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Arsenic trioxide potentiates the effectiveness
of etoposide in Ewing sarcomas
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Abstract. Ewing sarcomas (ES) are rare mesenchymal tumours,
most commonly diagnosed in children and adolescents. Arsenic
trioxide (ATO) has been shown to efficiently and selectively
target leukaemic blasts as well as solid tumour cells. Since
multidrug resistance often occurs in recurrent and metastatic
ES, we tested potential additive effects of ATO in combina-
tion with the cytostatic drugs etoposide and doxorubicin. The
Ewing sarcoma cell lines A673, RD-ES and SK-N-MC as well
as mesenchymal stem cells (MSC) for control were treated
with ATO, etoposide and doxorubicin in single and combined
application. Viability and proliferation (MTS assay, colony
formation, 3D spheroid culture) as well as cell death induction
(western blot analysis, flow cytometry) were analysed. In the
MTS viability assays ATO treatment significantly reduced
the metabolic activity of all three ES cell lines (A673, RD-ES
and SK-N-MC) examined. Moreover, all ES cell lines were
sensitive to etoposide, whereas MSC remained unaffected by
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the drug concentrations used. With the exception of ATO in
RD-ES cells, all drugs induced apoptosis in the ES cell lines,
indicated by caspase-3 and PARP cleavage. Combination of
the agents potentiated the reduction of viability as well as the
inhibitory effect on clonal growth. In addition, cell death induc-
tion was obviously enhanced in RD-ES and SK-N-MC cells
by a combination of ATO and etoposide compared to single
application. Summarised, the combination of low dose, physi-
ologically easily tolerable ATO with commonly used etoposide
and doxorubicin concentrations efficiently and selectively
suppressed viability and colony formation in ES cell lines,
whereas a combination of ATO and etoposide was favourable
for cell death induction. In addition to an increase of the effec-
tiveness of the cytostatic drugs and prevention of potential drug
resistance, this approach may also reduce toxicity effects, since
the individual doses can be reduced.

Introduction

Ewing sarcomas (ES) are rare, aggressive mesenchymal
tumours affecting bones and soft tissues with a peak inci-
dence in childhood and adolescence (1). In ~85% of patients a
t(11;22) (q24:;q12) chromosomal translocation can be detected
leading to expression of a chimeric fusion protein composed
of the Ewing sarcoma breakpoint region 1 (EWS) gene on
chromosome 22 and the Fried leukaemia integration 1 (FLII)
gene on chromosome 11. Moreover, other less common fusion
proteins have been described mostly comprising the EWS
transactivation domain (2). The aberrant transcription factor
EWS-FLII activates several signalling pathways promoting
proliferation and apoptosis resistance (3-5).

The standard of care for ES is a neo-adjuvant chemo-
therapy including doxorubicin, vincristine, cyclophosphamide,
actinomycin D, ifosfamide and etoposide followed by surgery,
conceivably radiation therapy and adjuvant chemotherapy
(6,7). Five-year survival rates for localised disease are ~70%.
However, patients with metastases expect only 5-year survival
rates of 20-30% (1).

Multidrug resistance is a common problem in metastatic
and recurrent ES and increases during prolonged therapy (8).
Multidrug resistance associated protein 1 (MRP1) overexpres-
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sion is a common feature of ES, whereas multidrug resistance
protein 1 (MDR1) expression is less common (9). Substrate
specificity of both ABC transporters includes etoposide, doxo-
rubicin and vincristine implicating their role in therapeutic
resistance of ES (10).

Several clinical trials specifically targeting receptor
tyrosine kinases such as insulin-like growth factor receptor 1
(IGF-1R), kit, platelet-derived growth factor receptor
(PDGFR), epidermal growth factor receptor (EGFR), vascular
growth factor receptor (VEGFR) or other proteins including
Aurora kinase A, mammalian target of rapamycin (mTOR)
or poly (ADP-ribose) polymerase 1 (PARPI) in ES family
tumours are currently in phase I and II. However, response
rates in ES are usually <30% (1). Combination therapy using
cytotoxic drugs and targeted therapeutics may be an opportu-
nity to overcome drug resistance and improve survival.

The glioma associated oncogene family 1 (GLI1) transcrip-
tion factor is a direct transcriptional target of the EWS-FLI1
fusion protein (11-13). In several types of cancer, including
ES and rhabdomyosarcoma (RMS), GLI1 has been associ-
ated with proliferation and survival (12,14). Targeting GLI by
arsenic trioxide (ATO) has been shown to reduce viability of
several ES cell lines with an ICs, of ~1 yM using a WST-1
viability assay (15). Additionally, ATO inhibits migration and
invasion capacity of RD-ES and A673 cells (16). Moreover,
Matsumoto et al reported that GANT61, another GLI inhibitor,
was capable of inducing caspase-3 and -7 independent cell
death in the ES cell line SK-N-LO (17).

In this study, we determined whether GLI inhibition using
ATO or GANT®61 specifically and efficiently compromises
three different ES cell lines compared to mesenchymal stem
cells (MSC). Based on our results, we selected ATO for combi-
nation experiments with etoposide and doxorubicin. Especially,
the combination of ATO and etoposide significantly exceeded
the effect of each single drug on viability reduction, clonal
growth and cell death induction in ES cell lines, whereas MSC
were hardly compromised by the drug doses applied in the
experiments.

Materials and methods

Reagents. ATO (Trisenox, Pharmacy of University Hospital
Tuebingen) was dissolved in purified water, GANT61 (Abcam,
Cambridge, UK), etoposide and doxorubicin (Selleckchem,
Munich, Germany) were dissolved in dimethyl sulfoxide. For
cell culture treatment stock solutions were further diluted in
culture medium.

Cell lines and culture. RD-ES and A673 cells were obtained
from CLS Cell Lines Service GmbH (Eppelheim, Germany).
SK-N-MC were purchased from ATCC (Manassas, VA, USA).
RD-ES and SK-N-MC cells were maintained in RPMI-1640
with L-glutamine (Gibco, Life Technologies, Darmstadt,
Germany) supplemented with 15% FCS (Biochrom, Berlin,
Germany). A673 cells were cultivated in Dulbecco's modified
Eagle's medium with GlutaMAX, 4.5 g/1 D-glucose (Gibco,
Life Technologies) supplemented with 10% FCS (Biochrom).
Bone marrow derived MSC were isolated at the University
Hospital Tuebingen after written informed consent of the
patients (approved by The Ethics Committee of the Medical
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Faculty, project no. 401/2013 BO,), propagated as described
before (18) and confirmed to represent multi-lineage differ-
entiation potential toward chondrocytes, adipocytes and
osteocytes (data not shown). All cells were cultivated at 37°C
in humidified atmosphere containing 5% CO,.

RNA isolation and gRT-PCR. RNA was isolated using the
innuPREP RNA Mini kit (Analytik Jena AG, Jena, Germany).
RNA (1 pug) was reverse transcribed using the innuSCRIPT
reverse transcriptase (Analytik Jena AG). cDNA (50 ng)
was analysed in duplicate reactions by quantitative RT-PCR
(qQRT-PCR) using gene-specific primers and the SYBR
Select Master mix for CFX (Life Technologies GmbH) in a
total volume of 10 ul. qRT-PCR was carried out in a CFX96
real-time device (Bio-Rad, Munich, Germany) and was anal-
ysed using the CFX Manager™ software (Bio-Rad). Relative
expression levels were calculated as fold change compared to
MSC using the AACt (2"22°Y) method with TATA box binding
protein (TBP) as a reference gene. Hh pathway primers were
used according to Laurendeau et al (19).

Cytotoxicity assay. Cell Titer 96® AQueous One Solution Cell
Proliferation (MTS) assay (Promega, Mannheim, Germany)
was used to measure cell viability via redox enzyme activity,
according to the protocol provided by the manufacturer. A673,
RD-ES, SK-N-MC and MSC (0.5-1x10* cells/well) were
grown in 96-well plates. Twenty-four hours after seeding,
the cells were incubated in the presence of ATO, GANT6I,
etoposide, doxorubicin or inhibitor combinations for another
96 h at 37°C in a humidified atmosphere of 5% CO, in air.
At the end of the incubation period, MTS reagent was added
to the wells, and the plate was incubated for 1.5 h protected
from light. Absorbance was recorded at 490 nm with a refer-
ence wavelength of 630 nm using an EL 800 reader (BioTek,
Winooski, VT, USA).

IC;, determination. 1Cy, values of ATO, GANTG6I, etoposide
and doxorubicin were determined for the different cell lines
by non-linear regression using GraphPad Prism V6.0 software.

Colony formation assay. A673 cells were plated at a density
of 1x10° cells/well, RD-ES cells were plated at a density of
0.5x10% cells/well and SK-N-MC were plated at a density
of 1.5x10% cells/well in a 6-well plate and incubated with
increasing concentrations of ATO, etoposide, doxorubicin or
inhibitor combinations for 72 h, followed by substitution of the
culture medium. After 10 days subsequent growth in standard
growth medium, cells were fixed using ice cold methanol for
10 min, washed and stored in PBS. Visualisation of fixed cell
colonies was achieved by incubating the cells with 0.5% (w/v)
crystal violet for 30 min. Excess crystal violet was removed by
washing with ddH,0O. Visible colonies consisting of =50 cells
were counted. The colony formation rate was determined:
(number of colonies/number of plated cells) x 100.

Spheroid assay. For generation of 3D spheroids 0.5x10* cells
of the ES cell line A673 or 0.25x10* cells of the ES cell line
SK-N-MC were seeded in ultra-low-attachment, U-bottom
96-well plates (Thermo Scientific, Rochester, NY, USA). After
96 h spheroid formation was documented by micrographs and
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ATO, etoposide and doxorubicin were added to the culture
medium as indicated. Ninety-six hours later a second docu-
mentation by micrographs was performed.

Westernblotanalysis. A673,RD-ES,SK-N-MC orMSC (2.5x10°
each) were incubated in 12-well plates with inhibitor concentra-
tions indicated for 48 h. For analysis, cells were washed with
PBS and lysed in protein lysis buffer (40 mM Tris/HCI pH 7.4,
300 mM NaCl, 2 mM EDTA, 20% glycerol, 2% Triton X-100)
supplemented with proteinase inhibitor at 4°C. Insoluble mate-
rial was removed by centrifugation. The protein concentration
in the supernatant was determined by Bradford protein assay.
Protein samples (40 ug) were separated by 10% SDS-PAGE
and transferred to a hydrophobic polyvinylidene difluoride
(PVDF) membrane (Immobilon-P; Merck KGaA, Darmstadt,
Germany). After blocking with 5% powdered milk (Carl Roth,
Karlsruhe, Germany) in TBS-T, membranes were incu-
bated with primary antibodies [GLI1 rabbit pAb #2553,
B-tubulin (9F3) rabbit mAb #2128, cleaved caspase-3 (SAI1E)
rabbit mAb #9664, anti-cleaved PARP (DE64E10) rabbit
mADb #5625, all 1:1,000, Cell Signaling Technology, Leiden,
The Netherlands; GLI2 (H300) rabbit pAb, 1:200, sc-28674,
Santa Cruz Biotechnology Inc., Dallas, TX, USA] with gentle
shaking overnight at 4°C according to the manufacturer's
protocols. Membranes were washed three times with TBS-T.
Secondary antibody (horseradish peroxidase-conjugated anti-
rabbit pAb, 1:10,000, Jackson Immuno Research, West Grove,
PA, USA) was added for 2 h, and the membranes were washed
another three times with TBS-T. Proteins were detected using
ECL Western Blotting Substrate (Thermo Scientific, Waltham,
MA, USA) with membranes exposed to Amersham Hyperfilm
ECL (GE Healthcare, Pittsburgh, PA, USA). A pre-stained
protein ladder (PageRuler Plus, Thermo-Scientific) was used
for determination of molecular weights. ImageJ (NIH) was
utilised for western blot quantification.

Flow cytometry. Cell membrane integrity as indicator for cell
death was determined using the fixable viability dye eFluor® 450
(eBioscience, San Diego, CA, USA). A673 (2.5x10°), RD-ES
(1.5x10%), SK-N-MC (1x10%) or MSC (2.5x10°) were incubated
with inhibitor concentrations indicated for 72 h, washed with
PBS, detached with trypsin, and stained for 30 min at 4°C in the
dark. Cells were washed with PBS and fixed with 0.5% formal-
dehyde diluted in PBS before being resuspended in FACS buffer
(PBS containing 2% FCS, 2 mM EDTA). Flow cytometric
analysis was performed on an LSRII flow cytometer (Becton-
Dickinson, Franklin Lakes, NJ, USA) using FlowJo Software
(Tree Star Inc., Ashland, OR, USA) for data evaluation.

Statistical analysis. All statistical tests were performed using
GraphPad Prism V6.0 software and statistical differences were
analysed by two-way ANOVA with p<0.05, p<0.01 and p<0.001
considered as statistically significant. Multiple comparisons
between groups were performed using Tukey's test.

Results
Expression of hedgehog pathway genes in ES cell lines. Hh

pathway gene expression was determined in three human ES
cell lines, compared to MSC (Fig. 1A). Quantitative real-time
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Table I. Hh pathway inhibition and cytostatic drugs reduce
viability in human ES cell lines.

Inhibitor Cell line 1C,
ATO MSC >10.00 uM
A673 0.23 uM
RD-ES 191 uM
SK-N-MC 442 uM
GANTO61 MSC 16.05 uM
A673 1201 pM
RD-ES 3537 uM
SK-N-MC 59.56 uM
Etoposide MSC >35.00 uM
A673 0.88 uM
RD-ES 1.06 uM
SK-N-MC 1.11 uM
Doxorubicin MSC >150.00 nM
A673 27.18 nM
RD-ES 115.00 nM
SK-N-MC 75.15 nM

MTS assays were performed four days after treatment with ATO,
GANT®61, etoposide or doxorubicin in three ES cell lines and mes-
enchymal stem cells (MSC) in quadruplicate. Mock-treated control
was set to 100% viability. ICy, values were determined by non-linear
regression of MTS results using GraphPad Prism 6.

PCR revealed that GLI1 mRNA expression was considerably
elevated in A673 cells compared to MSC, whereas it was
downregulated in SK-N-MC. Also GLI2 mRNA was slightly
overexpressed in A673, whereas its expression level in RD-ES
and SK-N-MC resembled the MSC control. GLI3 mRNA
was marginally overexpressed in A673, but downregulated in
RD-ES and SK-N-MC. SMO mRNA expression was slightly
enhanced in A673 and SK-N-MC compared to MSC, whereas
it was downregulated in RD-ES. Hh receptor PTCH1 mRNA
was overexpressed in all ES cell lines compared to MSC,
however only A673 cells showed a strong overexpression.

GLII protein expression was analysed by western blotting
in ES cell lines and MSC (Fig. 1B). All splice variants =100 kDa
were quantified and normalised to tubulin expression. The
graph shows the full length GLI1 protein expression relative to
MSC. In contrast to the overexpression of GLI1 mRNA, GLI1
protein expression of A673 cells mostly resembled MSC. In
RD-ES and SK-N-MC GLI1 protein expression was reduced
compared to MSC. In addition, GLI2 protein expression was
determined by western blotting. The abundance of the full
length and repressor form was quantified and normalised
to tubulin expression. Both, GLI2 full length and repressor
protein was expressed in all ES cell lines, however being very
faint compared to the expression in MSC (Fig. 1C).

GLI inhibition and cytotoxic drugs reduce viability of human
ES cell lines. MTS viability assays were performed to deter-
mine ICy, values of ATO, GANT6I, etoposide and doxorubicin
in the three ES cell lines and MSC (Table I). While viability
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Figure 1. Human ES cell lines express Hh pathway genes. (A) Total RNA was extracted from three ES cell lines and MSC. Quantitative RT-PCR was performed
for the genes GLI1, GLI2, GLI3, SMO and PTCHI1 in quadruplicate and normalised to the housekeeping gene TBP. Expression levels relative to human MSC
are shown. (B and C) Protein was extracted from three ES cell lines and MSC and western blot analysis was performed for GLI1 (B) or GLI2 (C) expression,
tubulin was used as loading control. Signals of three independent experiments were quantified. The graphs show the mean values and standard deviations of
GLI1 full length protein (B) or GLI2 full length (GLI2") and repressor (GLI2R?) protein expression (C) compared to MSC.

of MSC was still 82.4% after 96 h of incubation with 10 xuM
ATO, the ICs, values for the ES cell lines ranged from 0.23 yuM
in A673 to 4.42 uM in SK-N-MC. This indicates that ATO
specifically reduced viability of the tumour cell lines using
doses <5 uM. The second GLI inhibitor, GANT61, inhibited
the viability of A673 cells with an ICy, of 12.01 M. A similar
ICs, of 16.05 uM was obtained in MSC. In contrast, both
RD-ES (ICs, 35.37 uM) and SK-N-MC (ICy, 59.56 uM) were
significantly more resistant to GANT61. Using 35 uM of the
topoisomerase inhibitor etoposide 85.6% of MSC were viable.
In contrast, the IC,, values obtained in the ES cell lines were
0.88 uM (A673), 1.06 uM (RD-ES) and 1.11 uM (SK-N-MC)
revealing a high sensitivity. Doxorubicin, a DNA intercalating
anthracycline, reduced the viability of A673 cells with an
IC, of 27.18 nM. SK-N-MC (ICs, 75.15 nM) and RD-ES
(ICs, 115 nM) were more resistant. MSC (58.6+1%) were still
viable at the highest doxorubicin dose used (150 nM), recom-
mending the use of lower doxorubicin doses to specifically
target the tumour cells.

Combination of ATO with etoposide and doxorubicin
augments viability reduction. To determine potential additive
effects of ATO and the cytostatic agents etoposide and doxo-
rubicin, low doses of ATO and both chemotherapeutics were
used in combination experiments. The individual concentra-
tions were adjusted for each cell line to consider specific
sensitivities for each substance (Fig. 2). A673 cells showed
a significant viability reduction to 40.1+4.9% compared to
mock-treated control after the combination of 0.1 uM ATO
and 1 M etoposide, whereas additional application of 5 nM
doxorubicin reduced viability to 32.8+1.3%. After the double
treatment with the respective ATO and doxorubicin doses
viability was hardly affected, while the single application of
1 uM etoposide was sufficient to reduce the metabolic activity
of A673 cells to 63.1+5.1%. Due to the very distinct sensitivity
of the A673 cell metabolism to ATO, combination experiments
were performed with extremely low ATO concentrations. The
etoposide dose applied for these cells corresponded to the half
maximal inhibitory concentration. In RD-ES cells a combina-
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Figure 2. ATO in combination with cytostatic drugs enhances viability reduction in human ES cell lines. MTS assays were performed four days after single
or combined treatment of three ES cell lines and MSC with ATO, etoposide and doxorubicin in quadruplicate. Mock-treated control was set to 100% viability
(A, uM ATO; E, uM etoposide; D, nM doxorubicin). Error bars indicate the standard deviations (“"p=<0.001 relative to single treatment).
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Figure 3. ATO in combination with etoposide or doxorubicin impairs colony formation of ES cell lines. A673 cells (1x10%),0.5x10° RD-ES or 1.5x10° SK-N-MC
cells were seeded in 6-well plates and incubated with the ATO (A), etoposide (E) or doxorubicin (D) concentrations indicated for 72 h. Subsequently, cells
were incubated in normal culture medium for another ten days. Visualisation of fixed cell colonies was achieved by incubating the cells with 0.5% (w/v) crystal
violet. Representative images for each cell line are shown. Colonies of three independent experiments were counted. The graph indicates the mean colony
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tion of 2 uM ATO and 0.5 M etoposide or 5 nM doxorubicin
reduced the viability <30% of mock-treated control, which was
only slightly enhanced by the triple combination (19.8+1.1%).
Regarding the single drug applications used, the dose of 2 yM
ATO was most efficient (52.5+7%) in RD-ES cells, representing
the half maximal inhibitory concentration. With the excep-
tion of etoposide, SK-N-MC cells were more resistant to the
single drugs compared to the other ES cell lines. Best results
for combination treatment were achieved after incubation with
3 uM ATO and 30 nM doxorubicin (35.8+3.1% viable cells).
The combination of 3 uM ATO with 0.5 uM etoposide was less
effective (56.6+2.1% viable cells) and also the triple combina-
tion did not exceed the combined ATO and doxorubicin effect

p=<0.001 relative to mock-treated control).

(39.5£1.5%). MSC were not severely affected by the highest
substance doses of 3 yuM ATO, 1 uM etoposide and 30 nM
doxorubicin used for the ES cells. Indeed, viability was still
higher after treatment with drug combinations compared to the
applied etoposide (83.39+1.9% viable cells) and doxorubicin
(75.84+8.7% viable cells) concentrations alone.

ATO in combination with etoposide and doxorubicin impairs
colony formation of ES cell lines. Colony formation assays were
performed in the ES cell lines A673, RD-ES and SK-N-MC
using 0.5 yM or 1 yM ATO in combination with 0.2 uM
etoposide or 5 nM doxorubicin (Fig. 3). The colony formation
rate of mock-treated RD-ES cells (25.1+5.8%) was higher
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Figure 4. ATO, etoposide, doxorubicin and drug combinations reduce ES cell growth of 3D spheroid cultures. A673 (0.5x10*) or 0.25x10* SK-N-MC cells were
plated in non-adherent, U-bottom 96-well plates. After four days spheroid formation was documented with the microscope (day 0). Spheroids were incubated
with the ATO, etoposide (Eto) and doxorubicin (Doxo) concentrations indicated for another four days whereupon a second micrograph was taken (day 4).

Representative micrographs of three independent experiments are shown.

compared to A673 (12.3+£1.3%) or even SK-N-MC, where only
6.7+0.3% of the plated cells formed colonies. Single applica-
tion of 0.2 uM etoposide significantly reduced colony numbers
in A673 cells (6.5+0.3%) and the combination of 0.2 uM
etoposide and 1 uM ATO exceeded the effect of the single
treatment (colony formation rate 4.7+1.4%). Also combination
of 5 nM doxorubicin with 1 uM ATO (5.2+0.5% remaining
colonies) was superior compared to the single agents in A673.
The triple combination using 0.5 uM ATO, 0.2 uM etoposide
and 5 nM doxorubicin was equally efficient compared to both
double treatments utilising 1 uM ATO. Interestingly, just A673
cells, being extremely ATO sensitive in the viability assays,
were quite resistant in these experiments with several small
colonies remaining even after the triple treatment.

In RD-ES cells, ATO single treatment was already
sufficient to significantly reduce colony formation (colony
formation rate 0.5 uM ATO: 9.9+0.5%, 1 uM ATO: 9.9+2.4%),
whereas 0.2 uM etoposide or 5 nM doxorubicin had less impact.
Combination of both ATO concentrations with etoposide or
doxorubicin potentiated the decline of colony formation with
the combination of 5 nM doxorubicin and 1 uM ATO (colony
formation rate 3.9+0.6%) being the most efficient. The triple
combination was still superior to all double combinations
reducing the colony formation rate to 2.4+0.2%.

Due to generally restricted colony formation of SK-N-MC
cells no treatment led to a significant reduction of colony
numbers counted. However, etoposide as well as the combina-
tion of 1 uM ATO and 0.2 uM etoposide reduced the colony
formation rate <3%, whereas the triple combination was the
most efficient (1.7+0.1% residual colonies).

Etoposide, ATO and combinations thereof reduce ES cell
growth in 3D spheroid cultures. To simulate gradients in
nutrition and oxygen availability as well as drug penetration

in vivo we used 3D spheroid cultures of A673 and SK-N-MC
cells (Fig. 4). The cell line RD-ES refused to form stable 3D
cultures and had to be excluded from this experiment. Drug
concentrations used in single, double and triple application in
this assay were 2 uM ATO, 2 uM etoposide and 30 nM doxo-
rubicin. Especially 2 uM etoposide reduced the spheroid size
and cohesion after four days of incubation in both ES cell lines.
ATO (2 uM) also partially lysed the spheroids, whereas 30 nM
doxorubicin were less efficient compared to the other agents.
For both, A673 and SK-N-MC cells, none of the combinations
outranked the effect of etoposide single treatment.

ATO, etoposide and doxorubicin induce cell death in ES cell
lines. To exclude that the drugs have only transient growth
arresting and viability reducing properties, flow cytometry
analysis to detect incorporation of the fixable viability dye
eFluor® 450 was performed. The dye is excluded from cells
with intact membranes, therefore apoptotic or necrotic cells
with membrane degradation can be quantified using this
method. The ES cell lines A673, RD-ES and SK-N-MC as
well as MSC were incubated with ATO, GANT61, etoposide or
doxorubicin for three days (Fig. 5). ATO (5 uM) was sufficient
to induce maximum cell death compared to the other treat-
ments in this assay. Indeed, within the ES cell lines RD-ES
exhibited the lowest amount of dead cells (41+2.7%) after incu-
bation with 5 yuM ATO, whereas 70+1.9% of SK-N-MC and
68+3.6 of A673 cells lost membrane integrity three days after
application of this dose. GANTO6I, on the other hand, failed
to induce significant cell death in all three ES cell lines at the
concentration of 15 yuM. Also treatment with 5 uM etoposide
was sufficient to induce significant death rates in A673 cells
(65.2+2.4%). The response of RD-ES cells was much less
distinct (19.9+£3.8%), while SK-N-MC exhibited an inter-
mediate death rate of 38.5+7.4% compared to mock-treated
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Figure 5. ATO, etoposide and doxorubicin induce cell death in human ES cell lines. Incorporation of the fixable viability dye eFluor® 450 was analysed by
flow cytometry three days after treatment with ATO, GANT61, etoposide or doxorubicin in three ES cell lines and MSC in triplicate. Mock-treated control was

ok

set to 0% cell death. Error bars indicate the standard deviations (" p=<0.001 relative to MSC cell death). For all treatments (black curves) and corresponding
mock-treated controls (grey curves) representative FACS histogram plots are shown.

control. As for the other substances, the death rate after incu-
bation with 50 nM doxorubicin obtained in A673 cells was
higher (49.7+1.4%) than in RD-ES (28.9+3.6%) or SK-N-MC
(23+1.7%). For MSC no significant cell death induction was
detectable using any of the substances.

Combination of ATO and etoposide potentiates the cell
death induction in ES cell lines. In combination experiments
detecting incorporation of the fixable viability dye eFluor® 450
(Fig. 6) ATO, etoposide and doxorubicin concentrations were
used according to the MTS approach. In A673 cells 1 uM
etoposide was sufficient to induce 49.1+1.2% cell death,

which was, in contrast to the viability assay, not exceeded
by the combination with 0.1 uM ATO (50.6+4.4%) or the
triple combination including 5 nM doxorubicin (52.5+2.8%).
Membrane integrity was not affected by the low ATO and
doxorubicin concentrations applied. In RD-ES cells, both the
combination of 2 yuM ATO and 0.5 uM etoposide as well as
the triple combination including 5 nM doxorubicin clearly
surpassed the efficiency of each single substance. However,
the death rate after application of the triple combination
(45.7£1.4%) was not higher compared to the double treatment
using ATO and etoposide (49.2+2.7%). The ATO-doxorubicin
combination showed a comparable impact (32.6+0.8% dead
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Figure 6. ATO in combination with etoposide enhances cell death induction in human ES cell lines. Incorporation of the fixable viability dye eFluor® 450 was
analysed by flow cytometry three days after single or combined treatment with ATO, etoposide and doxorubicin in three ES cell lines and MSC in triplicate.

Mock-treated control was set to 0% cell death. Error bars indicate the standard deviations (" p=<0.001 relative to single treatment). For combined treatment with
ATO and etoposide (black curves) and corresponding mock-treated controls (grey curves) representative FACS histogram plots are shown.
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Figure 7. ATO induces apoptosis in the human ES cell lines A673 and SK-N-MC. Three ES cell lines and MSC were incubated with the ATO doses indicated
for two days. Cells were lysed and subjected to western blot analysis with antibodies against cleaved PARP, cleaved caspase-3 and tubulin for loading control.
Signals of three independent experiments were quantified. The graph show the mean values and standard deviations of caspase-3 and PARP cleavage (“p=<0.01,
“*p=0.001 relative to MSC PARP cleavage).

cells) as 2 uM ATO (32.1£6.3%). In SK-N-MC only the to the single substances, whereas the triple combination was
combination of 3 uM ATO and 0.5 uM etoposide induced a  less efficient (27.7+7.5%). Basically, the combination of ATO
significantly stronger death response (34.7+4.4%) compared and etoposide appeared to be most efficient in all ES cell
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Figure 8. Etoposide and doxorubicin induce apoptosis in human ES cell lines. Three ES cell lines and MSC were incubated with: (A) etoposide (Eto) or
(B) doxorubicin (Doxo) doses indicated for two days. Cells were lysed and subjected to western blot analysis with antibodies against cleaved PARP, cleaved
caspase-3 and tubulin for loading control. Signals of three independent experiments were quantified. The graphs show the mean values and standard deviations
of caspase-3 and PARP cleavage ("‘p<0.05, “p=0.01 relative to MSC PARP cleavage).

lines and, with the exception of A673 cells, clearly superior
compared to both single applications.

ATO, etoposide and doxorubicin induce apoptosis in ES
cell lines. To distinguish apoptotic from necrotic cell death,
western blot analysis was performed in the three ES cell
lines compared to MSC, detecting apoptotic PARP cleavage,
as indicated by an 89-kDa fragment and caspase-3 cleavage
represented by a 17-kDa fragment (Figs. 7 and 8). ATO
induced dose-dependent apoptosis in A673 cells. Also in

SK-N-MC cells, both PARP and caspase-3 were cleaved after
ATO incubation. Interestingly, in RD-ES cells neither PARP
cleavage nor caspase-3 cleavage could be detected, indicating
ATO induced cell death in these cells to be dependent on
another mechanism (Fig. 7). Both cytostatics etoposide and
doxorubicin induced apoptosis in all three ES cell lines as
demonstrated by PARP and caspase-3 cleavage (Fig. 8 ). After
long exposure of the western blots higher molecular weight
PARP bands could be detected in MSC, whereas obvious
caspase-3 cleavage was not observed in MSC.
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Discussion

Despite initial chemo-responsiveness of primary ES, chemore-
sistance is observed in most patients with metastases at the time
of diagnosis or upon relapse. Even using an intensive combi-
nation of vincristine, ifosfamide, doxorubicin and etoposide
(VIDE), ES patients with metastatic high-risk disease expect
event-free survival rates of only 20-30% (1). Drug resistance
often emerges upon first line chemotherapy selecting adapted
tumour cells in the whole tumour population (8). Therefore,
innovative therapeutic strategies combining established
chemotherapeutics with new targeted therapies are urgently
needed. In this study we demonstrate that a combination of
ATO with etoposide efficiently and selectively suppressed
viability and colony formation accompanied by cell death
induction in the EWS-FLI1 expressing ES cell lines A673,
RD-ES and SK-N-MC representing three different subtypes
(extraosseous, osseous and Askin's tumour = peripheral PNET,
respectively) of the ES family of tumours.

Aberrant activation of the Hh signalling pathway has been
found in several cancers including ES (12,20,21). However,
in ES the Hh pathway is activated downstream of PTCH1
or SMO via EWS-FLII1 dependent GLI1 transcription. For
this reason, SMO inhibitors are not beneficial in ES (3,12),
although expression of SMO mRNA could be validated for
A673, RD-ES and SK-N-MC cells. Interestingly, we found
the GLI1 protein expression to be slightly lower in the ES cell
lines examined compared to MSC, which are widely believed
to be the cells of ES origin (22,23). The strong GLI1 mRNA
expression observed in A673 cells could not be confirmed at
the protein level indicating regulatory mechanisms restricting
GLI1 protein translation or stability. The second activating
transcription factor of the Hh pathway, GLI2, is regulated
independently of EWS-FLII and is also no direct target of the
Hh pathway itself (24). Although GLI2 mRNA expression of
ES cells was similar or, in case of A673 cells, slightly elevated
compared to MSC, GLI2 full length and repressor protein
expression appeared to be extremely low in relation to MSC,
indicating proliferation and viability of the ES cell lines A673,
RD-ES and SK-N-MC to be rather dependent on GLI1 than
GLI2 activity.

ATO is an FDA approved drug for treatment of acute
promyelocytic leukaemia (APL) (25) and has been shown
to bind both GLI1 and GLI2, thus inhibiting transactivation
of their target genes and inducing GLI degradation (26,27).
Beauchamp er al determined ICs, values <1 uM for ATO in
A673 cells and RD-ES using WST-1 viability assays (15).
We found similar sensitivities of A673 and RD-ES cells
in the MTS assays. Particularly, all ES cell lines examined,
including SK-N-MC, were significantly more sensitive to ATO
compared to MSC, showing the high specificity of this drug,
which we could also demonstrate for RMS cells in comparison
to primary skeletal muscle cells (SKMC) (14). ATO plasma
levels obtained in leukaemia patients are 2-5 ¢M, indicating
clinically achievable concentrations in our experiments (28).
A direct effect of ATO on EWS-FLII protein abundance in
A673 and RD-ES cells has been excluded previously (16,29).
However, in addition to targeting GLI transcription factors,
cytotoxic effects of ATO also include oxidative stress and
DNA damage (30,31).
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GANTG6I, a second GLI inhibitor, also compromised MSC
viability at doses below the half maximal inhibitory concentra-
tion determined for RD-ES and SK-N-MC, whereas cell death,
assessed by eFluor® 450 incorporation, was neither induced in
the ES cell lines nor in MSC using 15 M GANT®61. In contrast
to the study of Matsumoto et al, we found SK-N-MC metabolic
activity to be largely unaffected by GANT61 concentrations
<30 uM. Moreover, cell death of the ES cell line SK-N-LO
after treatment with 30 xuM GANT61 appeared to be rather
dependent on GLI2 inhibition, while GLI1 protein expression
was hardly detectable in these cells (17). Therefore, ATO was
selected for all combination experiments with etoposide and
doxorubicin performed in this study.

Multidrug resistance of tumour cells emerges upon different
cellular events promoting the efflux of cytostatic drugs,
increasing detoxification, enhancing repair of DNA damage or
impeding apoptosis (32,33). The multidrug transporter MRP1
and MDRI1 are transcriptionally regulated by GLI1 (34).
Especially MRP1 expression is known to be abundant in ES (9)
and we could confirm its mRNA expression in all three ES cell
lines examined (data not shown). Therefore, ATO might also
reduce MRP1 expression augmenting the cytotoxic effects of
the MRP1 substrates etoposide and doxorubicin. Apart from
that, arsenic-GSH conjugates are substrates of MRP1 them-
selves, so that MRP1 might be additionally involved in ATO
resistance (35). Moreover, in MG63 osteosarcoma cells ATO
has been shown to reverse doxorubicin resistance through
downregulation of stathmin expression (36). Indeed, a prelimi-
nary report of Guo et al mentioned the potential usefulness of
ATO in combination with etoposide in Ewing sarcoma patients
(37). For this reason we investigated the impact of ATO in
combination with the cytostatics etoposide and doxorubicin on
ES cell growth and survival.

AlL ES cell lines examined exhibited etoposide ICs, values
of ~1 uM in the MTS assays. May et al reported clinically
achievable etoposide doses of 10 pg/ml, which are clearly
not obtained by our maximal applied etoposide dose of
5 uM (2.94 pug/ml) in the cell death and apoptosis assays (8).
ATO in combination with etoposide significantly potentiated
the viability decline and cell death induction in RD-ES and
SK-N-MC cells compared to single treatments. In A673 cells,
whose metabolism appeared to be extremely ATO sensitive,
0.1 uM ATO was not sufficient to augment cell death induc-
tion by 1 uM etoposide, whereas the viability was significantly
reduced by the combination of these drug doses compared to
single treatment. Also colony formation of A673 and RD-ES
cells was clearly suppressed by the combination of ATO
and etoposide compared to single application, whereas in
SK-N-MC cells this effect did not become significant due to
generally low colony formation rates.

RD-ES and SK-N-MC cells showed a higher resistance
to doxorubicin compared to A673, determined by MTS
viability assays, which was also reflected by the cell death
rates obtained. This might depend on previous doxorubicin
treatment of the patients as it is recorded for SK-N-MC (8).
Indeed, the clinically achievable concentration of 30 ng/ml
(55 nM) doxorubicin is lower than the ICs, values obtained for
RD-ES and SK-N-MC cells (8). The combination of the ATO
and doxorubicin doses applied was less effective compared to
the ATO-etoposide combinations. Nevertheless, the combined
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effect on viability reduction was significant in RD-ES and
SK-N-MC cells, whereas colony formation was significantly
compromised by the drug combination in A673 and RD-ES
cells.

Application of the triple treatment consisting of ATO,
etoposide and doxorubicin clearly reduced viability and
induced cell death in all three ES cell lines, while MSC were
not compromised by the highest concentrations used. Though,
this treatment did not significantly outrank the combinations
of ATO with etoposide. On the other hand, lowest colony
numbers were found after the triple treatment of RD-ES and
SK-N-MC.

Interestingly, RD-ES cells showed no PARP or caspase-3
cleavage upon ATO application, indicating cell death induc-
tion upon ATO in these cells to be dependent on another
mechanism. Indeed, in addition to GLI inhibition, ATO
has been implicated in MAPK inhibition, breakdown of
mitochondrial membrane potential and ROS release leading
to apoptosis, necrosis or autophagy, but also differentiation
(29,38). Moreover, pS3 mutations present in all ES cell lines
examined, or loss of pl6/pl4 in A673 cells, may interfere with
individual drug sensitivities (8).

This study shows, that a combination of low dose,
physiologically tolerable ATO and etoposide concentrations
efficiently and selectively suppressed viability and colony
formation in ES cell lines, whereas cell death was enhanced.
Although the exact mechanism of action of this combined
effect still remains elusive, this approach appears to enhance
the effectiveness of etoposide and might also prevent potential
drug resistance. Moreover, adverse effects may be reduced,
since individual doses can be diminished.
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