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Abstract. Ewing sarcomas (ES) are highly malignant 
mesenchymal tumors, which most often occur in children 
and adolescents. The current treatment of choice comprises 
wide resection in combination with multimodal chemotherapy 
including etoposide (Eto). Due to the serious side effects associ-
ated with common chemotherapeutics and prevalent multidrug 
resistance in recurrent and metastatic ES, there is a growing 
demand for alternative strategies and add‑on drugs. Previous 
research has demonstrated efficient cell death induction by Eto 
in combination with arsenic trioxide (ATO) in ES cell lines. 
The aim of the present study was to investigate the effect of 
different temporal sequences of ATO and Eto administration 
on apoptosis induction and to explore the effect of both drugs 
on inhibitory glycogen synthase kinase‑3β (GSK3‑β) phos-
phorylation as well as multidrug transporter gene expression. 
The intensity of caspase activation was mainly determined by 
the Eto doses in A673 and TC‑71 cells, whereas in RD‑ES 
cells ATO application actively suppressed Eto‑induced apop-
tosis. This coincided with an increase in inhibitory GSK‑3β 
phosphorylation in ATO‑treated RD‑ES cells. Inherent mRNA 
expression of multidrug resistance‑associated protein 1 (MRP1) 

was low in the ES cell lines compared to that observed in the 
mesenchymal stem cells (MSC), whereas multidrug resistance 
protein 1 (MDR1) gene expression was considerably increased 
in the ES cell lines. ATO treatment reduced MRP1 mRNA 
expression in the A673 and TC‑71 cells, while expression was 
induced in the MSC and RD‑ES cells. In contrast, MDR1 
mRNA expression was specifically induced by ATO in the 
A673 and TC‑71 cells, reinforcing the expression differences 
between MSC and the ES cell lines. Although a reliable cell 
death induction by the combination of ATO and Eto has been 
previously shown in ES cell lines, the present study showed 
marked heterogeneity of the ES cell response to ATO and Eto 
treatment, illustrating the difficulty of prediction of individual 
treatment outcome in ES.

Introduction

Ewing sarcomas (ES) are aggressive mesenchymal tumors, 
which most often occur in children, adolescents and young 
adults. They are the second most prevalent malignant bone 
tumors (1). The exact genesis of ES is still unclear. Currently, 
mesenchymal stem cells (MSC) are considered as the most 
probable cells of origin (2). Various gene translocations, which 
define the disease, are discussed as a trigger for ES formation. 
The most common rearrangement is the reciprocal t(11; 22)(q24; 
q12) translocation, which occurs in approximately 85% of all 
cases and fuses the Ewing sarcoma breakpoint region (EWS) 1 
gene with the Friend leukemia integration (FLI) 1 gene (1).

The EWS‑FLI1 oncoprotein acts as a transcription factor 
and promotes, among others, the expression of glioma asso-
ciated oncogene family 1 (GLI1) (3) and insulin‑like growth 
factor 1 (IGF1) mRNA, while numerous additional targets are 
repressed by EWS‑FLI1 (1). Hence, overexpression of GLI1 
protein triggered by EWS‑FLI1 may be assumed, although this 
has not been confirmed for the ES cell lines A673, RD‑ES and 
SK‑N‑MC, which all express the EWS‑FLI1 fusion protein (4), 
while GLI1 protein expression is commonly reduced compared 
to that in MSC  (5). GLI1 expression in the ES cell line 
TC‑71 has been previously shown at the mRNA and protein 
levels (3). In TC‑71 cells, arsenic trioxide (ATO) was found 
to have no effect on GLI1 protein expression but inhibited the 
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transcriptional activity of GLI1 proven by reduced expression 
of target genes (6). The authors attributed the ATO‑dependent 
apoptosis induction in ES cell lines (determined by TUNEL 
assay) at least partially to GLI1 inhibition (6).

Fusion protein‑positive ES form genomic stable tumors 
with a few additional somatic mutations mostly affecting 
p16 and p53 function. Yet, EWS‑FLI1 expression is hetero-
geneous leading phenotypic plasticity and chemotherapy 
increases mutation numbers, which has been linked to poor 
outcome (4,7,8). Acquired multidrug resistance is a common 
feature of ES, which have been shown to express both multi-
drug resistance‑associated protein 1 (MRP1) and multidrug 
resistance protein 1 (MDR1), also known as P‑glycoprotein 1 
(PGP1)  (9‑11). Both, the SK‑N‑MC and TC‑71 (also 
EWS‑FLI1‑positive) cell lines were established after chemo-
therapy from a metastatic site (SK‑N‑MC) or local recurrence 
(TC‑71) (8). In contrast, RD‑ES cells originate from a primary 
tumor (12). The A673 cell line has been established without 
further documentation of the site of origin. Neither for RD‑ES 
nor for A673 is a treatment history available.

For ES, the actual ESMO‑PaedCan‑EURACAN guideline 
recommends multimodal chemotherapy including doxorubicin, 
cyclophosphamide, ifosfamide, vincristine, dactinomycin and 
etoposide (Eto) combined with radiation therapy (13). Eto acts 
as a topoisomerase‑2‑inhibitor and clinically achievable doses 
in the plasma of ES patients are approximately 10 µg/ml (8). 
Patients suffering from recurrent or metastatic ES have a poor 
prognosis. Previously achieved cumulative doses of chemo-
therapeutic agents afford the individualization of second line 
treatments which may also contain Eto (13). Topoisomerase‑2 
inhibition by Eto causes DNA damage, cell cycle arrest and 
apoptosis via p53‑dependent and ‑independent pathways (14). 
Activation of the intrinsic mitochondrial apoptosis pathway 
by Eto has been shown to be dependent on active glycogen 
synthase kinase‑3 (GSK‑3) (15‑17).

ATO has been established for the treatment of acute promy-
elocytic leukemia (APL) (18). Moreover, it has been shown 
to induce cell death of different solid tumor cells in vitro at 
concentrations of 0.1‑5 µM, which can also be obtained in the 
plasma of patients (5,19‑21). ATO has the property of binding 
and inhibiting the GLI1 protein directly (22) but also targets 
many additional pathways implicated in proliferation, metabo-
lism and cell death (23). Apoptosis induction by ATO is based 
on several interconnected mechanisms: First, inhibition of 
mitogenic signaling pathways including the Hedgehog (Hh) 
and Akt pathways (22,24,25); second, enhanced production 
of reactive oxygen species (ROS) (26,27); third, induction of 
endoplasmic reticulum stress and suppression of proteasome 
activity (24,27); fourth, mitochondrial disruption and subse-
quent activation of the intrinsic apoptotic pathway (26‑28), 
which may be facilitated by suppression of Bcl‑2 expres-
sion (26), fifth, stabilization of securin and cyclin B directly 
inhibiting mitotic progression, which leads to centrosome 
fragmentation dependent apoptosis preferentially affecting 
rapidly growing cancer cells compared to differentiated 
resting cells (29). In human epidermoid carcinoma cells high 
doses of ATO (20 µM) have been shown to induce ERK 
phosphorylation dependent GSK‑3 inhibition leading to 
increased p21 expression as well as apoptosis (30). In human 
rhabdomyosarcoma cell lines 1 µM ATO had a minor effect 

on GSK‑3β serine 9 phosphorylation. Yet, it significantly 
increased lithium chloride‑induced GSK‑3β inhibition and 
apoptosis (31).

GSK‑3β has been shown to act either in a pro‑apoptotic or 
anti‑apoptotic manner dependent on the pathway. The mito-
chondrial intrinsic apoptotic pathway is activated by GSK‑3β, 
whereas the death receptor‑mediated extrinsic apoptotic 
signaling pathway is suppressed (32). Since both Eto and ATO 
are capable of activating the intrinsic mitochondrial apoptosis 
pathway  (15,27), it can be assumed that active GSK‑3β is 
required for apoptosis induction by both drugs.

The combined application of ATO and Eto on ES cell 
lines has been shown to effectively reduce proliferation 
and viability concomitant with cell death induction (5). The 
present study investigated the effect of different chronological 
orders of low dose ATO and Eto administration on apoptosis 
induction in ES cell lines and explored the effect of both 
drugs on inhibitory GSK‑3β phosphorylation as well as the 
ATO impact on multidrug transporter gene MRP1 and MDR1 
expression.

Materials and methods

Reagents. ATO (Trisenox, Pharmacy of the University Hospital 
Tuebingen, Germany) was dissolved in purified water, and Eto 
(Selleckchem, Munich, Germany) was 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 (ATCC HTB‑10) were purchased from the 
American Type Culture Collection (ATCC, Manassas, 
VA, USA). TC‑71  cells were purchased from DSMZ 
(Braunschweig, Germany). RD‑ES and SK‑N‑MC cells were 
maintained in RPMI‑1640 medium with L‑glutamine (Gibco, 
Life Technologies; Thermo Fisher Scientific, Inc.) supple-
mented with 15% fetal calf serum (FCS) (Biochrom, Berlin, 
Germany). A673 cells were cultivated in Dulbecco's modified 
Eagle's medium (DMEM) with GlutaMAX, 4.5 g/l D‑glucose 
(Gibco, Life Technologies; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FCS. TC‑71 cells were maintained in 
Iscove's modified Dulbecco's medium (IMDM), supplemented 
with 10% FCS.

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 
faculty, project no. 401/2013 BO2), propagated as previously 
described  (33) and confirmed to represent multi‑lineage 
differentiation potential toward chondrocytes, adipocytes and 
osteocytes (data not shown).

All cell lines were purchased from ATCC, CLS or DSMZ. 
Cryo‑stocks were made and low passage cultures were used 
from these stocks. Cell line authentication was not performed 
as these cells derived from established cell banks and were 
submitted to in‑house quality controls.

All cells were cultivated at 37˚C in a humidified atmosphere 
containing 5% CO2 and were regularly tested for absence of 
mycoplasma contamination by PCR (AppliChem, Darmstadt, 
Germany).
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RNA isolation and RT‑qPCR. RNA was isolated using 
the innuPREP RNA Mini Kit (Analytik Jena AG, Jena, 
Germany). One µg of RNA was reversely transcribed using 
the innuSCRIPT reverse transcriptase (Analytik Jena AG). 
cDNA (50 ng) was analyzed in duplicate reactions by quan-
titative RT‑PCR (qRT‑PCR) using gene‑specific primers 
and the SYBR Select Master Mix for CFX (Thermo Fisher 
Scientific, Inc.) in a total volume of 10 µl. QRT‑PCR was 
carried out in a CFX96 Real‑Time PCR instrument (Bio‑Rad 
Laboratories, Inc., Munich, Germany) and was analyzed using 
the CFX Manager™ software (Bio‑Rad Laboratories, Inc.). 
Relative expression levels were calculated as fold change 
compared to MSC or basal expression using the ΔΔCt (2‑ΔΔCt) 
method with TATA box binding protein (TBP) as a reference 
gene  (34). The qRT‑PCR primers were used as previously 
published: GLI1 (35), MDR1 (36), MRP1 (37) and TBP (38).

Cytotoxicity assay. Cell Titer 96® AQueous One Solution Cell 
Proliferation assay (Promega, Mannheim, Germany) (MTS) 
was used to measure cell viability via redox enzyme activity, 
according to the protocol provided by the manufacturer. TC‑71 
(0.3x104 cells/well) or RD‑ES (0.5x104 cells/well, Fig. S1) 
cells were grown in transparent F‑bottom 96‑well plates. 
Twenty‑four hours after seeding, the cells were incubated in 
the presence of ATO or Eto as indicated for another 96 h at 
37˚C in a humidified atmosphere of 5% CO2 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 reference wave-
length of 630 nm using an EL 800 reader (BioTek, Winooski, 
VT, USA).

IC50 determination. The half maximal inhibitory concentration 
(IC50) values of ATO and Eto were determined for TC‑71 cells 
by nonlinear regression using GraphPad Prism V8.0 software 
(GraphPad Software, Inc., La Jolla, CA, USA).

Caspase assay. Apo‑ONE® Homogeneous Caspase‑3/7 Assay 
(Promega) was used according to the protocol provided 
by the manufacturer. A673 (0.5x104  cells/well), RD‑ES 
(0.25x104 cells/well), TC‑71 (0.15x104 cells/well) and MSC 
(0.5x104 cells/well) were grown in black 96‑well plates with 
opaque F‑bottom. Twenty‑four hours after seeding, the cells 
were incubated in the presence of ATO, Eto or combinations 
as indicated for another 96 h at 37˚C in a humidified atmo-
sphere of 5% CO2 in air. Excess primary drug‑solution was 
removed prior to secondary drug application. At the end of 
the incubation period, the Z‑DEVD‑R110 substrate was added 
to the wells, and the plate was incubated for 1 h protected 
from light. Fluorescence was recorded at an excitation wave-
length of 485 nm and emission wavelength of 528 nm with 
a Wallac  1420 Victor2 multilabel counter (Perkin  Elmer, 
Waltham, MA, USA).

Western blot analysis. A673, RD‑ES, SK‑N‑MC, TC‑71 cells 
or MSC (2.5x105 cells/well) were incubated in 12‑well plates 
for 48 h. For analysis, the cells were washed with PBS and 
lysed in protein lysis buffer (40 mM Tris/HCl pH 7.4, 300 mM 
NaCl, 2 mM EDTA, 20% glycerol, 2% Triton X‑100) supple-
mented with proteinase inhibitor at 4˚C. Insoluble material 

was removed by centrifugation. The protein concentration in 
the supernatant was determined by Bradford protein assay. 
An amount 40 µg of the protein samples was separated by 
10%  SDS‑PAGE and transferred to a hydrophobic poly-
vinylidene difluoride (PVDF) membrane (Immobilon‑P; 
Merck KGaA, Darmstadt, Germany). After blocking with 
5% powdered milk (Carl Roth, Karlsruhe, Germany) in TBS‑T, 
the membranes were incubated with primary antibodies: GLI1 
rabbit pAb #2553, β‑tubulin (9F3) rabbit mAb #2128 (both 
at a dilution 1:1,000) (Cell Signaling Technology, Leiden, 
Netherlands) with gentle shaking overnight at 4˚C according to 
the manufacturer's protocols. Membranes were washed three 
times with TBS‑T. Secondary antibody (horseradish perox-
idase‑conjugated anti‑rabbit pAb, dilution 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 Fisher Scientific, Inc.) with membranes 
exposed to Amersham Hyperfilm ECL (GE  Healthcare, 
Pittsburgh, PA, USA). A pre‑stained protein ladder (PageRuler 
Plus; Thermo Fisher Scientific, Inc.) was used for determina-
tion of molecular weights. ImageJ Software version 1.51s 
(National Institutes of Health, Bethesda, MD, USA) was 
utilized for western blot quantification.

ELISA. A673 (0.5x106 cells/well), RD‑ES (0.5x106 cells/well) 
and TC‑71 (0.2x105 cells/well) cells were incubated with the 
drug concentrations indicated for 48 h in 6‑well plates and 
the GSK3 beta (Total/Phospho) InstantOne™  ELISA kit 
(cat.  no. 85‑86173‑11; Thermo Fisher Scientific, Inc.) was 
carried out according to the manufacturer's instructions.

Statistical analysis. All statistical tests were performed using 
GraphPad Prism V8.0 software and statistical differences 
were analyzed by two‑way ANOVA with P≤0.05, P≤0.01 and 
P≤0.001 considered as indicative of statistical significance. 
Multiple comparisons between groups were performed using 
Tukey's test.

Results

GLI1 protein expression in ES cell lines. GLI1 protein expres-
sion in A673, RD‑ES and SK‑N‑MC cells in comparison to 
MSC was analyzed in a previous publication (5). For a better 
comparison of GLI1 protein expression in TC‑71 cells, western 
blotting was repeated including the previously analysed ES 
cell lines and MSC isolated from a different patient (Fig. 1A 
and  B). All GLI1 splice variants with molecular masses 
between 100 and 160 kDa (39) were quantified and normalized 
to tubulin expression. The graph shows the full length GLI1 
protein expression relative to MSC (Fig. 1B). As previously 
shown (5), GLI1 protein abundance was reduced in the A673, 
RD‑ES and SK‑N‑MC cells when compared to MSC, whereas 
TC‑71 cells showed an increased GLI1 protein expression. 
Compared to the MSC used in (5), the GLI1 protein expression 
difference was more pronounced in the actual experiments.

Viability reduction by ATO and etoposide in TC‑71 cells. MTS 
viability assays were performed to determine the IC50 values 
of ATO and Eto in the TC‑71 cell line (Table I). The IC50 value 
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for ATO was 2.12 µM, whereas the half maximal inhibitory 
concentration of Eto was determined as 0.3 µM, which was 
comparable to the drug sensitivity of the other ES cell lines (5).

Influence of the temporal order of repeated drug treatment on 
caspase activation in ES cell lines. To determine the effect of 
ATO, Eto and combinations of both drugs on caspase‑depen-
dent apoptosis a caspase‑3/7 activity assay was performed 
(Fig. 2A‑C). A673, RD‑ES and TC‑71 cells were either incu-
bated for 96 h without medium change (MC) or fresh drug 
solution was added after 48 or 72 h, respectively. Drug doses 
applied were set individually per cell line as low as possible 
depending on previous dose finding tests and IC50 values. 
The ATO doses applied to the A673, RD‑ES and TC‑71 cells 
led to a maximal 2‑fold increase in caspase‑3/7 activation 
with only slight differences between the treatment sequences 
(Fig. 2A‑C). The general ability of ATO to induce caspase‑3 
cleavage was previously shown in A673 and SK‑N‑MC cells 
applying higher doses, whereas 5 µM also ATO induced only 
minor caspase‑3 cleavage in RD‑ES cells (5). Compared to 
ATO, the Eto doses applied in the actual experiments induced 
more pronounced relative caspase‑3/7 activation, which 
was also influenced by treatment chronology. In A673 cells 
(Fig. 2A), fresh drug application after 48 or 72 h was both 
favorable compared to a single Eto treatment (P≤0.001). In 
contrast, in RD‑ES cells (Fig. 2B) caspase activation could 
not be further enhanced by fresh drug application after 
48 h, whereas a medium change providing fresh Eto after 

Figure 1. GLI1 protein expression in human ES cell lines. Protein was 
extracted from ES cell lines (A673, RD‑ES, SK‑N‑MC, TC‑71) and MSC. 
Western blot analysis was performed for GLI1 with tubulin as a loading 
control. (A) A representative western blot is shown. (B) Signals of three inde-
pendent experiments were quantified. The graph shows the mean values and 
standard deviations of GLI1 full length protein expression in ES cell lines 
compared to MSC. ES, Ewing sarcoma; GLI1, glioma associated oncogene 
family 1; MSC, mesenchymal stem cells.

Table I. ATO and Eto sensitivity of the TC‑71 cell line.

Inhibitor	 Cell line	 IC50 (µM)

ATO	 TC‑71	 2.12
Eto	 TC‑71	 0.3

MTS assays were performed 96 h after treatment of TC‑71 cells with 
ATO or Eto. Each drug dose was applied in quadruplicate. Mock 
treated control was set to 100% viability. IC50 values were determined 
by nonlinear regression of MTS results using GraphPad Prism 8. IC50, 
half maximal inhibitory concentration; ATO, arsenic trioxide; Eto, 
etoposide.

Figure 2. Medium change‑dependent caspase activation in human ES cell 
lines. (A) A673, (B) RD‑ES and (C) TC‑71 ES cell lines were treated with 
the ATO and Eto doses indicated. Caspase assays were performed in quadru-
plicate. Medium was either not changed (no MC) or medium change (MC) 
adding fresh drug solution was performed after 48 or 72 h. The graph shows 
the mean values and standard deviations. Caspase activity of mock‑treated 
control was set to 1. Significant differences are indicated by small letters. 
aP≤0.001 compared to no MC; bP≤0.001 compared to MC after 72 h; cP≤0.01 
compared to no MC; dP≤0.05 compared to no MC. ES, Ewing sarcoma; ATO, 
arsenic trioxide; Eto, etoposide.
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72 h significantly reduced the detected caspase‑3/7 activity 
(P≤0.001). In TC‑71 cells (Fig. 2C), a second Eto application 
induced higher caspase activity, which was significant for the 
medium change after 72 h compared to the incubation without 
medium change (P≤0.01). In A673 cells the combined appli-
cation of ATO and Eto resembled the trend of Eto treatment 
(Fig. 2A) with both the repeated drug application after 48 or 
72 h inducing higher caspase activity compared to the single 
drug application (P≤0.001). On the contrary, in RD‑ES cells 
(Fig. 2B) the combined application of ATO and Eto in any 
chronology restricted the caspase activity to a level observed 
for ATO alone. In TC‑71 cells (Fig. 2C), the combined drug 
application resembled the Eto treatment with a second drug 
application inducing elevated caspase activity, which was 
significant for the medium change after 72 h compared to the 
incubation without medium change (P≤0.05). To summarize, 
in the A673 and TC‑71 cells caspase activity after the combi-
nation treatment was dominated by the Eto effect, whereas in 
RD‑ES cells ATO application suppressed the pro‑apoptotic 
Eto impact.

Influence of pre‑treatment chronology on caspase activation 
in ES cell lines. To further address the interdependence of 
ATO and Eto effects on caspase activation in the ES cell lines 
(A673, RD‑ES and TC‑71) consecutive ATO and Eto treatment 
was compared to single or combined drug application applying 
a medium change after 48 or 72 h (Fig. 3A‑C). In A673 cells 
(Fig. 3A), the treatment with Eto, the combined treatment with 
ATO and Eto and the pre‑treatment with ATO followed by 
Eto incubation all led to comparable caspase‑3/7 activation, 
regardless of when the medium was changed, which was 
significantly higher compared to Eto pre‑treatment followed by 
ATO (P≤0.001). In addition, in the case of pre‑Eto incubation 
in A673 cells, a later medium change applying ATO after 72 h 
increased caspase activity compared to the ATO application 
48 h after initial Eto treatment. In RD‑ES cells (Fig. 3B), pure 
Eto incubation and pre‑ATO treatment followed by Eto after 
48 h, both were significantly more effective compared to the 
combined treatment and pre‑Eto application followed by ATO 
after 48 h. Remarkably, when the medium was changed after 
72 h, pre‑Eto treatment followed by ATO showed a similar 
effect on caspase activation compared to Eto alone, which 
was both significantly higher compared to the combined treat-
ment and pre‑ATO application. Additionally, RD‑ES viability 
as determined by MTS assay (Fig. S1) was significantly less 
compromised by pre‑ATO treatment followed by Eto compared 
to all other treatments, whereas combined treatment led to the 
most significant viability reduction. In TC‑71 cells (Fig. 3C), 
the applied doses of ATO and Eto caused no significant differ-
ences in caspase activation. Although, similar to A673 cells, 
the treatment with Eto, the combined treatment with ATO and 
Eto and the pre‑treatment with ATO followed by Eto incu-
bation were all slightly more effective compared to pre‑Eto 
incubation followed by ATO. In summary, a distinct caspase 
activation was observed after Eto treatment in all 3 ES cell 
lines examined, whereas individual ATO treatment sequences 
cell line‑specifically suppressed caspase activation by Eto.

ATO and Eto affect GSK‑3β phosphorylation in ES cells. 
GSK‑3β is implicated in various signaling pathways affecting 

metabolism, cell survival and apoptosis (40). Yet, the impact of 
ATO and Eto on inhibitory GSK‑3β serine 9 phosphorylation in 
ES cells has not been investigated to date. To examine the indi-
vidual and combined Eto and ATO effects in the ES cell lines 

Figure 3. ATO and Eto treatment chronology‑dependent caspase activation in 
human ES cell lines. (A) A673, (B) RD‑ES and (C) TC‑71 ES cell lines were 
treated with ATO (A0.1, A1 and A2) and Eto (E0.1, E0.5 and E0.2) at the indi-
cated doses (µM). Medium change was performed after 48 or 72 h. In case 
of pre‑treatment, the drug was replaced with the medium change, whereas 
in all other cases the previous treatment was continued. The graph shows 
the mean values and standard deviations of four independent experiments. 
Caspase activity of mock treated control was set to 1. Significant differ-
ences between groups are indicated by small letters. aP≤0.001 compared to 
pre‑E0.1 A0.1; bP≤0.001 compared to A2 E0.5 and pre‑E0.5 A2; cP≤0.001 
compared to A2 E0.5 and pre‑A2 E0.5. ES, Ewing sarcoma; ATO, arsenic 
trioxide; Eto, etoposide.
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(A673, RD‑ES and TC‑71) both drugs were applied for 48 h, 
followed by an ELISA assay to determine total GSK‑3β and phos-
phorylated GSK‑3β protein levels (Fig. 4). In the A673 cells, the 
ATO and Eto doses applied barely changed the relative GSK‑3β 
phosphorylation. In contrast, in the RD‑ES cells especially the 
combined application of ATO and Eto increased the relative 
GSK‑3β phosphorylation (P≤0.001 compared to single treat-
ment). ATO alone also considerably induced relative GSK‑3β 
phosphorylation in the RD‑ES cells. In the TC‑71 cells, ATO 
slightly increased relative GSK‑3β phosphorylation, whereas 
the combination treatment had less impact. This indicates that 
the applied ATO drug doses specifically affect the inhibitory 
GSK‑3β phosphorylation in RD‑ES cells, where the pronounced 
GSK‑3β phosphorylation after combination treatment coincides 
with restricted caspase activity.

Inherent and ATO‑dependent multidrug transporter gene 
expression in ES cells. MRP1 and MDR1 expression have been 
previously shown in ES samples and cell lines (9,10). Both 
multidrug transporters are implicated in acquired Eto resis-
tance of various cancer cells (41). To provide an impression 
of relative MRP1 and MDR1 mRNA abundance, qRT‑PCR 
was performed in the ES cell lines (A673, RD‑ES and TC‑71) 
compared to the MSC (Fig. 5A and C). In addition, the ATO 
impact on MRP1 and MDR1 mRNA expression in ES cell 
lines and MSC was examined (Fig. 5B and D). Indeed, MRP1 
mRNA expression was abundant in MSC, whereas all ES cell 
lines showed a distinct, yet, compared to MSC. reduced MRP1 
mRNA expression (Fig. 5A). After 96 h treatment with 5 µM 
ATO, the MRP1 mRNA expression increased approximately 
6‑fold in the MSC. In addition, the RD‑ES cells showed an 
enhanced MRP1 mRNA expression, whereas ATO reduced 
MRP1 mRNA abundance in the A673 and TC‑71 cells, actu-
ally increasing the expression differences between MSC and 
the two ES cell lines. In contrast, basic MDR1 mRNA expres-
sion was more pronounced in the ES cell lines compared to 

MSC, where MDR1 expression was at the detection limit of 
the qRT‑PCR. In particular, A673 cells showed robust MDR1 
expression, which was still enhanced by ATO treatment. 
Moreover in the TC‑71 cells, ATO increased MDR1 expres-
sion, whereas MDR1 remained nearly unchanged in the MSC 
and RD‑ES cells. Therefore, ES cell lines exhibit an obvious 
surplus of MDR1 mRNA compared to MSC, which was still 
enhanced by ATO in the A673 and TC‑71 cells.

Discussion

ES are characterized by a poor differentiation status with 
mesenchymal progenitor cell features (42), limited cell adhe-
sion (43) and a heterogeneous EWS‑FLI1 protein expression 
promoting phenotypic diversity (4). These features contribute 
to aggressiveness, early metastasis and acquired treatment 
resistance of ES (1,8) necessitating new treatment strategies 
which consider the specific nature of ES.

As previously shown, the single and combined application 
of ATO and Eto are capable of impairing metabolic activity, 
as assessed by MTS viability assay, and to induce signifi-
cant cell death, as determined by eFluor 450 incorporation, 
in the ES cell lines A673, RD‑ES and SK‑N‑MC, which 
was clearly increased after combined treatment compared 
to individual treatment in the RD‑ES and SK‑N‑MC cells. 
In addition, western blot analysis indicated induction of 
poly(ADP‑ribose) polymerase 1 (PARP1) and caspase  3 
cleavage upon Eto treatment of A673, RD‑ES and SK‑N‑MC 
cells. Notably, apoptosis induction by ATO, manifested 
as caspase‑3 and PARP1 cleavage, was only observed in 
A673 and SK‑N‑MC cells, indicating the existence of addi-
tional caspase‑3‑independent cell death mechanisms at least 
in RD‑ES cells (5). Indeed, ATO has been shown to activate 
several cell death pathways in human tumor cells including 
ROS‑induced PARP1‑dependent or caspase‑3‑dependent 
mitochondrial apoptosis but also necrosis (21,28,44,45). In 
contrast, Eto mainly induced caspase‑3‑dependent apoptotic 
cell death in ES cells (5,12).

In the present study, the ATO and Eto doses applied on 
RD‑ES cells were consistent with previously published doses. 
In A673 cells, the ATO dose was maintained whereas Eto 
was reduced to one‑tenth of the previous dose which was 
still efficient to induce caspase activation (5). Using low dose 
ATO and Eto, the intensity of caspase‑3/7 activation was 
mainly determined by the Eto doses in A673 and TC‑71 cells, 
whereas in RD‑ES cells ATO application actively suppressed 
Eto‑induced apoptosis dependent on the treatment chronology. 
Notably, in RD‑ES cells a late medium change applying ATO 
after 72 h of Eto incubation could no more suspend apoptosis 
induction, whereas a 48‑h Eto incubation followed by 48 h 
ATO largely suppressed apoptosis. On the other hand, a 48‑h 
ATO pre‑incubation was not able to suppress subsequent 
Eto‑dependent apoptosis, whereas only 24 h Eto application 
after a 72‑h ATO pre‑incubation was not sufficient to obtain a 
high caspase activation rate. Considering viability reduction in 
RD‑ES cells, a strong decline could be observed upon combined 
treatment, which is consistent with previous results (5). Yet, 
ATO pre‑incubation largely prevented viability reduction by 
Eto. In the experiments, the applied ATO and Eto doses were 
set individually dependent on previous dose finding tests and 

Figure 4. Inhibitory GSK‑3β phosphorylation after ATO and Eto treatment 
of human ES cell lines. ELISA assay was performed with A673, RD‑ES and 
TC‑71 cell lines treated with the ATO (A0.1, A1 and A2) and Eto (E0.1, E0.5 
and E0.2) doses as indicated (µM). Relative GSK‑3β phosphorylation was 
calculated by normalizing GSK‑3β phosphorylation to total GSK‑3β abun-
dance. The graph shows the mean values and standard deviations of four 
independent experiments. Mock‑treated control was set to 100% GSK‑3β 
abundance, respectively phosphorylation (***P≤0.001 relative to single 
treatment). GSK3‑β, glycogen synthase kinase‑3β; ES, Ewing sarcoma; 
ATO, arsenic trioxide; Eto, etoposide.
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IC50 values. Since A673 cells exhibited the highest sensitivity, 
the low ATO dose applied may not interfere with Eto‑dependent 
apoptosis to the same extent as observed in the other cell lines. 
TC‑71 cells, although being highly Eto sensitive in viability 
assays, showed only comparably low caspase activation rates 
upon Eto treatment with a tendency of apoptosis reduction by 
concomitant or subsequent ATO treatment. Based on previous 
and actual observations, augmented cell death of RD‑ES cells 
ascertained upon combination treatment with both drugs (5) 
must be triggered by a caspase‑3/7‑independent pathway since 
caspase activation is impaired by concomitant ATO treatment. 
Taking the example of these three individual ES cell lines 
a remarkable heterogeneity of ES response to ATO and Eto 
treatment becomes apparent, complicating the prediction of 
treatment success.

Indeed, ATO affects various signaling pathways with 
low doses up to 0.5 µM actually inducing differentiation in 
APL cells (18), whereas higher doses up to 5 µM commonly 

induce cell death  (5,19,21,28,44,45). ATO directly acts on 
the Hh pathway by binding and inhibiting GLI transcription 
factors (46). Yet, of all the ES cell lines tested, only TC‑71 cells 
showed a marked GLI1 protein expression, which was increased 
compared to the MSC. However, this did not coincide with an 
enhanced caspase‑3/7 activation by ATO treatment, excluding 
inhibition of GLI1‑dependent transcription as a crucial trigger 
for caspase‑dependent apoptosis induction in ES cells. Since 
GSK‑3β serine 9 phosphorylation interferes with apoptosis 
induction in different cancer cell lines (32), physiological ATO 
and Eto doses were tested in ES cells concerning their impact 
on inhibitory GSK‑3β serine 9 phosphorylation. Actually, 
ATO and especially the combination of Eto and ATO largely 
induced inhibitory GSK‑3β phosphorylation in RD‑ES cells, 
coinciding with suppression of apoptosis in this cell line, 
whereas GSK‑3β phosphorylation in A673 and TC‑71 cells was 
only marginally affected by the ATO and Eto doses applied. 
Therefore, the mechanism of apoptosis suppression in RD‑ES 

Figure 5. Basic and ATO‑dependent MRP1 and MDR1 expression. Total RNA was extracted from MSC as well as A673, RD‑ES and TC‑71 ES cell lines. 
Quantitative RT‑PCR was performed for the genes MRP1 and MDR1 in quadruplicate and normalized to the housekeeping gene TBP. (A and C) Expression 
levels relative to MSC are shown. (B and D) Expression levels after treatment with 5 µM ATO relative to basic expression are shown. ATO, arsenic trioxide; 
MDR1, multidrug resistance protein 1; MRP1, multidrug resistance‑associated protein 1; MSC, mesenchymal stem cells.
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cells may depend on ATO‑mediated GSK‑3β inhibition and 
subsequent suppression of mitochondrial apoptosis (47).

Multidrug resistance is common in recurrent and meta-
static ES (8,11). MRP1 protein expression has been shown 
in A673, RD‑ES and SK‑N‑MC cells (10). Both, MRP1 and 
MDR1 can actively exclude Eto from human cells  (41). In 
addition, MRP1 and potentially also MDR1 transport arsenic 
out of human cells (48,49). Interestingly, ATO itself has been 
shown to induce multidrug resistance via upregulation of 
MRP1 expression (50), while it suppresses GLI1‑dependent 
MRP1 and MDR1 transcription (51). Multidrug transporter 
expression by MSC is an established feature (52), which may 
contribute to observed drug tolerance (5). To elucidate the 
basal and ATO‑dependent MRP1 and MDR1 expression in 
A673, RD‑ES and TC‑71 cells compared to MSC, qRT‑PCR 
was performed, showing that MSC indeed express higher 
MRP1 mRNA levels compared to the ES cell lines A673, 
RD‑ES and TC‑71, while MDR1 mRNA expression was 
clearly more abundant in the ES cell lines. ATO treatment had 
a diverse effect on MRP1 and MDR1 expression. While MRP1 
mRNA expression increased upon ATO incubation in MSC 
and RD‑ES, it was attenuated in A673 and TC‑71 cells. Yet, 
MDR1 mRNA expression was enhanced by ATO in A673 and 
TC‑71 cells. To summarize, ATO reinforces the differences 
of MRP1 and MDR1 mRNA expression in MSC compared to 
A673 and TC‑71 ES cells. Nevertheless, further experiments 
are needed to clarify the impact of ATO as well as Eto and 
ATO combination treatment on MRP1 and MDR1 protein 
expression and activity in ES cell lines to determine a possible 
interference with drug resistance.

New therapeutic approaches for ES targeting receptor 
tyrosine kinases, the EWS‑FLI1 fusion protein and immu-
notherapies using T cells and NK cells are currently being 
evaluated in clinical trials (53). Yet, usually only a small subset 
of patients responds to the individual therapies underlining the 
intricate heterogeneity of ES (54). Combining ATO and Eto 
remains a promising approach for cell death induction in ES, 
although individual ES characteristics potentially impairing 
the efficacy must be considered.
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