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Ewing sarcomas (ESs) are aggressive sarcomas driven by EWS fusion
genes. We sought to investigate whether whole-transcriptome sequencing
(RNA-seq) could be used to detect patterns associated with chemotherapy
response or tumor progression after first-line treatment. Transcriptome
sequencing (RNA-seq) of 13 ES cases was performed. Among the differen-
tially expressed pathways, we identified /GF2 expression as a potential dri-
ver of chemotherapy response and progression. We investigated the effect
of IGF2 on proliferation, radioresistance, apoptosis, and the transcriptome

pattern in four ES cell lines and the effect of IGF2 expression in a valida-
tion series of 14 patients. Transcriptome analysis identified differentially
expressed genes (adj. P < 0.005) and pathways associated with chemother-
apy response (285 genes), short overall survival (662 genes), and progres-
sion after treatment (447 genes). Imprinting independent promoter P3-
mediated /GF2 expression was identified in a subset of cases with aggres-
sive clinical course. In ES cell lines, IGF2 induced proliferation, but pro-
moted radioresistance only in CADO cells. High IGF2 expression was also
significantly associated with shorter overall survival in patients with ES.
Transcriptome analysis of the clinical samples and the cell lines revealed an
IGF-dependent signature, potentially related to a stem cell-like phenotype.
Transcriptome analysis is a potentially powerful complementary tool to
predict the clinical behavior of ES and may be utilized for clinical trial
stratification strategies and personalized oncology. Certain gene signatures,
for example, IGF-related pathways, are coupled to biological functions
that could be of clinical importance. Finally, our results indicate that IGF

(Received 27 July 2019, revised 11 February
2020, accepted 27 February 2020, available
online 13 March 2020)

doi:10.1002/1878-0261.12655

Abbreviations

ANOVA, analysis of variance; ATCC, America Type Culture Collection; B2M, beta-2-microglobulin; BSA, bovine serum albumin; CCK-8, cell
counting kit-8; CDK2NA, cyclin-dependent kinase inhibitor 2A; cDNA, complementary DNA; CSC, cancer stem cells; DAPI, 4’,6-diamidino-2-
phenylindole; EDTA, ethylenediaminetetraacetic acid; ERG, E26 transformation-specific-related gene; ESs, Ewing sarcomas; ETS, E26
transformation-specific; EWS, Ewing sarcoma gene; FDR, false discover rate; FFPE, formalin-fixed paraffin-embedded; FITC, fluorescein
isothiocyanate; FLI1, friend leukemia integration 1 transcription factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Gy, Gray; HRP,
horseradish peroxidase; IGF, insulin-like growth factor; IGF-1R, insulin-like growth factor I; IGF2, insulin-like growth factor II; IGFBP3, insulin-
like growth factor-binding protein 3; IGV, Integrated Genome Viewer; ISG, Italian Sarcoma Group; ISO, International Organization for
Standardization; LOI, loss of imprinting; MISO, mixture of isoforms; pAKT, phospho-protein kinase B; PARP, poly(ADP-ribose) polymerase;
PCA, principal component analysis; pERK, phospho-extracellular signal-regulated kinases; PI, propidium iodide; QC, quality control; gRT-PCR,
guantitative reverse transcription—polymerase chain reaction; RIPA, radioimmunoprecipitation assay; RNA-seq, RNA sequencing; siRNA,
small inhibitory RNA; SSG, Scandinavian Study Group; STAG2, stromal antigen 2; SWEDAC, Swedish Board for Technical Accreditation;
SWI/SNF, SWltch/Sucrose Non-Fermentable; TBST, tris-buffered saline, 0.1% Tween 20; TKI, tyrosine kinase inhibitors; TP53, tumor protein
53.

Molecular Oncology 14 (2020) 1101-1117 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1101
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-4891-8289
https://orcid.org/0000-0002-4891-8289
https://orcid.org/0000-0002-4891-8289
https://orcid.org/0000-0002-7015-3841
https://orcid.org/0000-0002-7015-3841
https://orcid.org/0000-0002-7015-3841
mailto:

Transcriptome profiling of Ewing sarcomas

Y. Chen et al.

inhibition may be successful as a first-line therapy in conjunction with con-
ventional radiochemotherapy for a subset of patients.

1. Introduction

Ewing sarcoma is the second most common primary
bone malignancy in childhood and adolescence with
an incidence of 2.9 per million/year in a population
younger than 20 years of age. It is an aggressive
tumor, genetically characterized by epigenetic remodel-
ing induced by a fusion gene involving the EWS gene
and an ETS transcription factor gene, most commonly
(> 95%) the FLII or ERG genes (Delattre et al., 1992,
Sorensen et al., 1994). Genetic studies, including chro-
mosome hybridization arrays as well as exome- and
genome-wide sequencing, have revealed a generally
low mutational burden in ES (Brohl et al., 2014,
Crompton et al., 2014; Shukla et al., 2013). Recurrent
secondary events include deletions of the CDK2NA
gene and sporadic mutations in the TP53 and STAG2
genes, the two later having modest negative prognostic
value (Brohl et al., 2014; Huang et al., 2005; Kovar
et al., 1993, 1997). Gene expression studies on clinical
cases and cell lines have revealed prognostic gene tran-
scription patterns associated with overall survival and
transcriptional changes related to the fusion gene
(France et al., 2011; Ohali et al., 2004; Volchenboum
et al., 2015).

Currently, most patients with ES receive neoadju-
vant chemotherapy followed by surgery and/or radio-
therapy. Standardized postoperative histopathological
evaluation of tumor necrosis remains a strong prog-
nostic marker and determines the continued treatment
in, for example, the EWING 2008/2012 and the ISG/
SSG MI-IV protocols (Biswas and Bakhshi, 2016;
Elomaa et al, 1999). Biomarkers of tumor
chemotherapy response could optimize first-line treat-
ment protocols and follow-up, allowing for early
detection of patients who are not likely to respond to
treatment.

In this study, we sought to investigate the transcrip-
tome patterns of ES related to patient outcome,
chemotherapy response, and tumor progression. To
this end, we performed RNA sequencing of a single-
center cohort of a series of well-characterized ES.
Based on findings of increased IGF2 gene expression in
a few cases with very aggressive clinical course, we also
investigated the functional role of IGF2 in ES cell
lines.

2. Materials and methods

2.1. Patient samples and ethics

A total of 27 patients with ES were included in the
study. RNA sequencing was performed on an explora-
tory cohort of 13 patients, and confirmatory experi-
ments were performed on a validation cohort of 14
patients. All patients were treated according to the
EWING 2008 or ISG/SSG IV protocols. For the
exploratory cohort, cDNA was prepared from ther-
apy-naive primary tumors and analyzed for the fusion
gene as part of the clinical diagnostic workup (ISO-
validated and externally accredited method by SWE-
DAC) - all ESs with available cDNA at the time of
the study were included. Ten of these cDNA samples
were isolated from fine-needle aspiration (FNA) mate-
rial, and three samples were isolated from formalin-
fixed paraffin-embedded (FFPE) specimens. The vali-
dation cohort used for immunohistochemistry and
quantitative real-time PCR (qRT-PCR) consisted of
tumor samples from 14 patients and included primary
tumors (n = 10, five of which were from chemother-
apy-treated patients) and metastatic lesions (n = 4).
The study and collection of patients’ samples were
approved by the local ethics committee (The Regional
Ethics Committee in Stockholm), reference number
2013 1979-31. All patients had given oral and written
consent prior to sample collection. Normal tissue con-
trols were anonymized in accordance with the Swedish
Biobank Law. The study methods were conformed to
the ethical standards set by the Declaration of Helsinki.

2.2. Whole-transcriptome shotgun sequencing

2.2.1. Clinical samples

cDNA samples in the exploratory cohort were con-
verted to double-stranded cDNA (ds-cDNA) using the
SuperScript Double-Stranded cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA).
Library generation, quality control, sequencing, and
initial data processing were performed at the National
Genomics Infrastructure, Science for Life Laboratory
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(SciLifeLab, Stockholm, Sweden), in Stockholm.
Libraries were prepared using the Lucigen NxSeq
AmpFREE Low Kit (Lucigen, Biosearch Technolo-
gies, Novato, CA, USA), quality-controlled, and
sequenced using the HiSeq 2500 (Illumina, San Diego,
CA, USA) instrument with the HiSeq SBS Kit v.4
chemistry and 2x126-bp paired-end reading. Three
samples in the exploratory cohort (which initially con-
sisted of 16 cases) were excluded prior to sequencing
based on insufficient library quality. The average
sequence depth was 39.3 M reads (min 27.88—max
54.0 M reads). The Bcl-to-FastQ conversion was per-
formed using the casava software (Illumina) suite. The
quality scale was Sanger/phred33/Illumina 1.8+. Data
processing followed the ‘NGI best practice pipeline’
which included raw quality control by FastQC, align-
ment to GRCh37 using ToPHAT, alignment to QC using
RSeqQC, and calculation of gene counts using HTSeq.

2.2.2. Cell line sequencing

For functional validation experiments, RNA extracted
from cell lines was analyzed at the National Genomics
Infrastructure. Libraries were generated using TruSeq
Kit and sequenced on a NovaSeq platform. Three
samples were excluded prior to sequencing after QC
control. The average read depth was 45.7 M reads
(min 37.5-max 55.7 M reads). Data processing fol-
lowed the ‘NGI best practice pipeline’ (which was
updated between the two sequencing runs) including
FastQC for raw quality control, Trim Galore! for
adapter and quality trimming, STAR for alignment,
RSeqQC for alignment QC, and featureCounts for cal-
culation of gene counts.

2.3. Bioinformatic analysis

Differential gene expression analysis was performed
using the DESEQ2 package (version 1.18.1) in RSTUDIO
(R version 3.4.1) with an adjusted P-value (false dis-
covery rate) cutoff of < 0.01 or < 0.005 as described in
the Results section. The higher cutoff was used when
no significant genes were found at the low cutoff.
Comparative factors included fusion gene variant
(EWS-Flil vs. EWS-ERG), tumor localization (central
vs. extremity), patient gender, age (< 20 vs. > 20 years
old), and survival at follow-up. Response to
chemotherapy was categorized as good or poor
responders using the same histological criteria as the
EWING 2008 and ISG/SSG IV protocols (<10%
viable tumor cells; corresponding to Salzer-Kuntschik
grade l-grade 3). One patient was classified as a good
responder based on complete radiological response.
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First-line treatment failure was defined as disease pro-
gression during or after the first line of treatment (includ-
ing surgery, neoadjuvant chemotherapy, and radio-
therapy). When comparing the transcriptome and clinical
variables, we noted that one case frequently clustered
together with tumors with more aggressive phenotype
(poor chemotherapy response, first-line treatment failure,
and short overall survival). This small (5.5 cm) tumor pre-
sented in the extremity of a young boy. No neoadjuvant
chemotherapy had been given because the diagnosis was
established after complete tumor excision. We excluded
this case from the first-line treatment failure differential
gene expression analysis (the case was still included in the
PLA plots and heat maps for comparison).

Differentially expressed genes were compared to the
Panther database (version 13.1) (Mi and Thomas, 2009;
The Gene Ontology, 2017) for statistical overrepresenta-
tion using Fisher’s exact test and FDR correction for
multiple testing. Overall differences between samples
were depicted using principal component analysis (PCA)
plots (DESEQ2 package). Statistically overrepresented
pathways or biological processes were depicted using the
PHEATMAP package (version 1.0.10). Furthermore, indi-
vidual genes were manually plotted in spss (IBM Corp.
Released 2016; IBM SPSS Statistics for Windows, Ver-
sion 24.0; IBM Corp., Armonk, NY, USA).

Quantitative Sashimi plots were generated to visual-
ize the promoter and isoform expression of IGF2.
Reads were aligned to GRCh37 using STAR version
2.7.0 and quantified using a mixture-of-isoforms
(MISO) model (Katz et al., 2010, 2015) and visualized
in the Integrated Genome Viewer (IGV).

2.4. Cell cultures and reagents

A visual representation of the cell line experimental
condition is shown in Fig. S1. Five Ewing sarcoma cell
lines (RD-ES, SK-ES-1, A673, SK-N-MC, and CADO)
were maintained in the humidified atmosphere at 37 °C
with 5% CO, in RPMI 1640, McCoy’s 5A, DMEM,
IMDM, and DMEM/F-12 medium, respectively, with
10% fetal bovine serum. RD-ES, SK-ES-1, and A673
were obtained from America Type Culture Collection
(ATCC, Manassas, VA, USA). SK-N-MC and CADO
were kindly provided by L. Girnita (Karolinska Insti-
tutet, Stockholm, Sweden). They were confirmed myco-
plasma-free using the Mycoalert™ Mycoplasma
Detection Kit (Lonza, Basel, Switzerland). The charac-
teristics of the five ES cell lines are summarized in
Table 1 (including previously published data from
Crompton et al., 2014; Tirode et al., 2014). The expres-
sion of EWS/FLI fusion gene was confirmed by RT-
PCR in all cell lines. Recombinant human insulin-like
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Table 1. Ewing sarcoma cell lines including donor and genetic information. NOS, not otherwise specified; WT, wild-type; *: nonsense

mutation (@amino acid level).

Molecular characteristics®

ES cell Fusion Donor age Donor  Site of tumor

line gene (years) gender location Cell line origin STAG2 CDKNZA TP53

RD-ES EWS/FLI 19 Male Humerus Primary ES WT WT p.R273C

SK-ES-1 EWS/FLI 18 Male Bone ES-NOS p.Q735*% WT C176F

AB73 EWS/FLI 15 Female Muscle ES-NOS WT del(1a,1b,2,3)  p.A119fs

SK-N-MC EWS/FLI 14 Female Supra-orbital region Askin’s tumor (Ewing  p.M1_R546Del WT p.M1_T125Del
family of tumors)

CADO EWS/FLI 19 Female Pleural effusion Metastatic ES WT Homozygous WT

deletion

‘Tirode et al. (2014), Crompton et al. (2014).

growth factor II (IGF2) was purchased from Sigma-
Aldrich (St Louis, MO, USA; Cat #12526).

2.5. Plasmids and transfections

Retroviruses that host the CDKN2A gene were packaged
in Platinum-A cells (Cell Biolabs, San Diego, CA, USA;
Cat #RV-102) that were transfected using pQCXIH-
CDKN2A from Addgene (Watertown, MA, USA; Cat #
37104). Supernatants of Platinum-A cell cultures were
collected, at 48, 72, and 96 h post-transfection, filtered
through 0.45-pm polysulfonic filters, supplemented with
8 pg-mL~" polybrene, and added to CADO cells for virus
infection. The infected CADO cells were screened for
stable CDKN2A integration by 500 ng-mL~' hygromy-
cin. After expedition, the expression of the CDKN2A gene
products was confirmed by immunoblotting for p16.

For STAG2 knockdown, CADO cells were trans-
fected by Dharmacon™ ON-TARGETplus pooled
Human STAG2 siRNA (Horizon, Cambridge, UK;
Cat # L-021351-00-0005) and DharmaFECT™ 1
Transfection Reagent (Horizon) according to the man-
ufacturer’s instructions. STAG2 knockdown was con-
firmed by immunoblotting.

2.6. Irradiation of cells

Cells were seeded in 100-mm dishes or 96-well plates
and cultured to 70-90% confluency before being
serum-starved for 24 h. After that, cells were irradi-
ated in X-RAD 225XL (North Branford, CT, USA) at
doses of 6 or 25 Gy. Cells were put back to normal
culture conditions after irradiation and were subse-
quently harvested at the indicated time points.

2.7. Cell proliferation assay

Ewing sarcoma cells were plated in 96-well plates at a
density of 5 x 10? cells per well in serum-free medium.
The IGF2 (100 ngmL™") treatment was conducted

24 h after seeding and thereafter every 24 h with non-
treated cells serving as control. The Cell Counting Kit-
8 (CCK-8; Sigma-Aldrich; Cat # 96992) was utilized to
assess the proliferation of the cells at 0, 24, 48, 72, and
96 h after IGF2 treatment according to the manufac-
turer’s instructions. To test whether IGF2 could pro-
tect ES cells from irradiation, cells were exposed to X-
rays 4 h after the first dose of IGF2 and proliferation
was monitored at 0, 24, 48, 72, and 96 h.

2.8. Flow cytometry analyses

Cells cultured in 100-mm plates at 70-90% confluency
were serum-starved for 24 h prior to IGF2 stimulation
(100 ng-mL_l). X-ray exposure was conducted 4 h after
the IGF2 treatment, and apoptosis was analyzed 24 h
later employing the FITC Annexin V Apoptosis Detec-
tion Kit I (BD Biosciences, San Jose, CA, USA; Cat #
556547). Briefly, the harvested cells were washed twice
with cold PBS and resuspended in binding buffer at a
concentration of 1 x 10° cellsmL™!. Then, 1 x 10°
cells from each sample were transferred into a 15-mL
Falcon tube. Next, 5 pL FITC Annexin V and 5 puL
propidium iodide (PI) were added and incubated for
15 min at room temperature in the dark. After incuba-
tion, 400 pL of binding buffer was added to each tube
and the samples were analyzed with Novocyte flow
cytometry (Novocyte; ACEA Bio, San Diego, CA,
USA). For the cell cycle analysis, the harvested cells
were gently washed twice in PBS and then fixed in cold
70% ethanol for 30 min at 4 °C. After fixation, cells
were washed twice in PBS and treated with 50 pL of a
100 pgmL~" ribonuclease in Falcon tubes. Next,
200 pL PI was added to each tube, and cell cycle analy-
sis was conducted using Novocyte flow cytometry.

2.9. Immunofluorescence of PARP

Cells grown on cover slides were fixed with 4%
paraformaldehyde in PBS for 15 min and
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permeabilized in 0.2% Triton-X (Sigma) in PBS for
10 min at room temperature. After blocking in block-
ing buffer [5% normal goat serum (Thermo Fisher),
5% BSA (Thermo Fisher), and 0.2% Triton-X 100
(Sigma) in PBS], the slides were incubated overnight at
4°C in 1:400 anti-cleaved PARP (Cell Signaling,
Danvers, MA, USA; Cat # 5625) and diluted in anti-
body dilution buffer (1% goat serum and 0.2% Tri-
ton-X 100 in PBS). Slides were then washed three
times and incubated in secondary antibody anti-rabbit
Alexa Fluor 488 (Invitrogen, St Louis, MO, USA) at
1 : 100 dilution for one hour. After washing thrice, the
slides were mounted in VECTASHIELD® Antifade
Mounting Medium with DAPI as counterstaining
(Vector Laboratories, Burlingame, CA USA; Cat # H-
1200). The images were acquired using Zeiss Axio
Imager M2 Microscope (Oberkochen, Germany) with
consistent time and imaging processes. Ten random
areas were chosen for statistical analysis.

2.10. Western blot

Total cell proteins were extracted using modified RIPA
buffer [150 mm NaCl, 1% IGEPAL CA-630, 0.025%
sodium deoxycholate (Sigma), 50 mm Tris/HCI, 1 mm
EDTA, 1 mm NaF, and X1 protease and phosphatase
inhibitors (Thermo Fisher, Cat # 1861282)]. The cyto-
plasmic and nuclear proteins were fractionated using
the Qproteome Cell Compartment Kit (Qiagen, Diissel-
dorf, Germany). The protein concentration was quanti-
fied by BCA Protein Assay Kit (Thermo Fisher; Cat #
A33310). A total of 25 pg of protein from each sample
was separated on NuPAGE™ SDS/PAGE (Thermo
Fisher; Cat # NP0322BOX or Cat # NP0342BOX) and
transferred to nitrocellulose membranes using elec-
trophoresis. After blocking with 5% bovine serum albu-
min (BSA) in 1x TBST for 1 h, the membranes were
incubated overnight at 4 °C with primary antibodies in
appropriate dilutions. The primary antibodies recogniz-
ing IGF-1R (#3027L; 1 : 800), pAKT (Thr308, #9275L;
1:800), pERK (Thr202/Tyr204, #9101L; 1 : 1000),
total AKT(#9272S; 1 :1000), total ERK (#4696S;
1 : 1000), PARP (#9542; 1 :800), cleaved PARP
(#5625; 1 : 800), Caspase 3 (#9665; 1 : 800), cleaved
Caspase 3 (#9664; 1 : 800), Caspase 9 (#9508; 1 : 800),
cleaved Caspase 9 (#52873; 1 : 800), Caspase 7 (#12827,
1:800), cleaved Caspase 7 (#8438; 1 :800), pl6
(#48248S; 1 : 800), produced by Cell Signaling Technol-
ogy, and Histone 3 (#sc-10809; 1 : 1000), and GAPDH
(#sc-25778, 1 : 2000) provided by Santa Cruz Biotech-
nology (Dallas, TX, USA) were used for immunoblots
at the indicated concentrations. Secondary goat anti-
rabbit HRP (Invitrogen; Cat #65-6120; 1 : 2000) or

Transcriptome profiling of Ewing sarcomas

goat anti-mouse HRP (Invitrogen; Cat #62-6520;
1 : 2000) were incubated at room temperature for 1 h
after three washes in TBST. After washing, target pro-
teins were visualized by chemiluminescence using perox-
ide solution and luminol enhancer solutions (Thermo
Fisher; Cat #1859701, Cat #1859698) on X-ray film.

2.11. Immunohistochemistry

The validation cohort (14 cases) was investigated for
STAG2 and IGF2 protein expression using immuno-
histochemistry. In short, 4-um slides of FFPE tumor
tissue were deparaffinized, rehydrated, and treated
with low pH (citrate-based) heat-induced antigen
retrieval for 20 min. Slides were incubated with either
anti-STAG?2 (Santa Cruz; clone J-12 sc-81852; 1 : 100)
or anti-IGF2 (Abcam, Cambridge, UK; ab9574;
1 : 100). Positive and negative controls (normal pla-
centa and liver) were included in each experiment. All
slides were scored by a clinical pathologist.

2.12. Quantitative real-time polymerase chain
reaction

Areas with high tumor cell purity (> 85%) were iso-
lated from FFPE blocks using 1-mm punch biopsies
after histological confirmation. Total RNA was
extracted from clinical samples and cell lines using the
RNeasy FFPE Kit or the RNeasy Plus Mini Kit,
respectively (both from Qiagen), and reverse-tran-
scripted to cDNA using High-Capacity RNA-to-
cDNA™ Kit (Thermo Fisher; Cat # 4368814).

gqRT-PCR quantification of target genes’ expression
was performed with TagMan™ Gene Expression Mas-
ter Mix (Thermo Fisher; Cat No. 4369016) according
to the manufacturer’s protocol using StepOnePlus
Real-time PCR System (Applied Biosystems, Foster
City, CA, USA). The relative gene expression levels
were calculated with the 2722¢ method, where the
B2M gene was used as internal control. To compare
the gene expression between samples, an arbitrary rela-
tive expression level of 1 was set for one of the posi-
tive samples. Samples with a target gene C, value > 35
and B2M C; value < 30 (internal cDNA control) were
classified as expression-negative.

2.13. Statistics

We used Spearman’s ranked correlation when compar-
ing continuous values. For comparing categorical vari-
ables in the clinical samples, the Mann—Whitney U or
Kruskal-Wallis tests were used. Student’s r-tests or
ANOVA was used to analyze continuous variables in
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the cell line experiments. Overall survival was deter-
mined by the Kaplan—Meier analyses, and the log-rank
test was employed to determine statistical differences
between groups. Cox regression was used for relative
risk prediction. For overlap with previously published
gene sets, we used exact hypergeometric probability
with normal approximation. The statistics used to ana-
lyze the RNA-seq experiments are described under the
Bioinformatics section above. P-values < 0.05 were
considered statistically significant. False discover rate
(FDR)/adjusted (adj.) P-values were reported for mul-
tiple testing.

3. Results

3.1. Patient and tumor characteristics

The transcriptomes of 13 therapy-naive Ewing sarco-
mas were compared to identify patterns and mecha-
nisms associated with different clinical and tumor
properties. As described in the Materials and methods
section, we used the clinical parameters response to
chemotherapy (4 patients with good response vs. 9
patients with poor response, defined as viable tumor
after chemotherapy (according to EWING 2008 or
ISG/SSG 1V criteria), metastasis at diagnosis or pro-
gression during therapy), first-line therapy response (4
with tumor progression vs. 9 without), and overall sur-
vival (11 alive vs. 2 dead) to correlate with the tran-
scriptome data. A summary of the clinical
characteristics from the exploratory and validation
cohorts is available in Table 2.

3.2. RNA-seq revealed gene expression patterns
associated with chemotherapy response and
tumor progression

Principal component analysis (PCA) of differentially
expressed genes at a significance level of P < 0.005
separated the tumors based on overall survival at fol-
low-up (662 genes, blue dots indicating dead patients),
chemotherapy response (285 genes, green dots

Y. Chen et al.

Table 2. Summary of clinical and tumor data from the discovery
and validation cohorts. AWoD, alive without disease; AWD, alive
with disease; DoD, dead of disease

RNA-seq cohort  Validation

Clinical characteristics (n=13) cohort (n = 14)
Analyzed material
Primary tumor 13 10
Metastasis 0 4
Follow-up
Neoadjuvant chemotherapy 10 13
Histology
Good responder 3
Poor responder 3 5
Radiology
Complete response 1 1
'Progression/nonresponder’ 3 1
Metastasis at diagnosis 3 4
Progression after treatment 4 7
Classification (EWING 2008 and ISG/SSG V)
Good responder 4 7
Poor responder 9 7
Follow-up (months)
AWoD 8 4
AWD 2 3
DoD 2 6
Lost to follow-up 1 1
Tumor characteristics
Age at diagnosis (years)
Median (min-max) 19 (2-33) 19 (5-48)
Sex
Male 10 12
Female 3 2
Tumor characteristics
Fusion gene
EWS-Fli1 11 7
EWS-ERG 2 2
Other/ not specified 0 5
Primary tumor size (cm)
Median (min-max) 8 (4-20) 7.5 (4.5-20)
Location
Appendicular skeleton 11 9
Axial skeleton 2 2
Soft tissue 0 3
indicating good response), and first-line therapy

response (447 genes, blue dots indicating tumor pro-
gression) as shown in Fig. 1A and Tables S1-S3. No

Fig. 1. Differentially expressed genes and pathways in Ewing sarcomas. (A) Principal component analysis (PCA) depicting differentially
expressed (DE) genes at adjusted P < 0.005. In the top plot (overall survival), green dots indicate living patients and blue dots dead patients
at follow-up. In the middle plot (response to chemotherapy), green dots indicate good response to chemotherapy (> 90% necrosis or
complete radiological response) and blue dots indicate poor responders. In the bottom plot (first-line treatment failure), blue dots indicate
progression after therapy. In all PCAs, the red dots were not included (lost to follow-up). The yellow arrow indicates the patient who was
excluded from (first-line treatment failure) analysis as described in the Materials and methods section. The heat maps depict expression
levels of DE genes in six pathways linked to first-line treatment failure (B) and three pathways only associated with response to
chemotherapy (C). Tumor chemotherapy response was graded according to Salzer-Kuntschik (G1-Gb) as indicated. A Venn diagram (D)
shows the overlap of genes involved in response to chemotherapy and first-line treatment failure.
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separation of the cases was visible on the PCA plots
(at P <0.01) for patient age (0 genes), gender (19
genes), tumor localization (0 genes), or fusion gene
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subtype (32 genes) (data not shown). This suggests
that (a) the transcriptome can explain, or at least visu-
alize, the clinical behavior of ES, and (b) the patients’
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underlying characteristics have limited influence on the
ES transcriptome.

3.2.1. Transcriptome characteristics of Ewing sarcomas
with short patient survival

A PCA plot of differentially expressed genes showed
that two patients who quickly died had large differences
in the transcriptome (634 downregulated and 28 upregu-
lated genes at adj. P < 0.005; Table S1) as shown in
Fig. 1A (top plot, blue dots indicating dead patients).
Overrepresentation test showed significant downregula-
tion of genes coupled to anion transport (adj. P = 0.01),
cell adhesion (adj. P = 0.001), cellular component mor-
phogenesis (adj. P = 0.047), nucleotide metabolic pro-
cess (adj. P = 0.015), and neuron synaptic transmission
(adj. P = 5.0e-9) as shown in Fig. S2. While the upregu-
lated genes were fewer, several were highly upregulated
(> 10-fold) including the ligands wurotensin 2, cholecys-
tokinin, insulin-like growth factor 2, and periostin; tran-
scription factors SOX9, BCL2, and MAFB,; and
extracellular matrix components including decorin as
well as collagen types III and V. While most downregu-
lated pathways have known links to tumor development
or progression, it is likely that the wide transcriptome
downregulation is a reflection of a loss of dedifferentia-
tion as reported by others (Danielsson et al., 2013).

3.2.2. Genes coupled to protein turnover and chromatin
organization are significantly associated with first-line
treatment failure

In the initial analysis, we found many genes that were
significantly  associated  with  progression  after
chemotherapy (585 genes at adj. P < 0.01, Table S2).
To identify the most significant genes, we decreased
the P-value cutoff, and at adj. P < 0.005, a total of
447 differentially expressed genes were identified (348
upregulated and 99 downregulated), as depicted in
Fig. 1A, lower PCA plot. Several pathways were sig-
nificantly overrepresented in cases with first-line treat-
ment failure: The heat map in Fig. 1B depicts the gene
expression levels in significantly overrepresented path-
ways, which included upregulation of apoptotic pro-
cess (adj. P = 3.13e-3), chromatin organization (adj.
P =4.27e-8), intracellular protein transport (adj.
P =2.15e-2), proteolysis (adj. P =4.27e-2), RNA
splicing by transesterification (adj. P = 4.69¢-3), and
rRNA metabolic process (adj. P = 2.98¢-06). Interest-
ingly, a majority of these genes were related to protein
turnover functions, including ribosomal efficacy
(rRNA metabolism, mRNA splicing), proteolysis, and
intracellular protein transport. Also, several histones
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and histone acetyltransferases were upregulated which
could result in dramatic epigenetic effects on chro-
matin organization.

3.2.3. Genes encoding heat-shock proteins, ribosomal
proteins, or regulators of glycolysis are significantly
associated with chemotherapy response

Fewer genes were significantly associated with
chemotherapy response (410 genes at adj. P < 0.01,
Table S3) as compared to first-line treatment failure.
At adj. P <0.005, a total of 285 genes were upregu-
lated in poor responders (Fig. 1A middle PCA plot).
When the sequenced therapy-naive samples were
arranged according to Euclidean hierarchal clustering,
the cases distributed according to response grade (after
completed neoadjuvant therapy) indicate that the
response to chemotherapy could be predicted: Tumors
with complete response (Salzer-Kuntschik: grade 1, no
viable cells according to histopathology) were sepa-
rated from both poor responders (Salzer-Kuntschik:
grades 5-6) and good responders with incomplete
response (Salzer-Kuntschik: grades 2-3; 1-10% viable
tumor cells). Statistical overrepresentation analysis
revealed significant overrepresentation of genes related
to the ribosome complex (adj. P = 2.55E-03), heat-
shock proteins (adj. P = 9.22E-04), mRNA splicing via
spliceosome (adj. P = 2.23E-03), CCKR signaling (adj.
P = 1.82E-02), or glycolysis (adj. P = 1.11E-03) as
visualized in the heat map (Fig. S3).

To identify which mechanisms were associated with
chemotherapy response but not with tumor progres-
sion, we selected all genes that were exclusively found
in the chemotherapy gene set (Fig. 1D). These genes
(n = 203) were significantly related to glycolysis (adj
P =2.18e-2), apoptosis (adj P = 3.57e-2, which
included many heat-shock protein-encoding genes),
and the PI3K signaling pathways (adj P = 4.58¢-2).

3.3. Transcriptome relationship to EWS/FLI
target genes

We compared our gene lists to a previously curated
‘core EWS/FLI1’ gene expression signature (503 upreg-
ulated and 293 downregulated genes) as proposed by
Hancock and Lessnick (2008). This revealed a signifi-
cant overlap with chemotherapy response [significantly
increased overlap for the upregulated genes (37/410),
P < 5.028¢-09], first-line therapy failure [significantly
increased overlap for the upregulated genes (28/513),
P < 8.556e-04], and patient survival [significantly
increased overlap for upregulated genes (3/28),
P =0.045, and significantly decreased overlap for
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downregulated genes (3/634), P < 1.045¢-05] indicating
that the level of the fusion protein activity (EWS/FLI1)
could be important for the clinical tumor behavior
(higher in nonresponders and perhaps less important in
poorly differentiated cases).

3.4. Ewing sarcoma cancer stem cell markers

It has been proposed that cancer stem cells (CSCs)
with higher glycolytic activity in ES may be responsi-
ble for chemotherapy resistance and disease progres-
sion (Dasgupta et al., 2017; Fujiwara and Ozaki, 2016;
Hotfilder et al., 2018). We did indeed observe higher
expression of previously suggested sarcosphere and
side population markers in ES with first-line therapy
failure, including STAT3, HISTIH2BC, and
HISTIHIC. Furthermore, as described below IGF2
stimulation of CADO cells increased three stem cell
markers (FOS, VMPI, and CYRG6I), suggesting that
IGF2 could induce a stem cell-like phenotype.

3.5. Previously published ES gene expression
data

We were unable to find a significant overlap with the
33 genes associated with poor patient outcome by gene

A
* + o4 + +
(14 + +
- + ﬁ" ol +
3 ‘* * #+ + ++
+ + +
+ + +
-
o
o
& P it + %
6| L5 A
T 4 tF + v ]
=
>
5
& +F + i b (7]
e + + + %o+
'3 oo FH + T
[} + + +
+ *+ s+t ES
2 + + +
o ++ 4 +
o i+ 4
0] + + + + +
= + + +
+ o+t ++y + + ++
IGF1R IGF2BP1 IGF2BP2 IGF2BP3

Transcriptome profiling of Ewing sarcomas

expression microarray (Volchenboum et al., 2015).
Ohali et al. (2004) identified 818 genes that were signif-
icantly associated with poor patient outcome; however,
these gene sets were not available for comparison.
Other ES RNA-seq publications did not include avail-
able clinical data (Brohl et al., 2014; Crompton et al.,
2014).

3.6. IGF2 is expressed in a subset of ES with an
aggressive clinical course

When investigating individual transcripts in the gene
sets, we observed higher levels of IGF2 and lower
levels of IGFBP3 expression in cases with first-line
treatment failure or patient death at follow-up. Upon
further analysis, we observed a general co-variation
among IGF-related genes across samples which could
represent IGF dependence (exemplified as scatter plots
in Fig. 2A). We hypothesized that cases with either
high IGF2 or IGFI expression could have a higher
dependency on IGF signaling. Given the strong evi-
dence of IGF-1R signaling in ES, and its recent re-ac-
tualization with combination therapies (Guenther
et al., 2019), we sought to further investigate the func-
tional basis of IGF2 expression and its effects on ES
cells.

B
Survival analysis for IGF2 expression quartiles
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Fig. 2. Co-variation of |IGF-related genes and survival analysis based on IGF2 expression in Ewing sarcomas: (A) Scatter plot showing
expression correlation of four IGF-associated genes in ES using RNA-seq. There was a significant correlation (Pearson’s correlation,
P < 0.05, R> 0.5) between many IGF-related genes, including /GF1R and IGF2R, IGF1BP3, IGF2BP1, and IGF2BP2; or IGF2 and IGF2BP1,
IGF2BP2, and H19 (not all genes and correlates shown in the scatterplot). (B) The Kaplan—-Meier curves comparing /GF2 expression in ES
using RNA-seq (13 cases) and gRT-PCR (14 cases). Expression quartiles were calculated separately for the two methods. A log-rank
(Mantel-Cox) comparison showed significantly shorter survival with increased /GF2 expression quartiles (P = 0.037).
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We assessed the validation cohort of 14 ES patients
for IGF2 (IHC and qRT-PCR) and H19 (QRT-PCR)
expression and analyzed their potential relationship to
patient survival. There was a significant association
between IGF2 gene and protein immunoreactivity
(Fisher’s exact test, IGF2 expression quartiles vs. IGF2
expression, P = 0.030) but not between IGF2 expres-
sion and H19 expression (P = 0.580).

The relationship between IGF2 and patient survival
was assessed by the Kaplan—Meier analysis. Gene
expression data from the exploratory and validation
cohorts were combined by looking at the expression
quartiles of IGF2. There was a significant association
(P =0.037) between IGF2 expression quartiles and
overall survival as shown in Fig. 2B.

Y. Chen et al.

3.7. IGF2 induced proliferation in most ES cell
lines

Next, we investigated the effects of exogenous IGF2
stimulation on ES proliferation by CCK-8 cell viability
assay. As shown in Fig. 3A, IGF2 significantly
increased cell proliferation in all cell lines but SK-NM-
C by 24 h and the other cell lines by 48 h (P < 0.01).

3.8. IGF2-induced radioresistance is dependent
on AKT and ERK phosphorylation in ES cells

Since IGF2 expression was associated with shorter
patient survival and first-line therapy failure, we inves-
tigated the effects of IGF2 stimulation on ES cell
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Fig. 3. Effects of IGF2 on ES cell proliferation and cell apoptosis in vitro. ES cells were cultured in serum-free medium for 24 h and
stimulated with IGF2 (100 ng-mL™") for 3 h prior to irradiation (6 Gy). (A) CCK-8 assays were performed to detect the effects of irradiation
and IGF2 stimulation on ES cell viability by 24 and 48 h. (B) Flow cytometry analysis showing the late (upper right) and early (lower right)
apoptotic rates of CADO cells after irradiation and/or IGF2 stimulation, respectively. (C) Bar plots representing the percentages of early, late,
and total apoptotic rates in RD-ES (black), SK-ES-1 (red), A673 (green), SK-N-MC (blue), and CADO (purple) cells. Error bars represent the
standard error of the mean from at least three independent experiments. *P < 0.05, **P < 0.01 (Student's t-tests).
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radiosensitivity. Cell viability was measured 24 and
48 h after irradiation (6 Gy) (Fig. 3A). By 24 h after
irradiation, exogenous IGF2 increased cell viability in
RD-ES, SK-ES-1, SK-N-MC, and CADO cells
(P <0.01), but by 48 h the effects were significant only
in RD-ES, CADO, and SK-N-MC cells (P < 0.05).
This effect was not mediated by cell cycle progression
as flow cytometry showed no effects on G,/M transi-
tion (Fig. S4). In CADO cells, IGF2 significantly
decreased total and late apoptosis after irradiation
(Fig. 3B, P < 0.05), but this effect was absent or much
weaker in the other cell lines (Fig. 3C, Fig. S5). Alto-
gether, these data demonstrate that the radioprotective
effects of IGF2 were limited to the CADO cell line.

To investigate the mechanism underlying these
radioprotective effects, we investigated the IGF2/IGF-
IR signaling in the ES cell lines. While external IGF2

triggered varying levels of AKT and ERK
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phosphorylation in the investigated cell lines, all cell
lines but CADO had a baseline ERK phosphorylation
(Fig. 4A). In CADO cells, AKT phosphorylation and
ERK phosphorylation were distinctly increased upon
IGF2 stimulation. The A673 cells were the least
responsive to IGF2 in terms of proliferation and
radioresistance, and this cell line also showed the high-
est baseline pERK level (Fig. 4A). These data suggest
that the unresponsiveness to IGF2 in RD-ES, SK-ES-
1, SK-N-MC, and A673 cells is caused by constitutive
activation of Ras signaling.

3.9. IGF2-mediated signaling prevents PARP
cleavage in the CADO Ewing sarcoma cells

To investigate the mechanism of action underlying
IGF2-induced radioresistance in CADO cells, we stud-
ied the levels of apoptosis-related proteins (total and
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Fig. 4. IGF2 contributes to the development of radioresistance in ES lines based on AKT and ERK phosphorylation. ES cells were cultured
at serum-free medium for 24 h, and then stimulated with IGF2 (100 ng-mL~") for 0.5 h (A) or 3 h (B-D) prior to irradiation (6 Gy). Western
blot analysis (A) showing IGF2/IGF-1R signal transduction in ES cells, including pAKT, pERK, total AKT, and total ERK following IGF2
stimulation, and PARP and Caspase cleavage following irradiation (6 or 25 Gy) and IGF2 stimulation in CADO cell by 6 and 12 h. GAPDH
was stained as a loading control. (C) Bar plots representing the proportion of cleaved PARP after irradiation and/or IGF2 stimulation as
determined by an immunofluorescence assay. Error bars represent the standard error of the mean from at least ten random areas.
*¥*P<0.05 **P<0.01 (Student’s ttest). (D) Schematic model of IGF2/IGF1R-induced AKT and ERK signaling in Ewing sarcoma cells,
including increase in proliferation and PARP-mediated radioresistance and decreased apoptosis.
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cleaved PARP, total and cleaved Caspases 3, 7, and 9)
after irradiation treatment (6 and 25 Gy) at 6 and
12 h. As shown in Fig. 4B, the addition of IGF2 dras-
tically decreased the levels of cleaved PARP at both
time points. However, protein levels of cleaved Cas-
pases 3, 7 and 9 remained unchanged. PARP cleavage
was also examined using immunofluorescence, showing
that IGF2 treatment of CADO cells inhibited cleavage
of PARP after 6 Gy of irradiation (Fig. 4C, Fig. S6).
These results suggest that irradiation triggers Caspase-

Y. Chen et al.

independent apoptosis in ES cells and that IGF2 is
able to inhibit this signaling pathway.

3.10. Gene expression alteration in Ewing cell
lines after IGF2 stimulation

To understand the different responses to IGF2 in ES
cell lines, we stimulated ES cells for a short duration
of time (30 min) and performed transcriptome
sequencing (Fig. 5A). As expected, IGF2 induced

A IGF2 stimulation of ES cell lines B IGF-related genes

| IGF28P1

B
IGF2BP2

IGFIR

IGFBP3 1
1GF1

IGF28P3

IGF2 0
H19

INSR 1

IGF2R
' 2

50- ' ]

)

25- group
& AS73_IGF2
AB73_U
CADO_IGF
CADO_U
ES_IGF2
ES_U
SKNMC_IGF2
SKNMC_U

5 26134 311107 28 1 9
oy

PC2: 28% variance
o
¢ o 00000

CADO IGF2-signature

ARC 3
EGR3
DUSPS 2

SCARNAS
RNU2-64P 1
SNORAT738
RNU4-1

SNHG3 0
SNORD17
SCARNAS
RNU4-2
SCARNA10
ER2 -2

FOS '
-3

0 0 40 &
PC1: 60% variance

¢ [IGF2and H19 expression Ewing sarcomas
-1

5124

EGR1

VP
[ NA

EGR2

BTG2

HISTIH4C

256 +

128

IGF2 expression (counts)
(=2
5
1

NA
HIST1H2BJ
HIST1H3J

- w
@ > ]
1 1 1
— +
+
= +
+ +
+ 4+
+
+
+

T T
4 8 16 32 64 128

H19 expression (counts)

NA
56 213710119 3 84 112

256

Fig. 5. IGF2 induced changes in ES cell lines and IGF2 signatures in clinical ES. (A) Principal component analysis (PCA) plot of all genes in
four ES cell lines with and without IGF2 stimulation. Dot colors indicate cell line (A673, CADO, ES-1, or SKNMC) and IGF2 treatment
condition (IGF2 = 100 ng-mL~" of IGF2 treatment, U = untreated) for three replicates per condition as shown in the legend to the right. The
clearest separation was seen in the CADO cells. (B) Heat maps showing expression levels of |IGF-related genes and the CADO IGF2
signature (differentially expressed after IGF2 stimulation) in Ewing sarcomas identified by RNA-seq. Euclidean clustering of cases showed a
similar separation of cases with bona fide higher IGF-signaling dependency (cases 5, 6, 2, and 13). (C) Scatter plot showing a significant
correlation (Pearson’s correlation; P = 0.010 and r = 0.683) between /GF2 expression and H19 gene expression in Ewing sarcomas by RNA-
seq.
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different transcriptome responses in different ES cell
lines. Based on the poor separation of replicates of
SK-NM-C and RD-ES in the PCA plot (Fig. S7), we
concluded that their results would be unreliable. Dif-
ferential expression analysis at adj. P < 0.01 identified
36 genes in CADO (Table S4), 84 genes in SK-ES-1
(Table S5), and 2 genes in A673 cells (Table S6).
Indeed, CADO, SK-ES-1, and A673 showed similari-
ties in gene response inducing FOS, EGRI, and
DUSP6 expression. We then plotted the CADO signa-
ture (36 DE genes) in a PCA plot which revealed a
separation between treated and untreated cells in all
cell lines (Fig. S8), suggesting that these genes are gen-
eral responders to IGF2 treatment (albeit at nonsignifi-
cant levels for individual genes in the other cell lines).

Enrichment analysis of the CADO signature showed
upregulation of ‘inactivation of MAPK activity’ (adj.
P = 1.97E-2) consistent with a negative feedback loop,
and downregulation of ‘nucleosome assembly’ (adj.
P = 7.05E-3). In terms of individual genes, the signa-
ture contained a stark increase in many immediate-
early genes encoding transcription factors (e.g., FOS,
EGRI-3, IER2, BTG2, NPAS4, and ARC) as well as
upregulation of PTGS2 (encoding COX2). Interest-
ingly, we also observed a distinct downregulation of
histone encoding genes (HISTI/H3J, HISTIH4C, and
HISTIH2BJ) and spliceosome-associated small nuclear
ribonucleoproteins (RNP) (sno/scaRNAs: SNORD]I7,
SNORA73B, SCARNAG6, SCARNAIO, SCARNAS).

We also looked at the IGF receptors and IGF-re-
lated genes in the ES cell lines. All cell lines had low
IGF2 expression, but CADO cells had high IGFI
expression suggesting an existing autocrine loop.
CADO also had the highest expression levels of
IGFIR, while CADO and ES-1 also had high INSR
expression (data not shown). There was a clear similar-
ity in the Euclidean clustering of clinical cases when
comparing the CADO gene signature with IGF-related
genes (Fig. 5B). This strengthens the hypothesis that
multiple genes determine the responsiveness and
dependency of IGF-related signaling in clinical cases
of ES.

3.11. IGF2 expression is not caused by loss of
imprinting, STAG2 or CDKN2A gene inactivation

It has previously been reported that loss of imprinting
at the IGF2/HI19 locus is not a determinant of IGF2
expression in ES (Zhan et al., 1995). In line with this
conclusion, we found a strong linear relationship
(Fig. 5C, Spearman’s ranked correlation, P = 0.003,
r=0.750) between IGF2 expression and HI9 expres-
sion suggesting a regulatory mechanism independent

Transcriptome profiling of Ewing sarcomas

of loss of imprinting (which presumes an inverted rela-
tionship). We mapped individual transcripts to the
IGF2 exons using MISO and visualized them in
Sashimi plots (the two aggressive ES cases expressing
IGF2 are exemplified in Fig. S9). This shows that the
IGF2 promoter 3 (P3) is the dominating transcription
initiation site (no transcripts were detected from P1).
It has previously been shown that loss of imprinting
(LOID)-independent hypomethylation of P3 induces
IGF2 expression in osteosarcoma, and ovarian and
prostate cancer (Kuffer et al., 2018; Li et al., 2009;
Murphy et al., 2006); however, several transcription
factors have been known to regulate P3 methylation
and activity, for example, Paxillin, STAT3, and
PLAGI1 (Akhtar et al., 2012; Huang et al., 2014; Lee
et al., 2016; Marasek et al., 2015).

We investigated whether the IGF2/HI9 expression
could be triggered by either STAG2 mutations or
CDKN2A deletion given the known role of these
events in ES. Experimentally, this was investigated in
CADO cells by siRNA knockdown of STAG2 expres-
sion [CADO is STAG2 wild-type as described by
Huang et al. Huang et al., 2011 (Tirode et al., 2014)]
and by CDKN2A overexpression in CADO cells
[which are known to harbor a homozygous CDKN2A4
deletion (Ottaviano et al., 2010)]. Opposite to our
hypothesis, STAG2 knockdown resulted in decreased
levels of IGF2 and HI19 (Fig. S10). CDKN2A overex-
pression in CADO did not alter the /GF2 gene expres-
sion but significantly increased H19 levels (Fig. S10).
Furthermore, loss of STAG2 immunohistochemistry in
the clinical samples was not associated with higher
IGF2 expression (Fig. S11). Collectively, these data
suggest that IGF2 expression is triggered by a combi-
nation of epigenetic and transcription factors rather
than a single specific mutational event.

4. Discussion

In this paper, we investigated the transcriptomes of 13
ES cases. We identified gene signatures that were sig-
nificantly associated with short patient survival,
chemotherapy response, and progression after first-line
treatment. High expression of IGF-related proteins
and targets has previously been identified in a subset
of ES with aggressive phenotype (van de Luijtgaarden
et al., 2013). In line with their observations, we identi-
fied a subset of especially aggressive ES with high
expression of IGF2 and IGF target genes. In vitro,
IGF2 stimulation increased proliferation in several ES
cell lines, whereas significantly decreased apoptosis
and increased radioresistance were exclusive to CADO
cells. IGF2 stimulation of CADO cells generated an
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immediate-early gene response pattern (Fig. 5B) which
corresponded to expression levels of IGF-related genes
in clinical samples, possibly distinguishing a clinically
significant IGF-dependent gene expression signature.
Alongside IGF-related signaling, we identified several
pathways that were significantly associated with
chemotherapy resistance, tumor progression, and
patient outcome as discussed below.

While all ESs are considered high-grade sarcomas,
the clinical outcome is still variable. Tumor DNA
sequencing has shown that STAG2 mutations (Brohl
et al., 2014; Crompton et al., 2014) or chromoplexy-as-
sociated fusion gene genesis (Anderson et al., 2018) is
associated with more aggressive clinical behavior.
Also, recurrent tumors and metastatic lesions had an
increased number of genetic aberrations (Brohl et al.,
2014). While transcriptome studies (RNA-seq) of
patient samples have been performed previously, no
prognostic patterns have been defined.

In our cohort, there was a significant overlap
between genes associated with tumor progression
after first-line therapy and chemotherapy response
(Fig. 1D, P <1.9E-130). Tumor necrosis after
chemotherapy is currently the best tool for determin-
ing the prognosis of ES patients (Biswas and Bakh-
shi, 2016; Elomaa et al., 1999), but this may be
improved by RNA-seq analysis. Our results identified
PI3K signaling, glycolysis, and heat-shock protein
genes to be associated with reduced chemotherapy
response, but not for progression after therapy
(Fig. 1B,C). While PI3K signaling can be targeted by
tyrosine kinase inhibitors (TKI), these pharmacologi-
cal regimes are frequently saved for second- or third-
line therapy. Similar to the conclusions drawn by
van de Luijtgaarden et al., our results indicate that
TKI inhibitors could be more effective in combina-
tion with first-line chemotherapy.

It has been proposed that CSC with high glycolysis
exists within ES (Dasgupta et al., 2017; Fujiwara and
Ozaki, 2016; Hotfilder et al., 2018). We observed over-
lap between genes induced by EWS/FLII1, expression
of genes linked to chromatin organization (e.g., his-
tones), IGF2-induced genes (in CADO cells), and
chemotherapy/progression-related genes in patient
samples (partly shown in Fig. 5B, gene expression data
extracted from Dasgupta et al., 2017; Fujiwara and
Ozaki, 2016; Hancock and Lessnick, 2008; Hotfilder
et al., 2018). These data indicate a relationship
between ES cell metabolism, EWS/FLII activity
(linked to mSWI/SNF), and resistant/aggressive tumor
phenotype. If a subpopulation of ES-CSC indeed
exists, it should be detectable by single-cell RNA-seq
which is a possible continuation of this study.
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Another novel and potentially important finding is
the observation that high expression of ribosomal sub-
units corresponded to both decreased chemotherapy
response and progression after treatment, suggesting
that the ribosomal biogenesis inhibitors (which are in
early clinical development, e.g., CX-5461, identifier
NCT02719977) should be investigated in ES.

IGF signaling and IGF-1R signaling have previously
been extensively investigated in ES (summarized by
Olmos et al., 2011). While clinical trials showed dur-
able responses in a subset (10-14%) of patients, usable
biomarkers for IGF-targeted therapy are yet to be
established. Perhaps the most promising study has uti-
lized post-IGF-1R inhibition FDG-PET to measure
tumor metabolic activity as a potential biomarker (van
Maldegem er al., 2016). A recent experimental study
suggests that combination therapy with CDK4/6 and
IGF-1R inhibitors may be more successful to target
ES, showing that more complex studies of ES IGF sig-
naling and dependency are required to increase IGF-
targeted treatment efficacy (Akhtar ez al., 2012; Hyun
et al., 2016). While our transcriptome analysis is lim-
ited to pretreatment data and lacks the dynamics of an
ex vivo model, the co-expression of IGF-related genes
suggests that transcriptome analysis can be used to
identify IGF dependency in ES, potentially acting as a
treatment biomarker. Another important observation
is that IGF2 expression was accompanied by changes
in other pathways (Fig. 1B,C) which could indicate
that these tumors are more resilient as compared to
other ESs. This could also indicate that tumors that
initially respond to IGF inhibition also harbor the
ability to change pathway dependencies.

Since IGF2 expression was linear with H19 expres-
sion and initiated by the LOI-independent P3 pro-
moter (Fig. 5C, Fig. S9), we were able to partly
explain the mechanisms behind /GF2 expression in ES.
Unfortunately, we were unable to identify the specific
mechanism underlying [IGF2 expression, including
CDKN2A and STAG?2 inactivation.

5. Conclusions

In conclusion, we have identified multiple gene expres-
sion patterns linked to patient survival, tumor progres-
sion, and chemotherapy resistance in Ewing sarcoma.
While the lack of large validation cohorts limits the
generalizability of these gene signatures from a prog-
nostic perspective, our results identify several onco-
genic pathways which can be subject to further studies
including IGF2-autocrine loops, IGF dependency, ES
stem cells, and the potential effects of ribosomal bio-
genesis inhibitors. Importantly, our results provide a
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strong rationale to continue the investigation of RNA
sequencing in the context of individualized clinical
treatment.
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online in the Supporting Information section at the end
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Fig. S1. Flow chart depicting experimental conditions
of cell line experiments.

Fig. S2. Heat map showing the differentially expressed
genes in significantly overrepresented pathways associ-
ated with overall survival (good = alive, poor = dead).
Fig. S3. Heat map showing the differentially expressed
genes in significantly overrepresented pathways associ-
ated with response to chemotherapy.

Fig. S4. Flow cytometry of CADO cells showed no
significant changes in cell cycle progression (amount of
cells in G2/M phase) after IGF2 stimulation with or
without irradiation (6 Gy).

Fig. S5. Flow cytometry was performed to determine
the apoptotic rates of A673, SK-ES-1, RD-ES and SK-
N-MC ES cell lines. Two or more experiments were
performed in each cell line. Quantification of the flow
cytometry experiments are visualized as bar plots in
Figure 3C. Upper right square = late apoptotic cells;
Lower right square = early apoptotic cells; Upper
right and lower right squares = total apoptotic cells.
Fig. S6. Immunofluorescence assays were conducted to
detect how the levels of cleaved PARP was related to
irradiation (6 Gy) with or without IGF2 stimulation in
CADO cells.

Fig. S7. Principal component analysis (PCA) plot
showing all genes in IGF2-treated and untreated cell
lines. Dots indicate individual replicates (n = 2 - 3)
and color represents cell line type and treatment
(IGF2 = 100ng/ml IGF2 treatment, U = untreated)
as indicated by the legend to the right. Poor separation
was seen for RD-ES cells which were excluded from
further analysis.

Fig. S8. Principal component analysis (PCA) plot of
all cell lines for the gene signature (36 differentially
expressed genes) related to IGF2 stimulation of
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CADO cells. The PCA shows a variable separation
(for each individual cell line) of treated and untreated
experimental replicates.

Fig. S9. Sashimi plot showing the mapping of RNA-
seq reads to the /GF2 exons for a sample with IGF2
expression. Similar to the other cases with IGF2
expression on RNA-seq, the mapping reveals how pro-
moter P3 is the clearly dominant site for transcription
initiation. Promoter P1 is not shown, but had a very
low number of mapped reads for all samples. This sug-
gests that the gene expression of IGF2 is not mediated
by loss of imprinting.

Fig. S10. A) qRT-PCR analysis of IGF2 and HI9
expression in untransfected control and siSTAG2-trea-
ted CADO cells. B) Western blotting of P16 in Hela
(positive control), uninfected CADO and CDKN2A4
encoding retrovirus infected (pQCXIH-CDKN2A)
CADO cells. GAPDH was stained as a loading con-
trol. C) qRT-PCR analysis of IGF2 and HI9 expres-
sion in uninfected CADO and CDKN2A encoding
retrovirus infected (pQCXIH-CDKN2A4) CADO cells.
*p <0.05, **p <0.01.

Fig. S11. Representative photomicrographs of
immunohistochemical staining for STAG2 in Ewing
sarcomas.

Table S1. Differentially expressed genes for patient
survival in Ewing sarcoma patients at adj. p < 0.005.
Table S2. Differentially expressed genes for First-line
therapy failure in Ewing sarcoma patients at adj. p <
0.01.

Table S3. Differentially expressed genes for response
to chemotherapy in Ewing sarcoma patients at adj. p
< 0.01.

Table S4. Differentially expressed genes in CADO at
adj. p < 0.01.

Table S5. Differentially expressed genes in SK-ES-1 at
adj. p < 0.01.

Table S6. Differentially expressed genes in A673 at
adj. p < 0.01.
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