. The cancer stem cell model maintains that
these rare cancer stem-like cells drive the initiation, expansion,
and progression of cancer, and are responsible for cancer recur-
rence and metastasis.12-15

Although CSCs are emerging as a novel and translationally
relevant target for improved cancer therapy, accumulating evi-
dences show these cancer stem-like cells (CSCs) or tumor initi-
ating cells (TICs), are highly resistant to standard chemo- and
radiotherapies, and they persist following treatment.12-14 CSCs
are quiescent and may escape cell cycle and proliferation check-
points of conventional chemo- and radiotherapies, which only
target and eradicate cycling differentiated cancer cells. There-
fore, conventional chemo- and radiotherapy targeting only the
bulk replicating cancer cells may achieve clinical tumor reduc-
tion at the beginning of treatment, but are insufficient to cure
cancers due to ineffective inhibition of CSCs.11 These drug-
resistant CSCs that have evaded chemotherapy, may become
highly proliferative and aggressive after receiving specific stim-
uli from the stem cell niche. Thriving CSCs under the influence
of the stem cell microenvironment, lead to tumor recurrence
and disease relapse and even promote formation of distant
metastases, ultimately leading to treatment failure following
chemo-and radiotherapy.12,13,16

Given the inefficiency of standard chemo- and radiothera-
pies against CSCs, a searching for an alternative therapy specific
for CSCs-targeting is warranted. Salinomycin is a promising
CSCs-targeting agent as it selectively inhibits cancer stem-like
cells in a variety of different cancer types (including breast can-
cer) with diverse mechanisms.17,18 Salinomycin treatment also
reduces metastatic tumor burden by hampering cancer cell
migration.19 The mode of action of salinomycin targeting and
elimination of CSCs may include triggering of apoptosis,20

inhibition of ABC transporters of CSCs,21 interference with the
Wnt/b-Catenin signaling pathway, which confers resistance of

CSCs to radiation22,23 and to anticancer drugs,24 elimination of
CSCs via reduction in oxidative phosphorylation in mitochon-
dria,25 interference with cytoplasmic and mitochondrial KC

effiux, and promotion of differentiation of CSCs and epithelial
reprogramming of cells that had undergone an epithelial to
mesenchymal transition (EMT).16,17

While the importance of CSCs as a promising target for
cancer therapy is valued, neither conventional chemother-
apy nor CSCs specific therapy is alone sufficient to cure
cancer. An ideal panacea for breast cancer treatment must
kill all malignant cells, including CSCs and bulk tumor
cells. Here, we hypothesize that combination therapy with
CSCs-targeted agents and conventional cytotoxic drugs will
improve cancer treatment. Two types of compounds with
different pharmacological mechanisms are expected to work
in concert to eradicate CSCs by CSCs-specific agents (salio-
mycin) and bulk tumor cells by standard chemotherapy
(paclitaxel or lipodox). In the study, we focused on breast
cancer and testing on 2 different breast cancer cell lines,
including MCF-7, which represents hormone receptor-posi-
tive breast cancer, and MDA-MB-231, which is triple-nega-
tive breast cancers (TNBC). We first established in vitro
cancer stem cell mammosphere systems to isolate and grow
breast cancer CSCs in vitro, followed by validation of the
cultivating system by characterization of breast cancer
stem-like cell properties, including (1) self-renewal, (2)
CD44C/CD24¡/low expression of the CSCs biomarkers:, and
(3) their potential for differentiation. The effects of salino-
mycin and paclitaxel on breast stem-like cells were com-
pared, and the tumor cell killing with combination
therapies was evaluated using these 2 breast cancer cell lines
using different combinations, including paclitaxel with sali-
nomycin and lipodox with salinomycin at varied concentra-
tions and treatment times.

Results

Formation of two breast cancer mammospheres in vitro

In vitromammosphere culture is a method for the isolation and
enrichment of CSCs based on the ability of CSCs able to grow
in a undifferentiated condition without attachment to culture
plates, whereas differentiated bulk tumor cells fail to survive
under the same conditions.1,8,28 MCF-7 or MDA-MB-231 sin-
gle cell suspension was cultivated in a low-adherent substrate
in a serum-free medium containing growth factors bFGF and
EGF. While majority of the seeded cells died, we observed the
formation of floated, spherical and tight mammospheres with a
3D multicellular structure after 10–14 d culturing (Fig. 1A),
indicating that a minor population of MCF breast cells survived
and underwent proliferation in a non-differentiated condition
in an anchorage-independent manner. Rare MDA-MB-231
cells were also proliferative but formed a relatively loose and
flattened shape sphere under the same culture conditions even
after more than 14 d. In modified and optimized medium com-
positions, we observed that rare MDA-MB-231 cells formed
tight and round mammospheres (Fig. 1B) in the suspension
culture with a modified undifferentiated medium supplemented
with a low concentration of serum (1%).

CANCER BIOLOGY & THERAPY 699



Assessment of the self-renewal potential of stem-like cells
enriched in in vitro cancer mammospheres

Similar to normal mammary stem cells, breast tumorigenic cells
with stem cell properties have been reported to propagate as
floating mammospheres in vitro.1,8 In the study, the first gener-
ation mammospheres of both breast cell lines were subse-
quently subjected to enzymatically and mechanically
dissociated to single cells, followed by continued culturing to
give rise to secondary mammospheres. This procedure was
repeated at 10–14 day interval, leading to an extensive propaga-
tion as floating mammospheres for up to 4 passages in vitro,
suggesting that the mammosphere culture contained self-
renewing cells which is a crucial attribute of stem cells (Fig. 1C,
D). The ability to self renewal of this in vitro mammosphere
system-validated suitability in the use of the experimental sys-
tems for studying breast cancer stem-like cells, and to challenge
them with molecularly targeted agents that interfere specifically
with self-renewal and survival of breast cancer stem-like cells.

Assessment of the differential potential of stem-like cells
enriched in in vitro mammospheres

In order to explore the morphogenic differentiation potential of
these cells enriched in mammospheres, we set up a 3D clonal
cultivation system with Matrigel to act as a reconstituted base-
ment membrane. In vitro Matrigel cultivation systems are able
to produce the physiological signals necessary for normal mam-
mary morphogenesis.30 The cultivation of both, human pri-
mary and immortalized mammary cells in Matrigel generated

colonies with morphogenic differentiation showing bilineage
potential for production of 2 basic multicellular structures:
small acinus-like structures originating from luminal epithelial,
and solid spherical colonies derived from myoepithelial
cells.27,31 More complicated, branched ductal-acinar structures
originated from cell aggregates.32

After 3–4 weeks of differentiated Matrigel culture of cells
dissociated from mammospheres, we observed mixed lineage
colonies with the existence of similar branched, ductal-acinar
(Fig. 1E) and acinar structures (Fig. 1F) for MCF-7, and ductal-
acinar structures for MDA-MB-231 (Fig. 1G), suggesting that
cells proliferated within in vitro mammospheres maintained
multilineage differentiation potential. Single cell suspensions
dissociated from mammosphere differentiated in Matrigel cul-
ture and rebuilt spatial orientations and ductal-alveolar struc-
tures similar to the in vivo mammary tree.

Characterization of stem-like cells enriched in in vitro
mammospheres based on the expression of biomarkers
CD44 and CD24

Mammopheres culture has been reported to enrich CSCs from
several cancer cell lines, including breast cancer.29 We tested
the CSC enrichment by mammosphere culture of MCF-7 and
MDA-MB-231 human breast adenocarcinoma cells. Immu-
nostaining of cell surface marker is one of a widely-used
approaches to characterize and identify CSCs. It has been
reported that breast cancer stem-like cells are enriched within
the cellular fraction with immunophenotype of CD44C/
CD24¡ low, which identified tumorigenic cells that displayed

Figure 1. The self-renewal (A-D) and the differential (E-G) potential of stem-like cells enriched in vitro as cancer mammospheres of 2 breast cancer cell lines. (A) MCF-7
and (B) MDA-MB-231 grown under undifferentiated conditions in an anchorage-independent manner to form floating 3D mammospheres of generation 1 (G1). In vitro
serial passages of mammosphere of MCF-7 (C) and MDA-MB-231 (D) up to generation 4 (G4), indicating cells with stem cell-like properties and self-renewal potential. The
differential potential of breast cancer stem cell-like cells from mammospheres tested on a 3 dimensional clonal cultivation system containing Matrigel under differenti-
ated conditions. MCF-7 showing branched, ductal-acinar structure (E) and acinar structures (F); MDA-MB-231 showing mixed lineage colonies with existence of clear
branched, ductal-acinar structure (G). Photographs were taken at 10x magnification.
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stem/progenitor cell properties.1,5 We probed breast cancer
CSC surface markers CD44 and CD24 in both adherent
monolayers and anchorage-independent mammosphere cul-
ture with different generations.

While negative stain was detected in the isotype control groups,
we observed a heterogeneous cell population with a different level
of expression with CD44 and CD24 in the case of the adherent
MCF-7monolayers, in which the majority of cells had a phenotype
of CD44C/CD24C. Only 4.9% of cells detected displayed breast
cancer stem-like cell biomarkers with the phenotypic expression of
high CD44 and low CD24 (CD44C /CD24¡low). This rate was
increased slightly to 5.9% when MCF-7 cells were cultivated as the
first generation of mammospheres which showed different charac-
teristics of cells in terms of expression level of CD44 and CD 24.
However, no statistically significant CSCs enrichment was
observed between the first generationmammoshpere and adherent
monolayer. Notably, the third MCF-7 mammoshpere generation
significantly enhanced enrichment from 5% to 56% of CD44C/
CD24¡low breast cancer stem-like cells in comparison to adherent
MCF-7 monolayer cells, suggesting the MCF-7 mammosphere
model enriches and expandsMCF-7 CSCs (Fig. 2).

In contrast to MCF-7 breast cancer, almost all of MDA-MB-
231 cells cultivated in both the adherent monolayer and
anchorage-independent mammosphere (up to the fourth gen-
eration) were immunostained positively for CD44 and nega-
tively for CD24 (CD44C /CD24¡low) (Fig. 3).

Drug effects on the formation of MCF-7 mammospheres
after 5 day treatment

Recent research showed that salinomycin selectively inhibits
growth of human breast cancer stem cells in vitro.17 We exam-
ined the effect of CSC-targeted agents, salinomycin, and a cyto-
toxic chemotherapeutic, paclitaxel, on the formation of
mammospheres. Clearly, salinomycin treatment inhibited the

formation of mammospheres remarkably (Fig. 4). Cells in
exposure to paclitaxel still generated mammospheres, although
their sizes were slightly smaller when compared to untreated
group (Fig. 4). These results suggest that paclitaxel had only a
minor effect on the cell population of CSCs. However, salino-
mycin inhibited CSCs development and diminished the self-
renewing property of the CSC population.

Viability of breast cancer cells exposed to monotherapy
and combinatorial therapy of lipodox with salinomycin

After MDA-MB-231 breast cancer cells were exposed to either
monotherapy (lipodox alone or salinomycin alone) or combination
therapy of lipodox and salinomycin for 24 hr, 48 hr or 72 hrs, a
time-dependent tumor cell killing was observed (Fig. 5A). The
combinatorial therapy of lipodox and salinomycin produced a syn-
ergic effect and led to a significantly higher cytotoxicity than the
use of either lipodox or salinomycin alone at all concentrations and
time points tested. When compared to lipdox alone, the combina-
tion treatment enhanced tumor cell killing by 20–30% at 24 hrs
30% at 48h and around 20–50% at 72 hrs. When compared to sali-
nomycin, alone the combination treatment lowered the cell viabil-
ity by around 30% at 24 hrs, 50–60% at 48 hrs and 70% at 72 hrs.
No significant difference in tumor cell killing was observed between
the groups with either 0.75 mg/ml or 1.5 mg/ml salinomycin in
combination with lipodox (Fig. 5A).

MCF-7 were more sensitive to treatment with salinomycin at
the concentration tested. After short term of exposure to treat-
ment for 24h, the combinatorial therapy of lipodox and salinomy-
cin had a significant higher tumor cell killing in comparison to the
use of either lipodox or salinomycin alone. With prolonged treat-
ment for 48 hr and 72 hr, only co-treatment with low concentra-
tion lipodox (3 mg/ml) with salinomycin improved cytotoxicity
and achieved tumor cell killing similar to the use of high concen-
tration of lipodox (30 mg/ml) alone, implying that systemic

Figure 2. Expression of biomarker CD44 and CD24 of a MCF-7 adherent monolayer culture and different generations of mammospheres, showing that breast cancer stem-
like cells with CD44C/CD24¡/1ow were enriched by mammosphere passage to the third generation.
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toxicity would be reduced by the combination therapy due to a
decrease in the lipodox doses used (Fig. 5B).

Viability of breast cancer cells exposed to monotherapy
and combinatorial therapy of paclitaxel with salinomycin

MDA-MB-231 and MCF-7 breast cancer cells were exposed to
either monotherapy (paclitaxel alone or salinomycin alone) or
combination therapy of paclitaxel and salinomycin for 48 hr

and 72 hr. With co-treatment with salinomycin and paclitaxel
for 48 hr at all concentrations tested, MDA-MB-231 cells had a
significantly higher cytotoxicity with paclitaxel alone rather
than salinomycin alone. After extension of co-treatment for
72 hr, both compounds: paclitaxel and salinomycin, worked in
concert to improve efficacy against MDA-MB-231 in vitro
(Fig. 6A)

Similar to results with MDA-MD-231, a significantly
lower survival rate was observed with MCF-7 cells treated

Figure 3. Examination of breast cancer stem-like marker CD44 and CD24 of MDA-MB-231, showing high CD44 and low CD24 expression in both, monolayers and mam-
mospheres of different generations. Red: Unstained cells; Green: Cell with CD44 or CD 24 isotype Antibody stained; Blue: Cells with CD44- or CD 24 Antibody staining.

Figure 4. Effect of drug treatment on the formation of MCF-7 mammospheres. Salinomycin treatment inhibited the formation of mammospheres, while paclitaxel treat-
ment generated mammospheres, which were smaller compared to the untreated group.
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for 48 hr with 1.5 mg/ml salinomycin in combination of
paclitaxel at the 3 varied concentrations tested than mono-
therapy with paclitaxel, whereas the levels of tumor cell kill-
ing by combination therapy were similar to corresponding
monotherapy with salinomycin. However, synergy between

paclitaxel and salinomycin for growth inhibition were seen
with a longer term drug incubation for 72 hr in all of 6
combination treatment groups, indicating that combination
therapy enhanced antitumor activity if prolonged exposure
of drugs was used (Fig. 6B).

Figure 6. Viability of breast cancer cells exposed to monotherapy or with a combination therapy of paclitaxel with salinomycin. (A) MDA-MB-231; (B) MCF-7 cells. Mean §
SD, n D 5. � P < 0.05.

Figure 5. Viability of breast cancer cells after exposure to monotherapy or a combination therapy of lipodox with salinomycin. Combination therapy of salinomycin with
lipodox produced synergistic effects on the viability of (A) MDA-MB-231 cells and (B) MCF-7 cells. Mean § SD, n D 5. � P < 0.05.
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Discussion

Many type of tumors are organized in a hierarchy with hetero-
geneous cell population. The cancer stem cell (CSC) hypothesis
suggests that tumor development and metastasis are driven by
a minority population of cells, which are responsible for tumor
initiation, growth and recurrences. The inability to efficiently
eliminate CSCs during conventional therapy, together with
CSCs being both highly tumorigenic and invasive, may result
in the treatment failure due to cancer recurrence and metasta-
ses. Numerous studies reported a link between CSCs and
epithelial-to-mesenchymal transition (EMT),33 and recently
the concept of “migrating cancer stem cells” has been pro-
posed.34 Since EMT is critical for metastasis, it implies that
CSCs have been invoked as the seed for distant metastases,
which typically are responsible for end-stage disease and ulti-
mately death.33

Eradication of all malignant cells within a patient’s cancer,
including CSCs and their progeny, is essential to prevent cancer
relapse and metastasis. Standard chemo- and radiotherapy may
have clinical benefits on tumor regression in advanced stages of
cancer as a result of their killing the bulk tumor population,
but disease relapse is highly likely to occur due mainly to their
minimal effect on the CSC population. In contrast, a CSC-
targeted therapy may have substantial clinical benefit in early
stages of cancer as well as in neo-adjuvant and adjuvant clinical
settings.11 However, their modest effect on tumor growth of the
bulk tumor population limits their use for advanced stages of
cancer. Accumulated evidence obtained on both in vitro cell-
based tests and in human cancer mouse xenografts, supports
the conclusion that CSC targeting agents are most effective in
eradicating CSCs and their progeny when these agents are in
combination with conventional cytostatic drugs and/or novel
CSCs-targeted drugs.35,36,37 Breast cancer CSC-targeting thera-
pies have been under investigation by numerous research
groups worldwide. Targeted strategies being developed include
direct inhibition of the self-renewal of breast cancer stem-like
cells, indirect modulation of the microenvironment and direct
induction of death of breast cancer stem cells by chemical
agents that trigger differentiation of CSCs, immunotherapy and
oncolytic viruses.28

To develop breast cancer stem-like cell targeted therapies, a
pivotal step for successful outcomes is to isolate and identify
the breast cancer stem-like cells to acquire starting materials
for all subsequent tests. Three methods have been developed so
far to enrich breast cancer stem-like cells, including (1) fluores-
cence-activated cell sorting (FACS) based on breast cancer
stem cell markers such as CD44, CD24 and CD133;38 (2) sort-
ing of the side population (SP) that effluxes Hoechst 33342;39

and (3) mammosphere or tumorsphere assay.1,8 Every method
has its own advantages and disadvantages. The 3D mammo-
sphere or tumorsphere culture system has been valued as an
extremely useful model for the study of stem cell of epithelial
tissues and tumor initial cells in solid tumors. It has been uti-
lized initially to enrich and expand normal neural stem cells
and later to enrich brain tumor stem cells in vitro. Doutu
et al,27 developed a mamosphere system to enrich mammary
stem cells under undifferentiated conditions by culturing cells
in an anchorage-independent way. Breast cancer stem cells

were also propagated and enriched in such a mammosphere
culture system.27 The principle behind the approach is that
when a single cell suspension is seeded in defined serum-free
media, containing growth factors and mitogen (to sustain pluri-
ptency) in an anchorage-independent fashion (using a low
attachment plate), only stem cells can form 3D spherical colo-
nies of cells in suspension, but most epithelial bulk tumor cells
cannot survive and undergo anoikis due to lack of “a substra-
tum,” an absolute condition for the growth of epithelial cells.
Notably, that one of the limitations in the use of these techni-
ques is the enriched breast cancer stem cell population often
contains phenotypes with differences in the expression level of
CD44 and CD24 or may contain a small population that do not
exhibit the CD44CCD24¡/low phenotype.

In this study, we selected a 3D mammosphere culture sys-
tem for in vitro isolation of breast cancer CSCs. We demon-
strated its ability to enrich and expand cells with stem-like
properties, including self-renewal and differentiation. The com-
bined expression of 2 cell surface markers: CD44C/CD24¡/low.5,
was first utilized to identify and isolate tumorigenic CSC from
non-tumorigenic cancer cells in breast cancer.5 We used the
same methodology to validate mammospheres by examining
the expression of the CSCs’ phenotype in 2 breast cancer cell
lines. We detected less than 5% CSCs with phenotype of
CD44C/CD24¡/low in MCF-7 breast cancer cell monolayer cul-
turing and the 3rd generation of mammospheres enriched
CD44C/CD24¡/low stem-like cells up to 56%. However MDA-
MB-231 constantly expressed a high percentage of CD44C/
CD24¡/low in both monolayer culturing and float mammo-
spheres of different generations. These results highlight the bio-
logical heterogeneity of breast cancer. Indeed, breast cancer
based on molecular profile, has been classified into 4 major sub-
types, including (1) the luminal A with the expression of hor-
monal receptors (both estrogen (ER) and progesterone ( PgR);
(2) a luminal B with ER and PgR expression together with
HER2 overexpression; (3) the HER2-OE subtype with presence
of HER2 and absence of hormonal receptors, and (4) basal-like
tumors expressing diverse and distinct basal markers.40

Our results confirmed MDA-MB-231 as being characterized
as a basal/ mesenchymal breast cancer cell line, bearing an
intrinsically higher percentage of the tumor cell population
with the CSC phenotype of CD44CCD24¡/low. This is consis-
tent with tests on primary breast carcinomas38 and in vitro
data, which showed a predominant CD44CCD24¡/low CSC
phenotype in basal-like breast cancer.41 In general, CD44 is a
positive indicator characteristic of cancer stem cells, and has
significant expression in invasive basal-like cell lines and basal-
like tumors with poor prognosis. CD44 is associated with a
mesenchymal stem cell-like profile with enrichment for genes
involved in cell motility, proliferation and angiogenesis. CD44
positivity is related to decrease in patient survival.42 However,
CD24 expression reflects differentiated properties of epithelial
cells.43 CD24¡/low cells show stem or progenitor-like proper-
ties.38,42,43 The majority of the basal-like tumors were charac-
terized to be CD24¡/low. The mesenchymal cell lines, including
MDA-MB-231, showed lower levels or no expression of
CD24.44,45

In terms of luminal A tumors, most of them maintain an epi-
thelial phenotype, enriched with a cell population with positive
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expression of CD24, indicating CD24C cells are related to more
differentiated cell lines, tumors or tissues.41 Our results showed
that a high percentage of CD24C is prevalent in MCF-7-adher-
ent monolayers. We also detected a MCF-7 adherent monolayer
with mainly positive CD44 cells, which seems more characteris-
tic of basal/epithelial breast cancer cells, since the epithelial
luminal breast cancer cell line is thought to enrich the CD44¡

cell populations. Most importantly, the in vitroMCF-7mammo-
spheres established in the study showed the ability to enrich
breast cancer stem-like cell with phenotype of CD44C/CD24¡.

Saliomycin showed significant effect on the formation of mam-
mospheres, validating its role in targeting breast cancer stem cells,
while paclitaxel was ineffective again breast cancer stem cells. Both
compounds in the combination therapy showed a potential to
improve tumor cell killing presumably by working in concert to
eradicate CSCs by the CSCs-specific agent salinomycin and bulk
tumor cells by standard chemotherapy, such as paclitaxel or lipo-
dox. Certainly, the optimization of the combination therapy
regimen is warranted in further studies. In comparison withmono-
therapy, that the combination treatments we achieved similar or
better effects on tumor cell killing by the replacement trial with
lower doses, suggesting combination therapy could reduce dose-
limiting toxicity and improve the systemic profile of safety
and thus therapeutic index. Furthermore, we observed that
different types of breast cancer can show different patterns in
response to combination therapies, suggesting that the design
of combination therapy should consider the phenotypic attrib-
utes of breast cancers.

Although salinomycin demonstrated promise as a CSCs-tar-
geted agent as it selectively inhibits cancer stem cells17 in a vari-
ety of different cancers.18 However, salinomycin had
considerable toxicity in mammals, which is an important rea-
son for its limited use as a coccidistat and growth promoter in
livestock for more than 30 years.18 To repurpose its use in can-
cer therapy, it is necessary to develop strategies to mitigate its
systemic toxicity. While combination therapy could lower the
dose of salinomycin, our next effort will be focused on design
of nanocarrier systems for delivery of salinomycin and for its
use in human drug development for CSC targeting.

Although, the real practical potential of this approach
should be confirmed in the in vivo experiments we are planning
for the future, the data obtained and presented in this paper
clearly point at high efficacy of the suggested combination.

In sum, we have developed and optimized protocols to gen-
erate in vitro mammosphere cancer models of 2 breast cancer
cell lines. The mammosphere models are able to grow and
enrich cancer cells with stem cell-like properties, including self-
renewal, multilineage differentiation and enrichment of cells
expressed breast cancer stem cell biomarkers. Combination
therapy with CSCs-targeted agents and conventional cytotoxic
drugs is promising as a strategy to improve outcome for cancer
treatment with a favorable therapeutics index.

Materials and methods

Material and reagents

Ultra low-attachment 6-well plates were purchased from Corning
Costar; Human Epithelia growth factor (EGF) was from Sigma-

Aldrich; DMEM/F12, Human recombinant basal fibroblast growth
factor (bFGF) and 50x B27supplementminus Vitamin Awere pur-
chased from Life Technologies ; 40mm cell strainer cap filters were
purchased from Fisher Scientific. Salinomycin was purchased from
Cayman Chemical; Paclitaxel was purchased from Cedarburg
Pharmaceuticals, and lipodox was purchased from SUN Pharma-
ceutical Ind, Ltd. PE mouse anti-human CD44 and FITC Mouse
Anti-Human CD24, FITC Mouse IG2a, k isotype control and PE
Mouse IG2b, k isotype control were purchased from BD Sciences.
MCF-7(ATCC number: HTB-22) and MDAMB-231 cells (ATCC
number: HTB-26) were purchased from ATCC. A CellTiter-Blue
assay kit was from Promega.

Methods

Adherent monolayer cell culture
MCF-7 and MDAMB-231 breast cancer cells were grown with
the completed MEM or DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics in a humidified incuba-
tor at 37�C and 5% CO2.

In vitro mammosphere culture
In vitro mammosphere cultures were prepared according to a
described protocol.26. Briefly, MCF-7 single cell suspensions were
grown in serum-free DMEM/F12 medium supplemented with
20ng/ml EGF, 20ng/ml bFGF, and 1X B27supplement. For
growth and proliferation of MDA-MB-231 single cell suspen-
sions, cells were grown in DMEM/F12 medium containing 1%
FBS (V/V) without addition of EGF, bFGF, and 1X B27supple-
ment. The single cell suspension was plated in 6-well ultralow
attachment plates at a density of 5,000–10,000 cells per well
depending on the cell line and cultured for 10–14 d at 37�C and
5% CO2. To obtain the single cell suspension, a 40 mm cell
strainer cap filter was used to remove cell aggregates.

In vitro serial passage of mammosphere culture
To assess the self-renewal potential of stem-like cells enriched
in vitro cancer mammosphere, mammospheres harvested by
centrifugation at 130 g and room temperature, were dissociated
into a single cell suspension using a P1000 pipette and chemi-
cally using pre-warmed trypsin followed by passage through a
40 mm cell strainer cap filter. The single cell suspension was
plated in 6-well ultralow attachment plates at a density of
5,000–10,000 cells per well and cultured for 10–14 d at 37�C
and 5% CO2. At the end of experiments, mammospheres were
photographed under a microscopy at 10x magnification.

Identification of the self-renewal potential of breast cancer
stem cells enriched in mammospheres
The first generation of mammospheres was collected by gentle
centrifugation at 130 g and room temperature, dissociated into
single cell suspensions, and cultured under the conditions
described above for another 10–14 days, followed by another
round of mammosphere passage.

Assessment of the differential potential of breast cancer
stem-like cells from mammospheres
To assess the potential for lineage differentiation, a 3-
dimensional (3D) Matrigel-based culture was established under
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a differentiating condition according to a previous descrip-
tion.27 For the 3D cultures, single cell suspensions from dissoci-
ated mammospheres of MCF-7 and MDA-MB-231 breast
cancer cells were plated in 24-well plates separately at clono-
genic densities of 120 cells/ 300 ml of Matrigel and cultivated in
medium containing DMEM/F12 supplemented with 5% FBS
and 1% antibiotics. After 3–4 weeks, photographs were taken
with an optical microscopy at 10x magnification.

Expression of stem cell surface markers of breast cancer stem
cells enriched in mammospheres
For probing and identifying the cell-surface immunopheno-
types of MCF-7 and MDA-MB-231 breast cancer cells in an
adherent monolayer culture as well from a serial passages of
mammospheres, cells were dissociated into a single cell suspen-
sion mechanically using a P1000 pipette and chemically using
pre-warmed trypsin followed by passing through a 40 mm cell
strainer cap filter. Cells were washed with a cold washing buffer
composed of Phosphate Buffered Saline (PBS) and 3% FBS,
harvested by centrifugation and re-suspended at a cell density
of 1 £ 106 cells in100 ml of staining buffer containing 10% FBS
in PBS and incubated for 10 min at 4�C. Cells collected by cen-
trifugation were subjected to immunostaining with PE mouse
anti-human CD44 and FITC Mouse Anti-Human CD24, or
stained with their isotype controls, including a PE Mouse IG2b,
k isotype control and a FITC Mouse IG2a, k isotype control,
for 45 min at 4�C in the dark. The samples were then washed
3 times with washing buffer, collected and re-suspended in
500 mL of sheath fluid. Flow cytometry was performed on a
flow cytometer (Becton Dickinson, San Jose, CA, USA).

The effect of drugs on mammosphere formation
A MCF-7 single cell suspension dissociated from generation 2
of mammospheres, was seeded into 6-well ultralow attachment
plates and cultivated under undifferentiating condition as
described above. MCF-7 cells were treated with 750ng/ml PCT
and 1.5 mg/ml Salinomycin immediately after seeding. Plates
were be analyzed for the formation of mammospheres at day
C5 using an optical microscopy at 10x magnification.

Cytotoxicity
MCF-7 and MDA-MB-231 breast cancer cells were seeded into
96-well microplates at a density of 5 £ 103 cells in complete
medium per well. After growth to 60–70% confluence, each cell
line was treated with a variety of different monotherapy and
combination therapies, including various concentrations of
monotherapy: PCT (250 ng/ml, 500 ng/ml and 750 ng/ml) or
lipodox alone (3,10,30 mg/ml), salinomycin (0.75,1.5 mg/ml)
alone, combination treatment of lipodox (3,10,30 mg/ml) and
salinomycin (0.75,1.5 mg/ml) or of PCT (250 ng/ml, 500 ng/ml
and 750 ng/ml) and salinomycin (0.75,1.5 mg/ml). After the cell
lines was exposed to treatment for 24, 48 or 72h, cell viability
was measured by CellTiter-Blue Cell Viability assay as described
in the manufacturer’s manual. Briefly, at the end of treatment,
drug-contained medium were removed, and cells were incubated
with fresh complete medium containing the CellTiterBlue assay
reagent (20 ml/well), at 37�C for 1h. The fluorescence intensity
was measured by a multidetection microplate reader (Bio-Tek)
with excitation/emission wavelengths of 525/590 nm.

Statistical analysis
SPSS (version 16) with ANOVA followed by a Bonferroni post
hoc test was used to analyze the statistical significance of the
results and differences between experimental groups. The p
value less than 0.05 indicated a statistically significant result.
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