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Abstract

Purpose: Large-scale sequencing studies have indicated that
besides genomic alterations, the posttranscriptional regula-
tion of gene expression or epigenetic mechanisms largely
influences the clinical behavior of Ewing sarcoma. We inves-
tigated the significance of the RNA-binding protein IGF2BP3
in the regulation of Ewing sarcoma aggressiveness.

Experimental Design: Explorative study was performed in
14 patients with localized Ewing sarcoma using RNA sequenc-
ing. Next, 128 patients with localized Ewing sarcoma were
divided into two cohorts. In the training set, 29 Ewing sarcoma
samples were analyzed using Affymetrix GeneChip arrays. In
the validation set, 99 Ewing sarcoma samples were examined
using qRT-PCR. Patient-derived cell lines and experimental
models were used for functional studies.

Results:Univariate and multivariate analyses indicated
IGF2BP3 as a potent indicator of poor prognosis. Further-
more, ABCF1 mRNA was identified as a novel partner of

Introduction

Pediatric cancers have a generally quiet genome. However,
epigenetic changes are common and may constitute an impor-
tant class of drivers for these diseases. Ewing sarcoma, a rare
disease with unmet clinical needs and relevant social impact on
pediatric and young adult population, is no exception. Large-
scale genomic sequencing studies have demonstrated that
Ewing sarcoma has one of the lowest mutation rates among
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IGF2BP3. Functional studies indicated IGF2BP3 as an onco-
genic driver and ABCF1 mRNA as a sponge that by binding
IGF2BP3, partly repressed its functions. The combined eval-
uation of IGF2BP3 and ABCF1 could identify different
patient outcomes—high IGF2BP3 and low ABCFI levels
indicated poor survival (25%), whereas low IGF2BP3 and
high ABCF1 levels indicated favorable survival (85.5%). The
bromodomain and extraterminal domain inhibitor (BETi)
JQ1 decreased IGF2BP3 expression, modified the expres-
sion of its validated targets and inhibited the capability of
Ewing sarcoma cells to grow under anchorage-independent
conditions.

Conclusions: The combined assessment of IGF2BP3 and
ABCF1 predicts recurrence in Ewing sarcoma patients.
Thus, for patients with high expression of IGF2BP3 and poor
probability of survival, the use of BETis should be clinically
evaluated. Clin Cancer Res; 24(15); 3704-16. ©2018 AACR.

all cancers (0.15 mutations/Mb), thereby resulting in a paucity
of pharmacologically actionable mutations (1-3). Thus, Ewing
sarcoma treatment has not benefited from the most recent
genetic technologies, and it is still entrapped with the use of
dose-dense chemotherapy in combination with surgery and/or
radiation. Ewing sarcoma prognosis continues to be poor for
metastatic and recurrent patients, with much scope for
improvement (4), while Ewing sarcoma survivors report harsh
performance limitations with restriction of routine activities as
a consequence of treatment morbidities that severely impact
their quality of life (5). To maximize the efficacy of standard
treatments while limiting unnecessary toxicity, it is thus impor-
tant to identify indicators of patient survival for the design of
risk-based therapies. Recent genome-scale DNA methylation
sequencing for a large cohort of Ewing sarcoma tumors (6)
indicated a substantial epigenetic heterogeneity within tumors
that likely reflects the diverse clinical presentation and progres-
sion of Ewing sarcoma. However, in contrast with many other
cancers, DNA methylation differences among Ewing sarcoma
tumors did not uncover discrete subtypes but instead demar-
cated a continuous spectrum defined by mesenchymal versus
stem cell signatures, which might reflect the differentiation state
of the cell-of-origin and/or the strength of the regulatory
signature imposed by EWS-FLI, the oncogenic driver of Ewing
sarcoma. EWS-FLI functions primarily as a transcription factor
that in addition to regulating the expression of specific targets
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Translational Relevance

In this article, for the first time, we highlight the value of
the RNA-binding protein IGF2BP3 in the regulation of
Ewing sarcoma aggressiveness. IGF2BP3 acts as an onco-
gene, and its functions are counteracted by the sponging
activities of the ABCF1 mRNA, a novel target of IGF2BP3. In
this study, we provided evidence of a direct interaction
between these molecules and the steady-state regulation of
ABCF1 by IGF2BP3. We propose the use of a bromodomain
and extraterminal domain inhibitor (BETi), which has
marked antitumor activity, as a possible treatment strategy
for patients with high expression of IGF2BP3 and low
expression of ABCF1. These patients are prone to have poor
prognoses, and BETi, by decreasing IGF2BP3 expression,
may shift the balance toward lower disease aggressiveness
and better outcomes.

interacts with multiple partners involved in transcriptional and
splicing machineries (7). As a result, EWS-FLI orchestrates
multiple oncogenic hits that lead to the transformation and
disruption of normal developmental processes. Despite being a
necessary condition, EWS-FLI is not sufficient to generate a fully
transformed phenotype and requires adjuvant factors (3, 8).
These data highlight the importance of investigating posttran-
scriptional mechanisms, including noncoding RNAs and RNA-
binding proteins (RBPs), involved in gene expression regula-
tion. Although noncoding RNAs have been found to be differ-
entially expressed in Ewing sarcoma samples (9-11), and
prognostic value has been established for some of them
(12), the role of RBPs has been barely explored in Ewing
sarcoma.

RBPs affect critical steps of posttranscriptional regulation,
including mRNA maturation, splicing, translation, and stability
(13). Taking advantage of two different throughput datasets
generated in our laboratory by RNA sequencing (RNA-seq) and
gene expression profiling in Ewing sarcoma patients who either
responded or not to standard therapy, we investigated the impli-
cation of the expression of insulin-like growth factor 2 mRNA-
binding proteins (IGF2BPs) in Ewing sarcoma progression and
response to therapy (14). IGF2BPs are a conserved family of
structurally and functionally related RBPs that bind mRNAs via
6 RNA-binding domains controlling cytoplasmic stability and
translation of transcripts (reviewed in refs. 15, 16). Consisting of
three paralogs (IGF2BP1, 2, and 3), these RBPs are oncofetal
proteins with high expression during embryogenesis, low expres-
sion in adult tissues, and reexpression in malignancies. In epi-
thelial cancers, IGF2BPs are emerging as promising outcome
predictors and drug sensitivity regulators (17, 18), while in
lymphatic tumors, IGF2BP3 upregulation represents a key mech-
anism operating in MLL-rearranged B-cell acute lymphoblastic
leukemia (B-ALL; ref. 19). In this study, we identify the expression
of IGF2BP3, but not of IGF2BP1 or 2, as a major indicator of
adverse prognosis in Ewing sarcoma patients. We also discover
ABCF1 as a novel mRNA target of IGF2BP3 in Ewing sarcoma that
counteracts the oncogenic potential of IGF2BP3 by preventing its
association with some canonical oncogenic targets such as MMP9,
CD44, and ABCG2. Contemporary assessment of IGF2BP3 and
ABCF1 gene expression enabled the fine-tuned stratification of
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Ewing sarcoma patients based on outcomes. The selective bro-
modomain and extraterminal domain inhibitor (BETi) JQ1
reduced the levels of IGF2BP3 and its mRNA targets and may
thus be considered for the treatment of high-risk patients.

Materials and Methods

Patient selection

Patients with localized Ewing sarcoma who were enrolled in
prospective studies and treated at the Rizzoli Institute were
included in the current analysis (20, 21). All patients had a
diagnosis of Ewing sarcoma made on representative specimens
from open or needle biopsies and based on histologic, cytologic,
IHC features, as well as molecular presence of the chimeric
product derived from Ewing sarcoma-specific chromosomal
translocations (22, 23). Local treatment, performed after induc-
tion chemotherapy, consisted of radiotherapy, surgery, or surgery
followed by radiotherapy. In patients locally treated with surgery,
histologic response to chemotherapy was evaluated according to
the method proposed by Picci and colleagues (24).

Explorative analysis was performed on 14 biopsies of pati-
ents with localized tumor with different outcomes analyzed by
RNA-seq. A training set of 29 cases, previously profiled for gene
expression (14), and a validation set of 99 cases comprised the
study population. The patients' clinical characteristics are sum-
marized in Supplementary Table S1. Clinical and follow-up data
were updated to June 2014. The median follow-up of the popu-
lation was 72 months (range 4-263 months). The rate of 5-year
relapse-free survival (RFS) and overall survival (OS) was 60.9%
and 70.3%, respectively.

The statistical power of samples included in the validation set
was verified (index: 1), indicating adequate sample size (25). The
ethical committee of the Rizzoli Institute approved the study
(0041040/2015), and informed consent was obtained. The study
was conducted in accordance with the Declaration of Helsinki
ethical guidelines.

Sample processing for molecular analysis

Total RNA from snap-frozen tissue samples and/or cell lines
was isolated using TRIzol Reagent (Invitrogen). RNA quality and
quantity were assessed by NanoDrop analysis (NanoDrop
ND1000, Thermo Fisher Scientific) and/or by electrophoresis.
To check whether the extracted RNA was representative of
Ewing sarcoma, tissue sections from the same snap-frozen tissue
samples subjected to RNA extraction were morphologically
analyzed with hematoxylin-eosin staining, and the slides were
evaluated by a pathologist who certified the high-density cancer
areas (>70%) before any processing as reported previously (9, 12).
Tissues nonrepresentative of Ewing sarcoma were excluded.
Details for quantitative real-time PCR (qRT-PCR) are in Supple-
mentary Methods.

RNA-seq and bioinformatics analyses

Total RNA from snap-frozen tissue samples was extracted
with TRIzol reagent. A total of 250-1,000 ng of total RNA was
used for the synthesis of ¢cDNA libraries with TruSeq RNA
Sample Prep Kit v2 (Illumina) according to the manufacturer's
recommendations and sequenced by synthesis using the 75-bp
paired-end mode on HiScanSQ sequencer (Illumina). Raw
reads were aligned using TopHat (version 2.1.0; ref. 26) to
build version hg19 of the human genome from University of
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California, Santa Cruz (Santa Cruz, CA). Counts for UCSC-
annotated genes were calculated from the aligned reads using
HTSeq (version 0.6.0; ref. 27). Normalization and differential
analysis were carried out using edgeR package (version 2.12.0;
ref. 28) and R (version 3.2.2). Raw counts were normalized
according to library size to obtain counts per million (cpm).
Only genes with a cpm greater than 1 in at least 3 samples were
retained for differential analysis. Edger in R was used to identify
gene expression modulation of coding genes. From the total list
of 25,369 annotated genes, after filtering out genes with no
expression (no more than 1 cpm in 3 samples), we obtained a
total of 16,531 genes. A total of 595 genes were differentially
expressed, 97 of which were noncoding genes (excluding
genes with "protein_coding" class according to Ensembl hg19
annotation). Genes were tested for differential expression
using the empirical Bayes moderation ¢ statistics of the limma
package (v. 3.30) and considered significant if the P value was <
0.05 and the absolute fold change (F.C.) was > 1.5.

Preclinical studies

Functional studies were performed on 9 patient-derived Ewing
sarcoma cell lines authenticated by DNA fingerprinting (last
control December 2017) and found to be mycoplasma-free by
MycoAlert mycoplasma detection kit (Lonza; control every
3 months). A673 and TC-71 cells were stably silenced for IGF2BP3
after transfection with pLKO.1 vector containing the IGF2BP3-
specific short hairpin RNA (TRCN0000074673) and selected with
puromycin (2 ug/mL, Sigma). Transient overexpression
of IGF2BP3 was achieved by transfecting LAP-35 cells with the
pCDH vector containing IGF2BP3 ¢DNA. The details are in
Supplementary Methods.

In vivo studies

Six-week-old female athymic Crl:CD-1-nu/nu Br mice, hereaf-
ter referred to as "nude" mice (Charles River), were used. A total of
2 x 10° viable cells were injected in lateral tail veins of mice. The
care of mice and experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committee
("Comitato per il Benessere Animale") of the University of Bolo-
gna and by the Italian Ministry of Health letter 208/2017-PR. The
details are in Supplementary Methods.

Statistical analysis

Association between IGF2BP3 expression and RFS or OS
was estimated by Cox proportional hazards regression analysis.
RFS and OS were plotted using the Kaplan-Meier method,
while the log-rank test was used to calculate univariate statis-
tical significance of observed differences. RFS was calculated as
the time from diagnosis to occurrence of adverse events defined
as recurrence or metastases at any site. OS was defined as the
time from diagnosis to cancer-related death. Survivors or
patients who were lost to follow-up were censored at the last
contact date. All factors significantly associated with RFS and/or
OS in univariate analysis were entered into a Cox proportional
hazards model using stepwise selection multivariate analysis.
Values of 95% confidence interval (CI) of hazard ratios (HRs)
are provided (29). Differences among means were analyzed
using Student t tests or the nonparametric Mann-Whitney rank-
sum test when the data were not normally distributed. Exper-
imental data including more than two groups were analyzed
using one-way ANOVA. Fisher exact test was used to determine
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association between IGF2BP3 expression and metastases inci-
dence in mice. Spearman rank or Pearson tests were used to
evaluate correlations. To define drug-drug interactions, the
combination index (CI) was calculated with an isobologram
equation using CalcuSyn software (Biosoft) to identify syner-
gistic (CI1 < 0.9), additive (0.9 < CI > 1.1), or antagonistic (CI >
1.1) effects according to Chou and colleagues (30). All P values
were two-sided. P < 0.05 was considered statistically significant.
Statistical analyses were performed with SPSS software, version
22.0. Statistical power was calculated by PS Power and Sample
Size Calculations, version 3.0.

Results

High expression of IGF2BP3 in primary tumors predicts
poor prognosis of Ewing sarcoma patients

To search for RBPs whose expression is associated with
differential prognosis, we performed explorative RNA-seq of
14 biopsy samples (Supplementary Table S1) from primary
localized Ewing sarcoma and compared fusions, mutations,
and gene expression profiles between patients who did not
experience recurrence (defined as patients with no evidence of
disease, NED) and patients who experienced tumor progression
within 3 years from diagnosis (defined as patients experiencing
a relapse, REL). According to previous studies, we found no
translocation other than the canonical EWS/ETS, typical of
Ewing sarcoma, and the mutations were limited to TP53 and
STAG2. Mutations in TP53 were more frequent in patients with
poor response to treatments (4/7 in poor responders and 0/7
in good responders), confirming the prognostic value of TP53
in Ewing sarcoma (3, 31). Gene expression analysis identified
595 genes (299 upregulated and 296 downregulated) with
significant changes in expression levels between NED and REL
patients (P < 0.05; one-way ANOVA). Among the most upre-
gulated genes, we identified the RBP IGF2BP3 (Supplementary
Tables S2 and S3). Of note, the speculation for a clinical role of
IGF2BP3 also stemmed from our prior study that identified
IGF2BP3 among 20 genes in a genetic signature classifying
patients experiencing critical disease progression, with a
100% classification performance (14). Expression analysis of
three members of the IGF2BP family by microarray in a training
set with 29 primary tumors (ref. 14; Supplementary Table S1)
confirmed that IGF2BP3, but not IGF2BP1 or 2 (Supplementary
Fig. S1A and S1B), is differentially expressed in REL patients
versus NED patients and in living patients versus patients
who died of disease (P = 0.0455; P = 0.0016, Mann-Whitney
test, respectively; Fig. 1A). The relation between the high
expression of IGF2BP3 and adverse outcomes was confirmed
in the validation set using qRT-PCR (P = 0.0124, Mann-
Whitney test; Supplementary Tables S1 and S4; Table 1; Fig.
1B). IGF2BP3 was generally overexpressed in tumor specimens
compared with that in human-derived mesenchymal stem cells
(hMSCs) used as controls (median = 4.16; range = —3.75-
13.01 vs. hMSC196; Supplementary Fig. S1C).

Cox proportional hazard regression analysis demonstrated an
association between IGF2BP3 and RFS or OS in the training [HR =
1.82;95% CI (1.20-2.77); P=0.004 or HR =2.49; 95% CI (1.54-
4.03); P < 0.0001, respectively| and validation sets [HR = 2.19;
95% CI (1.06-4.54); P = 0.034 or HR = 3.49; 95% CI (1.58-
7.72); P = 0.002, respectively]. Next, median and 75th percentile
values were used to stratify patients as high- or low-expressing in
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Figure 1.

Prognostic value of /GF2BP3 in primary Ewing sarcoma patients. Scatter plot analysis of /GF2BP3 expression in (A) 29 Ewing sarcoma cases analyzed by
microarrays or in (B) 99 Ewing sarcoma cases evaluated by gRT-PCR. Differential expression between NED or REL and alive or dead patients was established
by Mann-Whitney rank-sum test, and P values are displayed. Mean = SD of relative mRNA expression (2724 reported as log, is shown. Mean expression of
two bone marrow-derived MSC (A) or hMSC196 (B) were used as calibrators. Prognostic impact of /GF2BP3 expression according to Kaplan-Meier curves and
log-rank test in 29 cases analyzed by microarrays (C) or in 99 cases evaluated by gRT-PCR (D). Samples with high (H) and low (L) expression were
defined according to the median values (top panels) or the 75th percentile values (bottom). RFS and OS were evaluated. Time scale refers to months
from diagnosis. The number of patients at risk in H and L samples are listed below each time interval.

the training and validation sets. The 75th percentile, which
indicated very high expression of the molecule, better discrimi-
nated patients with different prognoses than did the median
value, indicating that the levels of expression are critical for patient
outcomes. Furthermore, Kaplan-Meier curves confirmed that the
very high expression of IGF2BP3 significantly affects either RFS or
OS of Ewing sarcoma patients (Fig. 1C and D). Multivariate
analysis was performed in the validation set for variables associ-
ated with RFS or OS identified by univariate analysis and con-
firmed high levels of IGF2BP3 and poor response of tumors after
neoadjuvant chemotherapy as independent risk factors of poor
outcomes (Table 1).
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IGF2BP3 increases anchorage-independent growth and
migration in Ewing sarcoma cells

The expression of IGF2BP3 was investigated both at mRNA and
protein levels in a panel of 9 Ewing sarcoma patient-derived cell
lines compared with that in hMSCs (hMSC196). With the notable
exception of two Ewing sarcoma cell lines (H-1474-P2 and
H825), tumor cells expressed IGF2BP3 at higher levels than did
normal cells (Fig. 2A). The expression of IGF2BP3 was not
dependent on the expression of EWS-FLI, as demonstrated in
A673 cells, in which inducible silencing of EWS-FLI did not
modify the expression of IGF2BP3 (Supplementary Fig. S2). In
the panel of Ewing sarcoma cell lines, a statistical correspondence
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Table 1. RFS and OS log-rank and Cox proportional hazards regression multivariate tests in 99 Ewing sarcoma patients evaluated for /GF2BP3 expression

by gRT-PCR
RFS 0S
Characteristics n P-Univariate HR (95% CI) P-Multivariate P-Univariate HR (95% CI) P-Multivariate
Gender 0.192 0.251
Female 29
Male 70
Age 0.725 0.791
< 14 years 40
> 14 years 59
Location 0.06 0.253
Extremity 77
Central 7
Pelvis 15
LDH? 0.037 NS 0.008 NS
Normal 66
High 25
Surgery 0.165 0.037 NS
YES 90
NO 9
Local treatment 0.368 0.093
RxT 9
RxT + Surgery 20
Surgery 70
Response to chemotherapyb 0.008 0.01 0.008 0.01
Good 37 1 1
Poor 53 174 (11-2.74) 2.1 (1.14-3.9)
IGF2BP3¢ 0.029 0.05 0.001 0.005
Low 70 1 1
High 23 2.14 (0.98-4.67) 3.49 (1.47-8.33)

Abbreviations: LDH, lactate dehydrogenase; NS, not significant; OS, overall survival; RFS, relapse-free survival; RxT, radiotherapy.

?Data available for 91 cases.
PData available for 90 cases.

“Data available for 93 cases divided as high and low expressers using 75th percentile.

was observed between mRNA and protein levels of IGF2BP3
(r=0.667, P =0.05, Spearman test). The protein expression of
IGF2BP3 was directly correlated with the capability of Ewing
sarcoma cells to form colonies under anchorage-independent
conditions (r = 0.767, P = 0.016, Spearman test; Fig. 2B), one
of the best in vitro parameters of malignancy (32). In contrast,
no correlation was observed between IGF2BP3 levels and
proliferation rate or sensitivity to drugs used in the therapy of
Ewing sarcoma (not shown). This evidence was in line with the
stronger capability of IGF2BP3 to predict OS rather than RFS,
which reflects drug response more than general tumor aggres-
siveness. To confirm the role of IGF2BP3, A673 and TC-71
Ewing sarcoma cells, representative of those Ewing sarcoma cell
lines with the highest IGF2BP3 expression and malignant
features, were employed for loss-of-function studies. Cells
depleted of IGF2BP3 (Fig. 2C; Supplementary Fig. S3A) dis-
played no variations in the sensitivity to vincristine (VCR) and
doxorubicin (DXR) (Supplementary Fig. S3D and S3E) but
showed few and small colonies in soft agar (Fig. 2D; Supple-
mentary Fig. S3B), increased homotypic aggregation, and
reduced cell migration (Fig. 2E; Supplementary Fig. S3C) and
lower metastatic potential in nude mice (Supplementary Table
S5). In addition, compared with those in control mice, the
incidence of lymph node metastases was significantly decreased
(P = 0.034, Fisher exact test), and lungs were less invaded (as
shown by decreased lung weight) in mice injected with A673
IGF2BP3-silenced cells (Supplementary Table S5). Accordingly,
the survival of mice injected with shIGF2BP3 #18 and #54 cells
was significantly improved (Fig. 2F).
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IGF2BP3 modulates the expression of ABCF1, a novel mRNA
target, and IGF2BP3-ABCF1 mRNA interaction identifies
patients with different outcomes

IGF2BP3 contributes to cancer aggressiveness by regulating
specific mRNAs (reviewed in ref. 16). Considering that validated
IGF2BP3 targets, such as MMP9, a metalloproteinase involved in
cell migration and invasion, CD44, a cell surface glycoprotein
with a role in invadopodia formation, ABCG2, an ATP-binding
cassette (ABC) transporter with a key role in drug resistance and
stemness, have never been reported to be associated with the
differential prognosis of Ewing sarcoma patients, we searched for
novel IGF2BP3/mRNA interactions through in silico analysis using
the catRAPID express web server tool (33). Among the 17 pre-
dicted genes with highest correlation parameters (correlation =1,
z-score > 2), we chose ABCF1, a molecule described to be over-
expressed in soft-tissue sarcomas (34), for further investigation.
ABCF1 (also known as ABC50) is an ABC family member that
does not possess membrane-spanning domains but associates
with eukaryotic initiation factor 2 (elF2) and ribosomes, likely
functioning in mRNA translation (35-37). Beyond its biological
significance, the role of ABCF1 in cancer has rarely been investi-
gated. In Ewing sarcoma, the expression of ABCF1 was correlated
with that of IGF2BP3 in patient-derived cell lines at both mRNA
(r = 0.75, P = 0.011, Spearman test) and protein (r = 0.83,
P = 0.005, Spearman test) levels (Fig. 3A; Supplementary
Fig. S4A). The depletion of IGF2BP3 led to ABCF1 downregula-
tion (Fig. 3B), while the transient overexpression of IGF2BP3
in LAP-35 cells, which display low levels of IGF2BP3, was cor-
related with increased ABCF1 levels (Fig. 3C). To investigate
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Evaluation of the oncogenic potential of IGF2BP3 in Ewing sarcoma cell lines. A, Basal expression of IGF2BP3 in Ewing sarcoma cell lines. Top, relative mRNA
expression levels of /GF2BP3 compared with that of the calibrator (hnMSC196; 2~24% = 1). GAPDH was used as a housekeeping gene. Columns represent the
mean values of three independent experiments, and the bars represent the SE. Bottom, Western blotting showing IGF2BP3 expression compared with that in
hMSC196 cells. Equal sample loading was monitored by blotting for GAPDH. B, Protein expression of IGF2BP3 established by densitometry analysis (left y-axis)
and clonogenic abilities of Ewing sarcoma cell lines (right y-axis). Points or columns represent the mean values of at least three independent experiments, and the
bars represent the SE. C, Representative Western blotting showing IGF2BP3 expression in A673 cells depleted of IGF2BP3 compared with that in control (A673) or
empty vector-transfected cells (A673 shCTR). GAPDH was used for normalization. D, Soft agar growth of IGF2BP3-silenced cells compared with that of
controls. Mean =+ SE of at least two independent experiments performed in duplicate and P values assessing statistical significance after one-way ANOVA
with respect to A673 are shown below each image. E, Homotypic aggregation (top) and migration (bottom) of A673 cells depleted of IGF2BP3, control (A673), or
empty vector-transfected cells (A673 shCTR). Columns represent the mean values of at least two independent experiments performed in triplicate, and the
bars represent the SE. *, P < 0.05; **, P < 0.01, one-way ANOVA with respect to A673. F, Survival of Crl:CD-1-nu/nu Br mice after intravenous injection of
A673 IGF2BP3-silenced cells compared with that of mice injected with control cells. Mice were grouped as "IGF2BP3 High" (black line; H) when A673 (6 mice)
or A673 shCTR (6 mice) were injected, and "IGF2BP3 Low" (gray line; L) when A673 shiIGF2BP3 #18 (6 mice) or A673 shIGF2BP3 #54 (6 mice) were injected
(12 mice per group). Curve comparison was performed using log-rank test, and P values are shown. Time scale refers to weeks from injection.
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Assessment of ABCFT as a novel IGF2BP3 mRNA target. A, Basal expression of ABCF1in Ewing sarcoma cell lines. Left, relative mRNA expression levels of
ABCF1 compared with that of the calibrator (hnMSC196; 2724 = 1). GAPDH was used as the housekeeping gene. Columns represent the mean values of two
independent experiments, and the bars represent the SE. Right, Western blotting showing ABCF1 expression compared with that in hMSC196 cells. Equal
sample loading was monitored by blotting for GAPDH. B, Western blotting showing ABCF1 expression in A673 cells depleted of IGF2BP3 compared with that
in empty vector-transfected cells (A673 shCTR). GAPDH was used for normalization. C, Western blotting showing IGF2BP3 and ABCF1 levels after transient
induction of IGF2BP3 expression. LAP-35 cells (CTR), transfected with empty vector (EV) or with plasmids encoding IGF2BP3 (IGF2BP3) were used. Cell lysates
were collected after 24 hours of transfection. Equal loading was monitored using GAPDH. D, gRT-PCR analysis of IGF2BP3-associated mRNAs isolated from
the cytoplasmic extracts of A673 cells by immunoprecipitation using an anti-IGF2BP3 antibody. Isotope control goat I9G was used as negative control. ABCG2
and GAPDH were used as positive and negative controls, respectively. Columns represent the mean values of at least three independent experiments, and the
bars represent the SE. *, P < 0.05, one-way ANOVA with respect to GAPDH. E, Scatter plot displaying the correlation between /GF2BP3 and ABCFT mRNA
expression in 99 Ewing sarcoma cases. Correlation coefficient (r) and P value were calculated using Pearson correlation analysis.

whether IGF2BP3 affects the steady-state levels of ABCFI mRNA, tary Fig. S4B). Direct protein-RNA interaction between IGF2BP3
we used actinomycin D to inhibit transcription and measure the  and ABCF1 was confirmed by ribo-immunoprecipitation (RIP)
decay rate of ABCF1. Indeed, we observed a shorter ABCFI half-  analysis. After immunoprecipitation (IP) with anti-IGF2BP3 anti-
life in IGF2BP3-depleted cells than in control cells (Supplemen-  body, the enrichment of selected transcripts was measured by
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qRT-PCR, and we observed high enrichment of ABCF1 mRNA
(Fig. 3D). As further evidence of the functional interaction
between the two molecules, the expression of ABCF1 in clinical
samples (median = 2.27; range = 1.24-10.32; Supplementary
Fig. S1D; Supplementary Table S4) was significantly correlated
with that of IGF2BP3 (Fig. 3E).

Although ABCF1 did not predict Ewing sarcoma outcomes
when considered as single biomarker (Supplementary Fig.
S5A), the combined evaluation of IGF2BP3 and ABCF1 indi-
cated a dichotomous behavior of IGF2BP3 and ABCF1 expres-
sion levels in the prediction of RFS (Supplementary Fig. S5B)
and OS (Fig. 4A). Patients with high expression of IGF2BP3 and
low expression of ABCF1 have poor prognoses (25% OS), while
patients with low expression of IGF2BP3 and high expression of
ABCF1 have good prognosis (85.5%). Multivariate analysis
confirmed the statistical significance of the combined evalua-
tion of IGF2BP3 and ABCF1 (Supplementary Table S6). When
we considered individuals with the highest or lowest expression
levels (75th percentile), the picture was even clearer. The 11
patients with the lowest expression of IGF2BP3 and the highest
expression of ABCF1 did not experience any adverse events. In
contrast, 9/14 patients with the highest expression of IGF2BP3
and lowest expression of ABCF1 experienced recurrence within
2 years (Supplementary Fig. S5C). Our hypothesis is that
IGF2BP3 is the oncogenic driver, and ABCFI mRNA acts as a
sponge that, by binding IGF2BP3, partly represses its functions.
We chose two patient-derived cell lines (H825 and TC-71),
representing the conditions of low IGF2BP3 and high ABCF1
expression (Fig. 4A, red line) or high IGF2BP3 and high ABCF1
expression (blue line in Fig. 4A), respectively, to verify the effect
of ABCF1 repression. When ABCF1 expression was silenced, the
capability of Ewing sarcoma cells to form colonies was signif-
icantly increased (Fig. 4B), mimicking a tendency toward worse
prognosis. qRT-PCR analysis after ABCF1 silencing in TC-71
cells revealed that the mRNA levels of ABCG2, MMP9, and
CD44 were significantly increased, further indicating that low-
ering ABCF1 levels freed up IGF2BP3 for binding to oncogenic
mRNAs (Fig. 4C). To directly test the hypothesis that the
interaction between ABCF1 and IGF2BP3 can influence the
ability of IGF2BP3 to bind target mRNAs, we silenced ABCF1
in TC-71 cells and performed RIP assay to evaluate the inter-
actions between IGF2BP3 and ABCG2, MMP9 and CD44 target
mRNAs. As shown in Fig. 4D, the depletion of ABCF1 enhanced
the interaction of IGF2BP3 with its target mRNAs.

Patients with high IGF2BP3 levels may benefit from treatment
with the bromodomain and extraterminal domain (BET)
inhibitor JQ1

Considering that the high expression of IGF2BP3 negatively
influences patient outcomes, we searched for treatments that
can inhibit the expression of IGF2BP3. Limited knowledge is
available regarding the molecular mechanisms responsible for
IGF2BP3 regulation (38). However, the pharmacologic inhibi-
tion of IGF2BP3 expression via BET inhibition, both directly
and indirectly, has been recently described in megakaryocytes
and in B-ALL (19, 39). The treatment of three Ewing sarcoma
cell lines, 6647, TC-71, and A673, representative of patients
with poor prognosis (blue and light blue lines in survival
curves, Fig. 4A), with the BETi JQ1 indeed resulted in a signif-
icant decrease in IGF2BP3 expression and a parallel reduction
in cellular growth under anchorage-independent conditions
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(Fig. 5A). The specificity of action of JQ1 on IGF2BP3 was
further confirmed by the inhibitory effects on IGF2BP3 targets,
such as ABCF1, ABCG2, MMP9, and CD44 (Fig. 5B; Supple-
mentary Fig. $6). In addition, A673 cells depleted of IGF2BP3
showed a lower sensitivity to JQ1 than cells transfected with
empty vector control (Fig. 5C), further supporting a connection
between JQ1 efficacy and IGF2BP3 expression. JQ1 has been
shown to impair tumor growth in models relevant to childhood
solid malignancies including Ewing sarcoma (40-42). Howev-
er, the in vivo antitumor activity of JQ1 against solid tumors is
relatively modest, with slowing of tumor growth without tumor
regression and the need for other drugs to improve its thera-
peutic attractiveness (43). On the basis of recent evidence (44),
we found that JQ1, in combination with the anti-microtubule
drug VCR, an agent conventionally used in Ewing sarcoma
systemic treatment, exerts additive effects on three Ewing sar-
coma cell lines (Fig. 5D).

Discussion

In this study, we demonstrate for the first time that IGF2BP3
affects Ewing sarcoma aggressiveness and is a major determinant
of Ewing sarcoma outcomes. The strong prognostic value of
IGF2BP3, a novel therapeutic target, was validated in this study
using explorative, training, and validation sets of patients with
primary Ewing sarcoma using three different techniques. Because
Ewing sarcoma is a rare tumor, it is difficult to organize large
homogeneous cohorts of Ewing sarcoma patients without con-
sidering the heterogeneity of different chemotherapy regimens,
surgical, and local treatments. We thus analyzed a relatively small
but highly homogenous cohort of patients and corroborated
clinical data with functional studies in patient-derived cell lines
and/or IGF2BP3-silenced cells, in vitro and in vivo, to demonstrate
that IGF2BP3 acts as a potent promoter of Ewing sarcoma malig-
nancy. Several studies have described elevated expression of
IGF2BP3 in human cancers, including osteosarcoma and leio-
myosarcoma (38, 45), and provided evidence that IGF2BP3 plays
essential roles in the modulation of tumor cell fate, stemness,
migration, metastasis, and immune escape (46). Studies recently
performed in immortalized hMSCs have demonstrated IGF2BPs
within a dicer-resistant set of genes with a pan-cancer relevance in
tumor development (47). In this study, we showed that IGF2BP3
increases the capacity of Ewing sarcoma cells to growth under
anchorage-independent conditions, migrate and metastasize at
distal organs, critical steps in targeted intervention, but does not
affect the chemosensitivity of Ewing sarcoma cells to conventional
chemotherapeutics. IGF2BP3 has been reported to confer resis-
tance to platinum, doxorubicin, sorafenib, and mitoxantrone but
not Taxol in ovarian cancer (17), breast cancer (48), and hepa-
tocellular carcinoma (49), very likely through the modulation of
hCTR1, a copper transporter involved in platinum uptake and
ABCB1 and/or ABCG2, two members of the ABC superfamily
transporters that are frequently involved in drug efflux. Discre-
pancies in these findings reflect the complex and cellular context-
dependent interactions of IGF2BP3 with its targets. Indeed,
despite the general consensus on the involvement of IGF2BP3
in tumorigenicity, the identification of downstream effectors of
IGF2BP3, and mechanisms of action remain largely elusive.
Recent iCLIP-Seq analysis showed that hundreds of mRNAs are
bound by this protein (19, 50). In addition, IGF2BP3 modulates
miRNA-mRNA interactions (50), further enhancing the level of
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Figure 4.

Prognostic and functional impact of IGF2BP3/ABCF1 interaction in Ewing sarcoma. A, Prognostic value of /GF2BP3 expression in combination with ABCF1
expression according to Kaplan-Meier curves and log-rank test in the validation set of 99 Ewing sarcoma cases evaluated by gRT-PCR. High and low
IGF2BP3-expressing samples were defined according to the 75th percentile values; high and low ABCFI-expressing samples were defined according to
the median values. OS was considered. Time scale refers to months from diagnosis. Number of patients at risk are listed below each time interval. B, ABCF1
silencing was achieved in H825 (top) or TC-71 (bottom) cells after 96 or 48 hours of transfection, respectively, of siABCF1 (80 nmol/L) or scrambled
control siRNA (SCR; 80 nmol/L). GAPDH was used as the loading control. Histograms represent soft-agar growth of H825 (top) or TC-71 (bottom) cells
treated with siRNA or SCR. Mean =+ SE of three independent experiments is shown (*, P < 0.05, Student ¢ test). C, Impact of ABCF1 silencing on the expression
of IGF2BP3 target mRNAs. ABCG2, MMP9, and CD44 mRNA levels were measured by qRT-PCR in TC-71 cells after 72 hours of transfection of siABCF1
(80 nmol/L) or SCR (80 nmol/L). GAPDH was used as the housekeeping gene. Columns represent the mean values of at least two independent experiments,
and the bars represent the SE (*, P < 0.05; **, P < 0.01, Student t test). D, gRT-PCR analysis of the relative binding of ABCG2, MMP9, and CD44
MRNAs to IGF2BP3 isolated from the cytoplasmic extracts of TC-71 cells after 72 hours transfection of siABCF1 (80 nmol/L) or SCR (80 nmol/L).
Histograms represent the fold enrichment over SCR for each siABCF1-treated sample. Isotope control goat I9G was used as negative control. Mean values
and the SE of two independent experiments are shown. *, P < 0.05, Student ¢ test.
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Figure 5.

Evaluation of benefits conferred by high IGF2BP3 expression in the response to BETi JQ1 alone or in combination with VCR in Ewing sarcoma cells. A,
Relative /GF2BP3 mRNA expression levels (left y-axis) and clonogenic abilities (right y-axis) of 6647, TC-71, and A673 cell lines after 48 hours of
pretreatment with different doses of JQ1 or DMSO compared with that of untreated controls. Points or columns represent the mean values of at least three
independent experiments, and the bars represent the SE (*, P < 0.05; **, P < 0.01; ***, P < 0.001, one-way ANOVA). B, Western blotting showing
IGF2BP3 and ABCF1 expression in 6647 (left) or TC-71 (right) cells after 48-hour treatment with different doses of JQ1 or DMSO. GAPDH was used for
normalization. C, Reversal of sensitivity to JQ1in A673 cells depleted of IGF2BP3 compared with that in empty vector-transfected cells (A673 shCTR). Cells
were treated for 48 hours with 1 umol/L JQ1 or DMSO and percentage of inhibition as calculated by Trypan blue staining is shown. Columns represent the
mean values of four independent experiments, and the bars represent the SE (*, P < 0.05, one-way ANOVA). D, Growth of 6647, TC-71, and A673 cells
assessed using MTT assays after 72-hour exposure to VCR alone or in combination with JQ1. Results are displayed as the percentage of survival relative to
that in controls. Doses and combination indexes (CI) are reported within each graph. Points, mean of three independent experiments; bars, SE.
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complexity in the action of this RBP. Few mRNAs, including IGF2,
HMGA?2, cyclin D1, MMP9, CD44, and ABCG2, have been vali-
dated thus far as targets of IGF2BP3, and the interactions are
strictly cellular context-specific (reviewed in refs. 15, 16). In this
study, we identified ABCF1 as a novel mRNA target of IGF2BP3
and provided evidence for new effects that severely affect Ewing
sarcoma patient prognoses. High expression of ABCF1, a mole-
cule involved in RNA translation (37, 51), but with still poorly
understood functions, have been reported in soft-tissue sarcomas,
including leiomyosarcoma, fibrosarcoma, and synovial sarcoma
(34), and breast carcinoma (52). In these tumors and in Ewing
sarcoma, as shown in this study, the levels of ABCF1, despite being
higher than normal tissues or benign lesions, were not associated
with differential patient prognoses. These data indicate that
ABCF1 alone has a modest value as biomarker of tumor progres-
sion. However, we demonstrated here that ABCF1 levels are
correlated with those of IGF2BP3 and that ABCF1 mRNA alters
the functions of IGF2BP3, serving as a sponge that limits the
oncogenic potential of IGF2BP3. Moreover, IGF2BP3 binds to and
stabilizes ABCF1 mRNA. Silencing of ABCF1 increases the binding
of IGF2BP3 to its target mRNAs, such as CD44, MMP9, and
ABCG2, and enhances tumor aggressiveness. ABCF1 depletion
unlocks the oncogenic potential of IGF2BP3 and, therefore,
patients with high expression of IGF2BP3 and low, if any, expres-
sion of ABCF1 are thought to experience rapid disease progression
(with survival of 25% in patients with localized tumor). In
contrast, when the levels of IGF2BP3 are low, the presence of
ABCEF1 is sufficient to fully counteract its oncogenic functions and
make patients prone to be cured. Thus, our data strongly support
the simultaneous evaluation of IGF2BP3 and ABCF1 to stratify
patients for differential treatments.

For cancer therapy, the presence of IGF2BP3 in cancer cells but
not in healthy cells offers intriguing perspectives. The complexity
of action of this oncogenic RBP, which exceeds that of classical
oncogenes, supports the need of further research to elucidate
additional target RNAs that IGF2BP3 can regulate to ultimately
develop inhibitors that can prevent the effect of IGF2BP3 on
tumor cells. Thus far, only an isocorydine derivative (d-ICD) or
BETis have been demonstrated to hamper the expression of
IGF2BP3 (19, 39, 49). Here, we provide evidence that the BETi
JQ1, which has marked antitumor activity against several hema-
tologic malignancies as well as solid tumors including Ewing
sarcoma (41, 53, 54), decreases the expression of IGF2BP3 and
some of its targets (ABCF1, ABCG2, CD44, MMP9) and sup-
pressed the capacity of growth of Ewing sarcoma cells under
anchorage-independent conditions. BET proteins are major epi-
genetic players, connecting chromatin structures with gene expres-
sion changes. BETis modulate tumor growth through direct and
indirect mechanisms. In Ewing sarcoma, BETis repress EWS-FLI-
driven gene signatures and downregulate important target genes
in addition to affecting angiogenesis in vivo (40, 42). Here, we
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