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SALINOMYCIN SENSITIZES MELANOMA SPHEROIDS
CONTAINING SLOW-CYCLING CELLS TO THE
EFFECTS OF ARSENIC TRIOXIDE
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Abstract

Recurrence after chemotherapy is a major cause of cancer mortality : subsets of tumor cells
evade initial chemotherapy or radiotherapy and survive to re-propagate the tumor. To develop a
novel therapeutic approach for melanoma, we applied a non-adhesive culture system which devel-
oped spheroids mimicking the properties of melanoma iz vivo. Subsequently, spheroids involved
cells exhibiting clonogenic and slow-cycling properties in addition to chemotherapeutic resistance
to doxorubicin. Interestingly, while treatment of spheroids with either salinomycin or As,03
showed limiting effects, a combinatorial treatment was markedly superior to single treatment with
each drug. Thus, melanoma spheroids could be a new platform for studying melanoma biology

and are likely to provide a clinically relevant target for the novel chemotherapy.

Key word : Melanoma, spheroid, slow-cycling cells

Introduction

Melanoma is the malignancy with the highest increase
in incidence in white populations over the past four de-
cades”. To date, no single agent has significantly
changed survival rates, while the alkylating agent dacar-
bazine is the only Food and Drug Administration-ap-
proved drug for melanoma and has a response rate of 5%
to 10%? .

ed a survival advantage for combination therapy over op-

Moreover, no clinical trials have demonstrat-

timal single-agent therapy. Development of adjuvant
therapies that increase survival beyond surgery alone has
been therefore urgently needed.

Traditional chemotherapies require fast cycling cells to

cause cell death?. Slow-cycling cells are therefore less

Correspondence : Motomu Manabe, M.D.

Department of Dermatology and Plastic Surgery, Akita
University Graduate School of Medicine, 1-1-1 Hondo,
Akita 010-8543, Japan

Tel : 81-18-884-6153

Fax : 81-18-836-2618

E-mail : manabe@doc.med.akita-u.ac.jp

likely to be susceptible to these drugs, suggesting a re-
currence mechanism in which slow-cycling cells evade
initial chemotherapy and survive to re-propagate tu-
mors. The contribution that slow-cycling populations
play in chemotherapy resistance is not well studied, al-
though this characteristic may be a significant factor in
tumor recurrence. The better characterization of these
therapy-resistant slow-cycling cells is critical for the fu-
ture development of targeted therapies aimed at achiev-
ing more robust and long-lasting responses.

Using the proliferation marker bromodeoxyuridine
(BrdU), we have demonstrated that a clonogenic, slow-
cycling and doxorubicin-resistant population was en-
riched in melanoma spheroid cells. Furthermore, we
put forward a new combinatorial treatment strategy using
arsenic trioxide (As,0s) and salinomycin to target chemo-
resistant cell populations. Our findings pave the way for
novel treatment options that will efficiently target che-

moresistant cell populations in melanoma spheroids.
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Materials and Methods

Generation of Cells and Spheroids

The mouse melanoma B16-BL6 cell line, supplied by
the Cell Resource Center for Biomedical Research, To-
hoku University, Japan, was cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) at 37°C in the presence of 5%
CO..

For spheroid formation, single cell suspensions of B16-
BL6 cells were plated on 0.5% agarose-coated culture
dishes at a density of 3 X10° cells/6 cm dish and main-
tained in DMEM/Ham’s F-12 low osmolality medium in
the presence of B27 supplement (Gibco, Grand Island,
NY USA), 1,000 IU/ml leukemia inhibitory factor (LIF)
(Millipore, Billerica, MA USA), 10 ng/ml basic fibroblast
growth factor (bFGF) (BD, Franklin Lakes, NJ USA), and
20 ng/ml epidermal growth factor (EGF) (BD, Franklin
Lakes, NJ USA), as previously described”. On day 3,
spheres were dissociated by trypsin-ethylenediaminetet-
raacetic acid (EDTA) treatment, and maintained in the

same medium for another 3 days.

Clonogenic Assay

Quantitation of i vitro self-renewal was done by limit-
ed dilution assays. Briefly, cells from monolayer culture
and spheroid culture were seeded at a ratio of 1 cell per
After 7 days,

wells containing colonies stained by 0.5% crystal violet

well in 96-well plates to avoid doublets.

were counted manually under the microscope.

Identification of Slow-cycling Cells

B16-BL6 cells were cultured in DMEM supplemented
with 10% FBS with 5 uM BrdU (Invitrogen, Carlsbad, CA
USA) for 7 days and then maintained in either adherent
or spheroids culture medium as described above. On
day 6, the trypsin-dissociated monolayer cells and spher-
oids were centrifuged at 1,000 rpm and fixed in 4% para-
formaldehyde for 4 hours. The pellets were embedded
in 5% gelatin, further fixed in 4% paraformaldehyde for
24 hours and embedded in paraffin using standard proce-
dures. For immunohistochemistry, de-paraffinized sec-
tions were subjected to heat-induced epitope retrieval

using an autoclave pretreatment for 10 min at 121°C in
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10 mM citrate buffer (pH 6.0).
was blocked with 0.3% hydrogen peroxide for 30 min

Endogenous peroxidase

then incubated with 10% normal goat serum for 30 min
at room temperature. The sections were incubated with
anti-BrdU rat monoclonal antibody (Abcam, Cambridge,
UK) for overnight at 4°C followed with Histofine® Simple
Stain™ Mouse MAX-PO (rat) (NICHIREI BIOSCIENC-
ES INC., Tokyo, JPN) for 30 min at room tempera-
ture. The sections were visualized with diamino-
3,3 benzidine tetrachlorhydrate, counterstained with
Mayer’s hematoxylin and assessed under light-micro-

scope.

Cell Viability Assay and Apoptosis Assay

Monolayer cells and spheroids were treated with ei-
ther 0.1-1 pg/ml of doxorubicin (Sigma-Aldrich Co., St
Louis, MO USA) for 3 hours or 10 uM of As,0;/ salino-
mycin for 24 hrs. After trypsin-dissociation, cells at
density of either 5X10° cells (doxorubicin) or 6 X 10°
cells (As,03/ salinomycin) were plated to 96-well
plates. Cell viability was determined by Alamar-blue®
cell viability assay (Invitrogen, Carlsbad, CA USA) ac-
cording to the manufacturer’s instructions. Fluores-
cence was measured (excitation/emission : 544/590 nM)
on a FLUOROSKAN ASCENT plate reader (Thermo
Fisher Scientific Inc., Waltham, MA USA) and the cell vi-
ability was calculated by plotting fluorescence emission
intensity versus compound concentration.

After the treatment with doxorubicin described above,
apoptotic cells were detected by the ApopTag® Peroxi-
dase In Situ Apoptosis Detection Kit (Millipore, Billerica,
MA USA) according to the manufacturer’s instructions.

Statistics

The experiment was performed in duplicates. Wil-
coxon signed-rank test was performed to determine the
significance ( p-values<0.05).

Results

Melanoma spheroid formation and identification

of cells capable of self-renewal

To determine whether B16-BL6 melanoma cells could
proliferate as non-adherent spheroids, we seeded cells
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Fig. 1.
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Morphology of spheroid cells. Mouse melanoma B16-BL6 cells were seeded onto a non-adhesive cul-

ture dish (a). The cells formed small aggregates after 24 h (b) and large balls with a spheroid configuration after
72h (c). After trypsin treatment, cells were maintained for another 3 days to develop into more tightly packed

structures (d).

on agarose-coated plastic dishes and cultured in DMEM/
Ham’s F-12 medium containing B27 supplement and
growth factors such as LIF, EGF and bFGF as described
above (Fig. 1a). Subsequently, most cells formed small
aggregated 24 h later (Fig. 1b), and then developed into
three-dimensional (3D) balls with a spheroid configura-
tion with a round and smooth contour (Fig. 1c) 3 days af-
ter initial seeding. On day 3, spheres were dissociated
by trypsin-EDTA treatment, and maintained in the
above-mentioned medium for another 3 days to develop
into more tightly packed spheroid (Fig. 1d).

Furthermore, to assess self-renewal capacity of mono-
layer and spheroid cells, we subjected these cells to clon-
ing to define the ability of a single cell to form a multicel-
lular colony. The limited dilution assay indicated that
29.9% of spheroid cells were capable of self-renewal and
6.9% of monolayer cells (Fig. 2), suggesting that spher-
oids contained more populations of clonogenic cells in
comparison with monolayer cultures.

Identification of slow cycling cells in spheroids
and monolayers

A previous study has suggested that slow-cycling cells
can be enriched in spheres when these are cultured in
serum-free medium supplemented with adequate mito-

gens”.

We, therefore, aimed to determine whether
After la-

beling with BrdU, the cells were further cultured in

slow-cycling cells were enriched in spheroids.

monolayer or spheroid condition, respectively. Over the
course of 6 days culture, dividing cells progressively di-
lute out BrdU and a BrdU-labeled cell population was
distinguishable from non-labeled bulk cells by immuno-
histochemistry. When single cells were analyzed by mi-
croscopy, a BrdU-labeled slow-cycling cell population of
9.79% was detected in spheroid cells and 0.69% in mono-
layer cells (Fig. 3), while the differences were not statis-
tically significant, suggesting that spheroid cells con-
tained proportionally more slow-cycling cells in
comparison with monolayer cells.
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Fig. 2.  Spheroids contained proportionally more clo-
nogenic cells than monolayers. Dissociated cells
were seeded at single cell 96-well plates, cultured for
7 days, and stained with crystal violet to visualize colo-
ny growth.

Pattern of chemosensitivity in the different cul-
ture conditions

To investigate whether the different culture conditions
resulted in a different pattern of chemosensitivity, we ex-
amined the effects of doxorubicin on monolayer and
spheroid cells. Both cultures were treated with doxoru-
bicin, and cell viability was measured subsequently using
an Alamar-blue® cell viability assay. The cell viability
assay demonstrated that a chemoresistant cell population
of 78, 66.8, and 41.4% of cells were chemoresistant in
spheroid cultures and 52.9, 18.9, and 3.7% in monolayer
cultures at doxorubicin concentrations of 0.1, 0.5 and 1.0
ug/ml, respectively (Fig. 4), suggesting that the spheroid
cells are more resistant to doxorubicin in comparison
with monolayer cells.

To further analyze the reduced viability of either mono-
layer or spheroid cells after treatment with doxorubicin,
apoptosis of these cell was assessed by TUNEL as-
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say. The results of TUNEL assay demonstrated that an
apoptotic cell population of 8.1% was detected in spher-
oid cells and 34.5% in monolayer cells (Fig. 5), suggest-
ing that spheroid cells were more resistant to apoptosis
induction in comparison with monolayer cells.

Targeted treatment of distinct populations of
spheroid cells

Spheroids are enriched for slow-cycling cells and are
resistant to classical chemotherapeutic drugs doxorubicin
as described above. Therefore, to develop a novel ther-
apeutic approach, we treated spheroid cells with either
As,0;3 or salinomycin individually as well as in combina-
tion. The cell viability assay demonstrated that a che-
moresistant cell population of 0.4% was present after
combination treatment whereas 131.5% (As,03) and 33%
(salinomycin) of cells where present after single treat-
ment (Fig. 6), suggesting that a combinatorial treatment
with As,0; and salinomycin was superior to single treat-
ment with each drug.

Discussion

Although monolayer cultures of human cell lines is
probably the most extensively used model system for de-
tection of new molecules that might further develop into
cancer drugs, this model does not reflect the pathophysi-
ology of solid tumors. In contrast, cells grown as spher-
oids more closely mimic solid tumors and are thus a way
to get closer to the clinical situation when studying can-
cer drugs®. In the present investigation, melanoma
cells were grown in a non-adherent culture system, with
the aim to more closely mimic solid tumors i vivo with
respect to chemoresistance. Our data demonstrated
that spheroids involved cells with more clonogenic, slow-
cycling and chemoresistant characteristics in comparison
with monolayer cells and suggested that these cells in
solid cancer may differ in therapy response to the bulk
cells. Our model that could reflect the clinical activity of
a drug would be of substantial value in the development
of novel cancer drugs.

The phenomenon of slow-cycling characteristics has
been observed in normal adult stem cells in many differ-

ent tissues such as the skin, the intestine and the hema-
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Fig. 3.

Spheroids contained proportionally more slow-cycling cells than monolayer cultures.
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After labeling with

BrdU, cells were maintained in either a non-adhesive (a) or an adhesive culture system (b). The number of slow-
cycling cell population in spheroids was compared with that in monolayers (c).

topoietic system”.

These slow-cycling cells have been
proposed to be important for life-long self-renewal and
for the generation of the different cellular lineages®.
Moreover, evidence for such chemoresistant abilities is
observed in normal skin tissue where slow-cycling cells
in the bulge of hair follicles survive chemotherapy to re-
generate the follicle”. It remains unclear what mecha-
nisms are involved in the biological properties of spher-
oids, although several studies have suggested roles for
certain signaling pathways play involved in cell growth,
metastatic potential and chemoresistance'’'?,

It is unclear whether the slow cycling cells enriched in
melanoma spheroid culture are to the same as the so-
called cancer stem cells (CSCs) or tumor-initiating cells
(TICs) reported previously'. The theory of CSCs/TICs
states that a small subset of cancer cells has the exclu-
sive capacity to divide equally into both the CSCs/TICs
pool and more differentiated cell lineages'”. Given the
clonogenic and chemoresistant properties, there might

be a partial correlation between slow-cycling cells and

CSCs/TICs. However, it is beyond the scope of the
present article to further discuss the CSCs/TICs hypoth-
esis with respect to the ongoing controversy related to
the identification of sufficient markers to define the
CSCs/TICs lineage.
may provide a basis for identification of cells with CSCs/

The approaches described here

TICs characteristics within 3D tumor spheroids, allowing
these relatively rare populations of cells to be analyzed.
Arsenic is a potent carcinogen, and arsenic exposure is
well documented to lead to the development of various
types of solid tumors. Notably, there are also studies
that have shown that one form of arsenic, As,03, exhibits
potent anti-tumor activities for acute promyelocytic leu-
kemia as well as other hematologic malignancies such as
myelodysplastic syndrome and multiple myeloma'®.
As,03 acts on cells through a variety of mechanisms, in-
fluencing numerous signal transduction pathways. An
important cellular event that occurs during apoptosis in-
duction with As,O; involves elevation of reactive oxygen

species (ROS), which leads to decreases in the mitochon-

— 147 —



Akita University

(22) Slow-cycling cells in melanoma spheroids
120
p<0.05

100 100 100 p<0.05
>
= 80
S
© H Monolayers
> 60

I Spheroid
3 pheroids
DOX:doxorubicin

40

20

Control DOX 0.1 pg/ml DOX 0.5 pg/ml  DOX 1.0 pg/ml

Fig. 4. Spheroids were more resistant to doxorubicin in comparison with monolayers. After treatment with dif-
ferent concentrations of doxorubicin, cell viability was measured by Alamar-blue® cell viability assay.
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Fig. 5. Spheroids were more resistant to apoptosis induction in comparison with monolayers. After treatment
with doxorubicin, apoptotic cells in either spheroids (a) or monolayers (b) were measured by TUNEL assay (c).
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Fig. 6. A combinatorial treatment with As,03 and sa-

linomycin was superior to single treatment with each
drug. After treatment with As,0; and salinomycin as
well as in combination, cell viability was measured by
Alamar-blue® cell viability assay.

drial membrane potential, resulting cytochrome c release
and activation of the caspase cascade'®. This appears to
be a common mechanism of induction of cell death in di-
verse cellular backgrounds. Beyond regulation of com-
mon cellular pathways in different types of tumors cells,
the present results are consistent with the previous work
demonstrating that As,0;inhibits proliferation of melano-
ma cells iz vitro'”.  However, As,O; was not effective in
the treatment of acute promyelocytic leukemia at the
plasma concentration tested (5.54 uM to 7.30 uM), al-
though the potential exists for synergism with other
agents to provide enhanced therapeutic benefits.
Salinomycin, which has been used as an agricultural
antibiotic to prevent coccidiosis, was recently shown to
significantly reduce cell viability of human cancer cells
with stem cell-like properties resistant to common che-
motherapeutic drug'®. Salinomycin functions as a trans-
membrane potassium ionophore that is able to overcome
ATP-binding cassette (ABC) transporter mediated multi-

drug resistance'”.

Thus, these characteristics of salino-
mycin have the potential to be exploited to increasingly
sensitize cells to anticancer drugs as part of combination
chemotherapy. Hence, we investigated the synergic ef-
fect of salinomycin on the reduced viability of melanoma
cells induced by As,0; treatment. The present results
demonstrated enhanced cell death, if administered in

combination with As,0s. Such combinations in clinical

appplication may result in enough antitumor activity with
acceptable tolerability.

The design of rational therapeutics targeting key play-
ers in disease pathways will certainly be the focus of
translational research in the coming years. Our ongoing
experimental trials using a spheroid model provide hope
for development of new therapeutic approaches for mela-
noma. Their rational development will require consid-
erable additional efforts to understand the many molecu-

lar actions in the cellular events.
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