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ABSTRACT

Tumor microenvironment has emerged as key factor influencing tumor progression and
metastatization. In this context, small vesicles produced by cancer cells can influence the fate of their
surroundings via the horizontal transfer of specific molecular cargos. Ewing Sarcoma, the second
most common bone tumor in young patients, presents early metastasis associated to worse prognosis.
The RNA binding protein Insulin-like Growth Factor 2 mRNA Binding Protein 3 (IGF2BP3) exerts
a pro-oncogenic role associated with metastasis formation and worse prognosis in Ewing Sarcoma.
Our aim was to investigate the still unexplored role of IGF2BP3 in the stress-adaptive response to
tumor microenvironment and in the interactions between Ewing Sarcoma cells.

Hypoxia is a major feature of Ewing Sarcoma microenvironment and we demonstrated that IGF2BP3
can direct the CXCR4-mediated migratory response to CXCL12 in Ewing Sarcoma cells subjected to
oxygen deprivation. We also discovered that the interaction between IGF2BP3 and CXCR4 is
regulated through CD164 and which colocalize at plasma membrane level, upon CXCL12 exposure.
Interestingly, high IGF2BP3 levels in Ewing Sarcoma metastatic lesions positively correlated with
the expression of both CD164 and CXCR4, indicating the IGF2BP3/CD164/CXCR4 oncogenic axis
as a critical modulator of Ewing Sarcoma metastatic progression. We demonstrated for the first time
that IGF2BP3 is loaded into Ewing Sarcoma derived exosomes, accordingly to its cellular levels. We
discovered that IGF2BP3+ exosomes carry high levels of IGF2BP3-client mRNAs involved in
cellular migration, CD164 and IGF1R, and, by transferring this cargo, sustain the migratory abilities
of receiving cells, induce a sharp up-regulation of CD164, CXCR4 and IGF1R and enhance the
activation of AKT/mTOR and ERK down-stream signalling pathways. We demostrated that the pro-
tumorigenic role of IGF2BP3 is not only exerted at cellular level, but that intercellular communication

is crucial in the context of Ewing Sarcoma microenvironment.



1 INTRODUCTION

1.1 EWING SARCOMA

Sarcomas, which could be classified in bone sarcomas and soft tissue sarcomas, are rare tumors of
mesenchymal origin, accounting for approximately 1% of all malignancies (Ferrari et al, 2016). The
duplicity of the classification accounts for the heterogeneity of localization, hystotype, pattern of
incidence that characterize these subtypes. Primary bone sarcomas actually represent less than 0,2%
of all malignancies (Strauss et al, 2018): among them, Osteosarcoma and Ewing Sarcoma show a
peak of incidence during childhood and adolescence (Casali et al, 2018) while Chondrosarcoma, on
the other hand, is the most frequent bone sarcoma of adulthood (Whelan et al, 2012).

Ewing Sarcoma (EWS, ES) is an highly aggressive small round cell sarcoma occurring predominantly
in bone localizations, mainly pelvis, femur, tibia and ribs, but also, yet less frequently, in soft-tissues.
(Grunewald et al, 2018; Riggi et al, 2021)

Ewing Sarcoma was firstly described in 1921, by James Ewing, as a diffuse hemangioendothelioma
of bone (Ewing, 1921). Historically, Ewing Sarcoma has been grouped, based on morphological and
immunophenotypical features and on the presence of chromosomal translocations, with peripheral
primitive neuroectodermal tumors (PNET) and Askin tumors in the macro-group designated as
“Ewing Sarcoma Family of Tumors” (ESFT) (Kovar, 1998). Since 2013, though, the WHO
classification of sarcomas identified as “Ewing Sarcoma” those tumors presenting the pathognomonic
FET-ETS gene fusion, while classifying as ‘Ewing-like sarcomas’ small round cell sarcomas
presenting morphologycal resemblance to Ewing Sarcoma but yet characterized by different fusion
genes and different clinico-pathological features (Doyle, 2014).

In Ewing Sarcoma, the FET/ETS balanced chromosomal translocation, most commonly in the form
of EWSRI1/FLII fusion gene (85% of cases), represents the major oncogenic feature, since this
chimeric product drives pathogenesis and tumor progression (Arvand and Denny, 2001) in the proper
context of adjuvant factors, such as an active insulin-like growth factor (IGF) system (Scotlandi et al,
1996; Scotlandi et al, 2002) and the presence of the membrane glycoprotein CD99 (Ambros et al.
1991; Llombart-Bosch et al. 2009). In parallel, large-scale genomic sequencing studies demonstrated
that Ewing Sarcoma has one of the lowest mutation rates amongst all cancers, with significant
mutation rates only for STAG2 and TP53 genes (Crompton et al, 2014). The stability of Ewing
Sarcoma genome represents a limit for the identification of “druggable” alteration while it reinforces
the need to study post-transcriptional mechanisms cooperating with EWSR1/FLI1 in the malignancy

of this tumor.



1.1.1 CLINICAL FEATURES, DIAGNOSIS AND THERAPY

Malignant bone tumors account for 5% of all cancers occurring among children and adolescents.
Following Osteosarcoma, Ewing Sarcoma is the second most frequent primary bone tumorof young
patience, with an incidence peak around the age of 15 years (Stiller et al, 2001).

The most frequent localization of Ewing Sarcoma is the bone tissue, with a prevalence of pelvic and
axial primary tumors in older patients (20-24 years) than in young children (0-9 years) (Rochefort et
al, 2017). Still, 25% of Ewing Sarcoma tumors develope in soft tissues, such as thoracic wall, gluteal
muscle, pleural cavities and cervical muscles (Ou et al, 2017), specially in older patients. (Rochefort
et al, 2017). Ewing Sarcoma is moderately more frequent in male than in female patients (ratio 3:2)
(Kovar, 1998). It is predominantly observed in population of European descent, while lower incidence
rates can be detected when considering populations of Asian and American descent. This remark
suggests that Ewing Sarcoma risk could be influenced by genetic variants specific to European
ancestry. (Jawad et al, 2009; Worch et al, 2011).

Almost 25% of patients present with metastases at diagnosis, which represent the most adverse
prognostic factor in Ewing Sarcoma. The most common localization for metastases in Ewing Sarcoma
patients is represented by the lungs (50%), followed by bone and bone marrow. (Esiashvili et al,
2008.). Patients with localized primary tumors show a 5-year overall survival (OS) of almost 70-80%
while the OS of metastatic patients is dramatically reduced to <30%. Yet the presence of isolated
pulmonary metastases correlates with an OS of approximately 50%. (Gaspar et al, 2015.).

The median time of diagnosis for Ewing Sarcoma ranges between 3 and 9 months. Patients usually
present with tumor-related symptoms, such as localized pain, often accompanied by a detectable
mass. The diagnostic process encompasses different procedures, including imaging modalities and
molecular techniques. Employing imaging techniques, such as MRI, CT, FDG, PET-CT, for Ewing
Sarcoma diagnosis allows to properly evaluate the extent of the primary disease and to detect the
presence of possible metastases. Laboratory techniques, carried out on biopsy-derived samples, are
thus needed to confirm the primary diagnosis. Immunohistochemistry is the technique of election to
evaluate the expression of different markers, such as CD99, FLI1 and caveolin 1 (CAV1), all
commonly expressed in Ewing Sarcoma (Grunewald et al, 2018). CD99 is a membrane associated
glycoprotein contributing to tumorigenesis in ES and its diffuse membranous staining is evident by
IHC in approximately 95% of cases (Perlman et al, 1994). The detection of FLI1, though, is more
specific for this tumor type due to the presence of the characteristic pathognomonic gene fusion, while

CAV1 is a useful marker in CD99-negative cells. (Llombart-Bosch et al. 2009).



Molecular techniques, such as FISH, RT-PCR (Reverse Transcription PCR) and more recently NGS
(Next Generation Sequencing), are employed to finally confirm the Ewing Sarcoma diagnosis

(Machado et al, 2009; Chen et al, 2016.).

1.1.2 MORPHOLOGICAL FEATURES

From an histological point of view, Ewing Sarcoma lesions are highly cellular and present little
intercellular space. Necrotic areas are usually present and can be extensively represented (Kim et al,
2016.). Ewing Sarcoma is composed of undifferentiated small round or oval cells, usually defined
as”’blue” due to their high basophilic staining: this characteristic is correalated to the tipically
moderate amount of cytoplasm, which is frequently vacuolated. The nuclei are generally centrally
located and present smooth contours, rare nucleoli and dispersed chromatin, summarizing the features
of a primitive ucommitted cell (Folpe et al, 2005; Sbaraglia et al, 2020). Ewing Sarcoma cell
morphology gives little hints about the cellular origin of this tumor type. The developmental origin
of Ewing Sarcoma is still unclear and this lack of knowledge is a barrier in the identification of an
appropriate model to study the development of this disease (Tirode et al, 2007; Sheffield et al, 2017).
Historically, the expression of EWSR1/FLII in the NIH3T3 mouse fibroblast cell line was observed
to induce cell transformation and was thought to ricapitulate the Ewing Sarcoma characteristics (May
etal, 1993). Recent analyses questioned this hypotesis by demostrating a complexive poor correlation
in gene expression patterns between the NIH3T3 model and primary Ewing Sarcoma and, moreover,
some targets of the fusion protein (i.e., NKX2.2 or NROB1) happen to play an oncogenic role in
patient-derived ES cell lines but are not induced in NIH3T3 cells (Riggi et al, 2008; Embree et al,
2009; Franzetti et al, 2017).

The main localization of Ewing Sarcoma, arising in bone in the majority of cases, pushes towards the
hypotesis that candidate tumor progenitors reside in the bone mesenchyme (Lipinski et al, 1987;
Staege et al, 2004.). Konockdown of EWSR1/FLI1 in Ewing Sarcoma cells FLI1 drives towards an
acquired mesenchymal stem cell (MSC) gene expression profile (Tirode et al, 2007). Moreover, he
hypothesis that Ewing Sarcoma could originate from a neural-crest derived stem cell is sustained by
the observation that Ewing Sarcoma cells express cell surface antigens associated with the
neuroectodermal lineage, besides presenting high transcription levels of genes involved in neuronal
differentiation (Staege et al, 2004). Experimental evidences obtained by the study of the bone marrow
of developing sustain the idea that the two previously proposed origins may not be mutually exclusive
and that Ewing Sarcoma might arise from a neural crest stem cell harbouring mesenchymal potential

or from a neural- crest derived stem cell (Riggi et al 2009; Coste et al, 2017).



1.1.3 MOLECULAR FEATURES
1.1.3.1 EWS/ETS fusion

Genomic instability is now widely recognized as one of the driving forces implicated in
tumorigenesis. A total of 358 gene fusions, involving 337 different genes, are known at present and
have been described in all the main subtypes of human neoplasia, both in solid and haematological
malignancies (Mertens et al, 2015). The first tumor-specific translocation to ever be described was
the reciprocal translocation t(9;22)(q34;q11), which origins the Philadelphia chromosome in chronic
myelogenous leukemia (CML) (Eden et al, 2021). Specific chimeric genes happen to be associated
with specific tumor types, which makes them not only a powerful diagnostic tool but also a potential
target for therapy.

All tumors classified in the Ewing Sarcomas Family of Tumors (EFTs) are characterized by the
presence of a fusion gene (Watson et al. 2018). Ewing sarcoma cells specifically present the FET/ETS
balanced chromosomal translocation as a major oncogenic feature. The most common (85% of cases)
form of this chimeric product is the t(11;22)(q24;q12) traslocation, exiting in the EWSR1/FLII fusion
which features the amino terminus of the EWSR1 gene and the carboxy terminus of the FLI1 gene.
EWSRI gene, located on chromosome 22, encodes for a widely expressed and highly conserved
RNA-binding protein belonging to the TET/FET family and involved in transcriptional regulation
and RNA processing FLII gene is located instead on chromosome 11 and encodes for a usually
nuclear protein, a transcription factor of the ETS (E26 transformation-specific) family which binding
to promoter and/or enhancer elements of target genes to promote transcriptional activation or
repression. ETS proteins are characterized by the presence of structurally related site-specific DNA-
binding-domains (Delattre et al, 1992).

Different subtypes of EWSRI1/FLII transcripts have been described, depending on the position of the
breakpoints occurring in the two genes: most commonly, they are located in exon 7 of EWSR1 and
exon 6 of FLI1 but different exons can be incorporated into the fusion genes and are thought to have
prognostic value (de Alava et al, 1998; Kovar et al. 2009).

EWSRI1 is the most common member of the FET gene family (FUS, EWSRI1, TAF15) involved in
the Ewing Sarcoma pathognomonic gene fusion, followed by its paralogue FUS (Sankar and
Lessnick, 2011). Beyond the most common fusion partner FLI1, different members of the ETS family
have been reported to be involved in the chimaeric product, such as ERG, ETV1, ETV4 (Sorensen et
al, 1994; Jeon et al, 1995; Urano et al, 1997). The second most common fusion protein observed in
ES is reportedly EWSR1/ERG, likely occurring in half of those patients not presenting the canonical
fusion (Shing et al, 2003). These alternative fusions actually replace ESWSRI/FLI1 in the

tumorigenesis of Ewing Sarcoma, exerting the same oncogenic role (Ginsberg et al, 1999).
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The chimaeric protein acts as a dominant oncoprotein (May et al, 1993) and the overexpression of
EWS/FLI1 promoted Ewing Sarcoma -like transformation in murine fibroblasts, which acquired
anchorage-independent growth capabilities and ES morphology (May et al, 1993). The fusion protein
can bind DNA, taking advantage of FLI1 specific DNA-binding domain, and then act, via EWS role
as a transcriptional activation domain, as an aberrant transcription factor, thus regulating a series of
genes involved in many aspects of tumor progression, such as transcription regulation (NKX2.2,
GLI1), tumor growth (BCL11B, PARPI), resistance to chemotherapy (GSTM4) and more
(Beauchamp et al, 2009; Joo et al, 2009; Owen, et al, 2008; Wiles et al, 2013, Balestra et al, 2021).
EWS/FLII transcriptional targets are characterized by the presence of the specific binding motifs that
are usually targeted by ETS family members. Specifically, they are located in the promoter region or
its proximities and are characterized by the presence of GGAA elements, which can be present in
tandem repeats forming a microsatellite sequence. Higher numbers of consecutive GGAA motifs are
proven to increase the enhancer activity (Gangwal et al, 2010). Moreover, the EWSR1 portion of the
fusion protein can regulate transcription by enhancing promoter selectivity, via the interaction with
hsRPB7, a subunit of RNA polymerase II (Petermann et al, 1998; Todorova et al, 2009). It is also
reported the interaction between EWSRI1/FLII and the RNA helicase A (RHA): the two proteins can
form a complex that can bind to promoters of EWSRI1/FLI1 target genes, thus regulating their
transcription (Erkizan et al, 2009).

Ewing-like Sarcomas (ELSs) are a heterogeneous group of small round cells sarcomas sharing almost
identical histologyc and immunohistochemical features with ES but tipically lacking the key
FET/ETS gene fusion. Instead, they harbour other recurrent specific gene fusions or rearrangements,
such as the CIC-fusion (CIC-DUX4, CIC-FOXO4) or the BCOR-rearrangement (BCOR-CCNB3,
BCOR-MAML3), leading to distinct gene expression profiles and different patterns of secondary
aberrations (Gambarotti et al, 2016; Antonescu et al. 2017; Carrabotta et al, 2021; Kao et al, 2017).

1.1.3.2 Additional genetic alterations
Pediatric tumors are usually characterized by a nearly stable genome, presenting few recurring

somatic mutations. Ewing Sarcoma, as well, exhibits a very stable genome showing few recurrent
mutations (Grunewald et al, 2018).

STAG2 and TP53 mutations can be observed at diagnosis in 15-20% and 5-7% of cases respectively.
STAG2 (cohesin subunit SA2) encodes for a member of the cohesin complex holding sister
chromatids together during the mitotic process a protein which is also involved in chromatine
remodelling (van der Lelij et al, 2017),. STAG2 locus is reportedly affected by loss of function

mutations, such as single-nucleotide variants (SNV) or indels (Solomon et al, 2011).

9



It has been demonstrated that STAG2 loss is associated with disease dissemination in Ewing Sarcoma,
as a study reported that 88% of patients presenting STAG2 mutations also presented with metastases
at diagnosis (Tirode et al, 2014). TP53 is a transcription factor which plays an oncogenic role in a
wide variety of human cancers. In Ewing Sarcoma, TP53 mutations are more often observed in
samples collected from patients who already experienced treatment, suggesting a putative role for
TP53 mutation in treatment resistance (Crompton et al, 2014). STAG2 and TP53 mutations can occurr
simultaneously, identifying a group of patients with particularly poor outcome (Tirode et al, 2014).
Rare, recurrent mutations in other genes have been reported in genes such as BCOR, ZMYM3,
CDKN2A and EZH2 (Tirode et al, 2014).

Chromosomal abnormalities identified in Ewing Sarcoma, besides the balanced translocation
generating the pathognomonic gene fusion, include chromosome deletions, usually involving
chromosome 9p, and chromosome gains which occurr more frequntly in chromosome 8, 2, 1q and
20. An unbalanced translocation can result in the gain of chromosome 1q with the loss of chromosome
16q, a condition usually associated with poor clinical outcome (Crompton et al, 2014).

Besides genetic and chromosomal alterations, the Ewing Sarcoma molecular landscape is
characterized by the aberrant expression and/or activation of specific proteins and pathways.

CD99 (cluster of differentiation 99), encoded by the gene MIC2, is a transmembrane glycoprotein
which is expressed by almost 100% of Ewing Sarcomas in the cytoplasmic membrane. CD99
overexpression is thightly connected to Ewing Sarcoma tumorigenesis, as tumor cells deprived of this
protein show inhibited growth and reduced metastatic capabilities (Ambros et al. 1991; Llombart-
Bosch et al. 2009). The high CD99 expression levels reportedly contribute to Ewing Sarcoma
progression by interfering with MAPK and PI3K/AKT signalling pathways. This important
oncogenic role identifies this protein as a valid therapeutic target (Scotlandi et al, 2000; Guerzoni et
al, 2015.).

The activation of the insulin-like growth factor (IGF) pathway is of major relevance in Ewing
Sarcoma tumorigenesis. The IGF system phisiologically exerts a role in normal tissues but is also
involved in tumor progression in different cancer types (Kim et al, 2009.). It comprises different IGF-
receptors (IGF-1R, IGF2-R, IR), their ligands (IGF1, IGF2,insulin) and a group of proteins, named
insulin-like growth factor binding proteins (IGFBPs) regulating the bio-availability of the ligands
(Adams et al, 2000). In Ewing Sarcoma, EWSRI1/FLI1 reportedly binds IGF-1R promoter, thus
sustaining the receptor expression (Herrero-Martin et al, 2009). Moreover, an autocrine loop exists
betweer IGF-1R and IGF1: the ligand produced by the tumoral cell binds its receptor which, thanks
to its tyrosin-kinasic activity, can convey anti-apoptotic signals and support the tumor prorgession

and survival. (Scotlandi et al, 1996; Scotlandi et al, 1998; Scotlandi et al, 2002).
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1.1.3.3 Epigenetic alterations
The high stability of Ewing Sarcoma genome evokes epigenetic or mRNA translational

reprogramming, rather than the mutational changes and clonal selection observed in epithelial tumors,
as mechanisms involved in tumor progression.

Epigenetic modifications consist in heritable changes in gene expression that do not cause permanent
alteration of the underlying DNA sequences, regulating the DNA accessibility for transcription
factors and polymerases (Portela and Esteller, 2010; Vedeld et al, 2017).

The EWSRI1/FLII chimaera plays a prevalent role in epigenetic reprogramming by affecting the
expression of downstream genes whose enhancers contain GGAA microsatellites elements. Through
this mechanism, new Ewing-specific enhancers can be induced while others, normally active in many
cell types, are repressed. The binding of the fusion protein to its specific target motifs seems to
increase DNA accessibility to other transcriptor factors, which can associate into chromatin
remodelling complexes (Guillon et al, 2009). Histone methyltransferation and deacetylation are two
epigenetic remodelation processes which are upregulated by the binding of EWSRI1/FLII to the
promoter of EZH2 (enhancer of zeste homolog 2) and Sirtuin 1 (SIRT1), further increasing the role
played by the fusion transcript in the epigenetic remodeling (Kailayangiri et al, 2019). The presence
of methylated CpG islands in Ewing Sarcoma genomes is only partially studied, but a low percentage
of hypermetilated genes was observed and a correlation between poor outcome and increased
methylation of CpG islands is reported (Sheffield, et al. 2017).

Ewing Sarcoma tumorigenesis, according to recent sudies, is also driven by post-transcriptional
regulation mechanisms like non-coding RNAs (micro-RNAs or long non-coding RNAs) or RNA-
binding proteins (RBPs). Micro-RNAs are small non-coding RNAs with regulatory roles, targeting
more than 60% of the human genes by mainly binding target sequences located at the 3’UTR of the
mRNA. Depending on their targets, micro-RNAs can support or hamper tumor progression by
affecting different crucial pathways. Many different micro-RNAs are reportedly up- or down-
regulated in Ewing Sarcoma, influencing chromatine remodeling, DNA damage repair, IGF
signaling. Expression of non-coding RNAs, including micro-RNAs, can be affected by EWSRI1/FLI1
(McKinsey et al, 2011; Dylla et al, 2013). MiR-145 is predicted to bind CD99 3’UTR and its
expression, leading to the interruption of cellular growth, increases in EWSR1/FLI1 deprived cells
(Ban et al, 2011). Moreover, the fusion protein directly binds to the let-7a promoter, blocking its
transcription, and leading to Ewing Sarcoma progression via HMGA2, a DNA-binding protein

involved in the activity of many transcription factors (De Vito et al, 2011.).
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RBPs are emerging as chritical regulators of posttranscriptional mechanisms in Ewing Sarcoma,
affecting tumor aggressiveness and outcome. Y-box-binding protein 1 (YB-1) is an RNA binding
protein which can both promote or inhibit translation depending on the mRNA availability. In Ewing
Sarcoma, this RBP plays a role in metastatic development by promoting the translation of its target
HIF-1a, a protein involved in tumoral adaptation and survival in hypoxic conditions (El-Naggar et al,
2015).). In addition, recent studies evidenced a role for Insulin-like growth factor 2 mRNA binding
protein 3 (IGF2BP3) in Ewing Sarcoma tumorigenesis. IGF2BP3 belongs to a family of oncofetal
RBPs and its expressed de novo in different cancers, acting as an oncogene (Mancarella and
Scotlandi, 2020). In Ewing Sarcoma, this protein sustaining cell growth and migration both in vitro e
in vivo, and correlating with the most adverse outcomes of the patients (Mancarella et al, 2018;

Mancarella et al, 2018; Mancarella et al, 2020).

1.1.4 THERAPEUTIC APPROACHES

Patients with newly diagnosed localized standard-risk Ewing Sarcoma are treated with a combination
of multi-agent cytotoxic chemotherapy and local control measures, such as surgery and/or
radiotherapy. The use of chemotherapy has greatly improved survival rates for patients with localized
primary tumors, from 10% to 70-80%, but the intense cytotoxic drug regimens adopted are associated
to late secondary effects while no remarkable prognostic progress can be seen in metastatic patients
(Stahl et al, 2011).

Intense induction chemotherapy is administered to standard risk patients before local treatment, to
reduce the size of the primary tumor. Modern protocols consist of a combination of vinca alkaloids,
alkylating agents and anthracyclines, commonly consisting in vincristine, ifosfamide, doxorubicin
and etoposide (VIDE) or vincristine, doxorubicin, cyclophosphamide, ifosfamide and etoposide
(VDC-IE) (Juergens et al, 2006). Consolidation chemotherapy in manteinance phase for these patients
can consist both in cyclophosphamide or ifosfamide, combined with vincristine and dactinomycin
(VAC vs VAI) (Yock et al, 2006) Typically, long consolidation chemotherapy is an important
element in the treatment of Ewing Sarcoma to destroy slowly proliferating remaining tumor cells
(Grunewald et al, 2018). Ewing Sarcoma is considered a radiosensitive tumor since its first
description in 1921 (Ewing, 1921), yet historically the benefits for patients whose primary tumors
were treated with radiation alone were overcome by the high incidence of local recurrence and
increased risk of late effects, such as the onset of second malignant tumors, specially taking into
account the early age of the patients (DuBois et al, 2015).Thus, orthopaedic surgery was introduced
as local treatment and patients whose primary tumors are excised might survive more often, despite

the prognostic influences of site and size (Schuck et al, 2003).
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Tumor resection can be followed or not by reconstruction, as this procedure might not be possible or
not necessary depending on the localization of the tumor(Germain et al, 2007). Patients presenting
with metastatic disease, who represent the main challenge in Ewing Sarcoma treatment, either
undergo the standard therapeutic regimens utilized with patients with localized disease or are inserted
in randomized clinical trials seeking to improve outcomes for this group of patients (Paulussen et al.
1998).

The aggressiveness of the disease and the serious treatment-related toxicity, despite the use of
multidrug treatments combined with local control strategies, contribute to determine the particularly
poor prognosis of Ewing Sarcoma patients, especially for those presenting with metastatic disease.
Moreover, conventional cytotoxic chemotherapy is ineffective in a quarter of patients with localised
tumors, and in three-quarters of patients with metastases (Scotlandi et al, 2009). Thus it is
fundamental to identify new therapeutic strategies to improve survival rates for these patients.

Novel insights regarding Ewing Sarcoma biology seem to offer a series of new potential therapeutic
targets, beginning with the EWS-FLI1 signature gene fusion. Attempts of targeting the expression of
the fusion protein have been carried out via drug-based approaches (i.e. administering cytarabine to
inhibit the tumor growth (DuBois et al, 2015), with poor positive outcomes mainly due to its lack of
enzymatic activity (Herrero-Martin et al, 2011). The application of a RNA interference approach,
though showing promising results in decresasing the invasiveness and proliferation of Ewing
Sarcoma cells in vitro, is still clinically unfeasible due to the lack of useful siRNA delivery systems
(Chansky et al, 2004). Targeting EWS-FLII transcript partner proteins, such as the RNA helicase A
(RHA), shows a significant therapeutic potential (Erkizan et al, 2009) by reducing proliferation of ES
cells. Still, the identification via genetic approaches of EWS-FLI1 downstream pathways for potential
drug-mediated inhibition of key downstream partners seems to unlock more therapeutic potential
targets (Sonnemann et al. 2007; Theisen et al, 2016; Sonnemann et al, 2007).

The IGF (Insulin-like Growing Factor) system activation is a feature of Ewing Sarcoma (Scotlandi et
al, 1996), as tumor cells express IGF-1R and produce IGF-1, causing autocrine stimulation. Ligand
binding to the type 1 IGF receptor (IGF-1R) activates an intracellular tyrosin kinase domain and leads
to the activation of the MAPK pathways, inducing cell proliferation, invasion, metastases (Scotlandi
et al, 1996.; Scotlandi et al, 1998; Scotlandi et al, 2002). The fusion protein EWS-FLII plays a role
in this autocrine loop by downregulating IGFBP3 (IGF-binding protein 3) and thus ensuring a larger

availability of biologically-active IGF-1 to sustain tumor progression (Prieur et al, 2004).
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The use of monoclonal antibodies targeting IGF-1R and inhibiting the binding with its ligand has
been evaluated, with or without combination with cytotoxic chemotherapy, in different trials (Benini
et al, 2001; Manara et al, 2007; Kurzrock et al, 2010; Olmos et al, 2010; Juergens et al, 2011; Pappo
et al, 2011; Pappo et al, 2014) with various but promising results.

Another potential therapeutic target connected to EWS-FLII role in Ewing Sarcoma is the poly
(ADP-ribose) polymerase 1 (PARP1). This enzyme is involved in single-strand DNA repair and acts
as a cofactor for EWS-FLI1 DNA binding (Brenner et al, 2012). PARP1 inhibitors, alone or in
combination with temozolomide, not only showed therapeutic potential in Ewing Sarcoma models
but are also already employed in clinical trials (Gorthi et al, 2018).

When considering the biological features of Ewing Sarcoma in order to identify potential therapeutic
targets, the role and importance of CD99 can’t be overlooked. The approach using anti-CD99
monoclonal antibodies has already showed effective results, targeting and eliminating tumor cells,
both when used with or without combination therapy with other agents (Guerzoni et al, 2015;
Scotlandi et al, 2000). Other therapeutic strategies directed to suppress the activity of CD99, such as
the application of RNA silencing sia siRNA or miRNA approaches, are being evaluated (Kim et al,
2016).

The activity of RANK and its ligand RANKL it is typical of Ewing Sarcoma and other bone tumors,
governing the characteristic combination of tumor growth and osteolysis (Wittrant et al, 2004).
RANK expression can be inhibited by zoledronic acid, a potent inhibitor of bone resorption and
osteoclastogenesis. Thus, zoledronic acid is being associated to classical chemotherapy agents in
different clinical trials (Odri et al, 2012). In vivo, zoledronic acid alone happens to be active only
against bone Ewing Sarcoma tumor, while an effect on the extraosseous component has been
observed after the combination of zoledronic acid with ifosfamide (Odri et al, 2012).

The ganglioside GD2, a neuroectodermic marker occasionally expressed in Ewing Sarcoma
(Kailayangiri et al.. 2012), has been identified as a putative target for anti-GD2 antibodies or chimeric
antigen receptor T cells (CAR T cells). Though the immune infiltration in ES microenvironment is
known to be poor (Chen and Mellman, 2017), CD8+ T cell infiltration correlates with better outcome
and the employment of CAR T cells against Ewing Sarcoma in vitro showed potent GD2-specific
cytolitic response (Thiel et al, 2017), providing positive evidence sustaining their application in

clinical trials.
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1..2 INSULIN-LIKE GROWTH FACTOR-2 mRNA BINDING
PROTEINS

1.2.1 GENERAL CHARACTERISTICS
Insulin-like Growth Factor-2 mRNA Binding Proteins (IGF2BPs) constitute a highly conserved

family of proteins, comprising IGF2BP1, IGF2BP2 and IGF2BP3. IGF2BPs can recognize and bind
specific target RNAs, thus influencing their cellular fate. Together with other RN A binding proteins
(RBPs) and non-coding RNAs, IGF2BPs play a role in the post-transcriptional regulation of gene
expression, modulating various cellular functions including morphology, metabolism, proliferation,
migration, and differentiation (Bell et al, 2013). Physiologically, the three IGF2BPs are expressed
only during embryonic development and only IGF2BP2 is present in adult tissues, where it plays a
metabolic role. Instead, de novo expression of IGF2BP1 and IGF2BP3 in adult tissues is an oncogenic
event, directioning tumor progression and often associated with poorer prognosis.

From a phylogenetic point of view, human IGF2BPs are paralogs and they share conserved RNA
binding domains and molecular functions (Degrauwe et al, 2016). In mammals, IGF2BPs share 59%
of the amino acid sequence, a percentage rising to 73% between IGF2BP1 and IGF2BP3. IGF2BPs
share a molecular weight between 58 and 66 kDa, together with a common structure characterized by
six RNA binding domains: two RNA-recognition motif (RRM) domains in the N-terminal portion
and four hnRNP-K homology (KH) domains in the C-terminal portion (Jia et al, 2018). In vitro studies
demonstrated that the RRM domains are involved in the stabilization of the IGF2BP-RNA complexes,
whereas RNA-binding is mainly mediated by the KH domains (Farina et al, 2003; Nielsen et al, 2004).
IGF2BPs mainly localize at cytoplasmic level but they can also be present in the nucleus, where they
bind RNAs immediately after transcription and mediate their export (Nielsen et al, 2003.). In the
cytoplasm, especially at the perinuclear level and in correspondence with specialized protrusions,
IGF2BPs form ribonucleoprotein granules (RNPs) by interacting with target RNAs and with other
RBPs. IGF2BPs differ from other RBP as they mainly interact with “virgin” RNAs, which have not
yet bound the translational machinery (Jonson et al, 2007). This is suggested by the fact that the
ribosomal subunit 60S, elongation factors such as eIF4E and elF4G and the RNA-induced silencing
complex (RISC) aren’t present in the granules formed by IGF2BPs (Jenson et al, 2007;
Weidensdorfer et al, 2009).

The mechanisms through which IGF2BPs interact with RNAs still need to be further elucidated, but
the most sustained hypothesis is that IGF2BPs can force the transcript into a specific conformation

and promote the formation of a highly stable protein-RNA complex (Chao et al, 2010).
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In general, the IGF2BP-transcript interaction can have different consequences including: promoting
protection from degradation operated by endonucleases or miRNAs, allowing the transport and
correct localization of the transcript, creating a temporary storage of messengers, promoting or
preventing translation. It has been shown that IGF2BP1 binds to beta actin mRNA (ACTB),
particularly to the cis-acting zipcode in the 3'UTR, promoting its transport and localization to
protrusions of primary neurons and fibroblasts (Farina et al, 2003). Translation of the transcript is
inhibited during transport and can reprise only when the transcript has reached the site where its
function is required. The release signal is given by the Src kinase phosphorylation of a tyrosine
residue essential for target-binding and located in a linker region between KH2 and KH3 of IGF2BP1
(Hiittelmaier et al, 2005). The simultaneous phosphorylation of two serine residues of IGF2BP2
catalyzed by mammalian target of rapamycin complex 1 (mTORCI), promotes the binding of
IGF2BP2 to the 5'UTR region of the transcript of IGF2 and activates translation via an independent
5'-cap mechanism, resulting in increased synthesis of IGF2 (Dai et al, 2011). The reported mTORC2-
directed phosphorylation of a serine residue located between the RRM2 domain and the KH1 domain
of IGF2BP3 has been described and it has been proposed that this state of phosphorylation increases
the binding of RBP to the 5'UTR of IGF2 with consequent initiation of translation and increased
expression of IGF2 (Dai et al, 2013). Despite the sequence homology and the aforementioned
common characteristics, there are differences between the three paralogues both in terms of the
mechanism of action and in terms of specificity and affinity for the target RNAs, suggesting the
absence of functional redundancy, even if the target repertoire of the IGF2BP family has not yet been
fully identified (Conway et al, 2016). A partial overlap of the targets can be observed and explained
as IGF2BPs can form homodimers and heterodimers on the mRNA to stabilize the complex (Nielsen

et al, 2004).

1.2.2 REGULATION OF IGF2BPs EXPRESSION

The regulation of IGF2BP expression is currently one of the least studied aspects, especially at the
physiological level. In fact, most of the studies carried out to evaluate this aspect refer to a
pathological context, mainly tumoral. For IGF2BP3, in particular, no information concerning its
physiological regulation is reported. Overall, the available evidence indicates that each paralogue
possesses unique and highly cell-context dependent regulatory mechanisms including transcriptional,
post-transcriptional and epigenetic control.

Several data suggest that the expression of IGF2BP1 is subject to transcriptional control by the Wnt
pathway. Reportedly, B-catenin promotes IGF2BP1 expression in breast cancer cells and it has been

shown that the IGF2BP1 expression correlates with the nuclear translocation of [B-catenin.
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Furthermore, the observation that RBP is physically associated with the B-catenin transcript and
increases its stability has led to hypothesize a positive feedback regulatory mechanism (Noubissi et
al, 2006; Gu et al, 2008). Similarly, the existence of a positive feedback regulation mechanism
between IGF2BP1 and c-Myc has been described. Several evidence supports that c-Myc positively
regulates IGF2BP1 (Noubissi et al, 2010) which, conversely, stabilizes the c-Myc transcript and
protects it from endonuclease degradation (Doyle et al, 1998).

A paper by Cleynen et al, conducted on embryonic murine fibroblasts, linked IGF2BP2 transcription
with the High-mobility group AT-hook factor 2 (HMGAZ2) which can bind an AT-rich region located
in the first intron of the gene. Next to this region, IGF2BP2 gene presents a consensus sequence for
Nf-kB, which, can bind to it and act synergistically with HMGAZ2 in the transcription activation. In
the same paper, the authors showed the existence of a strong correlation between the expression of
HMGAZ2 and IGF2BP2 also in human liposarcomas (Cleynen et al, 2007).

A role for Nf-kB has been proposed also in relation to the increase in the transcriptional activity of
the IGF2BP3 promoter in a tumor context. In glioblastoma, a positive feedback mechanism has been
observed between IGF2BP3 and the Nf-kB pathway: on the one hand, Nf-kB binds to the promoter
of IGF2BP3 and increases its transcription, and on the other hand IGF2BP3 itself can bind the 3 'UTR
region of the p65 transcript, a subunit of the heterodimer constituting Nf-kB, thus promoting its
translation (Bhargava et al, 2017). Another paper showed that the transcription factor Nanog binds
the promoter of IGF2BP3 and increases its expression in the tumor-initiating stem-like cell (TIC) of
hepatocellular carcinoma (Chen et al, 2013). Furthermore, 5% of thyroid cancer cases present a
balanced chromosomal translocation between the IGF2BP3 7p15.3 locus and the transcriptionally
active thyroid adenoma-associated (THADA) 2p21 gene locus, leading to an over-expression of
IGF2BP3, promoting of cell proliferation, invasion and transformation (Panebianco et al, 2017).
IGF2BP3 expression appears to be regulated also at an epigenetic level. In fact, two CpG islands
located in the IGF2BP3 promoter are demethylated in intrahepatic cholangiocarcinoma, in contrast
to the heavy methylation present in the liver tissues of healthy controls, indicating the existence of an
epigenetic deregulation mechanism associated with the expression of the protein in the tumor. (Gao
etal, 2014).

Post-transcriptional control of IGF2BP, based mainly on the activity of specific miRNAs. MiRNAs
identified as regulators of the expression of all three IGF2BPs include miRNAs of the lethal-7 (let-7)
family, which are usually up-regulated at the end of embryonic development and down-regulated
during tumor transformation. suggesting a mechanism for re-expression of oncofetal genes

(Boyerinas et al, 2008).

17



Other miRNAs have been identified as inhibitors of IGF2BP3 expression in different tumor types,
for example: miRNA-34a in gastric cancer (Zhou et al, 2017), miRNA-129-1 in glioblastoma
multiforme (Kouhkan et al, 2016), miRNA -375-3p in squamous cell carcinoma of the head and neck
(Cen et al, 2018), miRNA-654 in glioma (Jin et al, 2018.), miRNA-9-5p in multiple myeloma
(Canella et al, 2015), and miRNA-200a in triple-negative breast cancer (Kim et al, 2018).

1.2.3 IGF2BPs’ PHYSIOLOGICAL ROLE

IGF2BPs are physiologically expressed at high levels during embryonic development in most tissues.
Peak expression is observed in mice at day 12.5 of embryonic development, particularly in the brain,
limb sketches, muscles and epithelial tissues of various organs (Hansen et al, 2004). IGF2BP2 is the
only member of the family to maintain a physiological role in adults while IGF2BP1 and IGF2BP3
are considered oncofetal proteins because their de novo expression and their up-regulation in adults
are observed in tumoral context.

Several approaches were adopted to understand the physiological role of the three IGF2BPs,
particularly gain- and loss-of-function analyses. IGF2BP1 knock-out mice exhibit reduced viability,
dwarfism (40% smaller than wild-type), impaired intestinal development and decreased cell
proliferation (Hansen et al, 2004). These data suggest a key role of IGF2BP1 in promoting growth
and differentiation during development, probably through the regulation of IGF2 mRNA translation
(Nielsen et al, 1999). Different studies highlighted a prominent role for IGF2BP1 in neural
development. It has been observed that IGF2BP1 is expressed in fetal neural stem cells (NSCs) of the
dorsal telencephalon and that its expression decreases during the late phase of development, as a
result of the expression of the let-7 miRNA (Nishino et al, 2013). Deletion of IGF2BP1 in fetal NSCs
has been shown to cause reduced self-renewal capacity of stem cells and early neural and glial
differentiation. Furthermore, it has been found that the physiological loss of IGF2BP1 expression
contributes to the decline of the functions of NSCs in adults (Nishino et al, 2013). Moreover,
IGF2BP1 protein is required for the correct formation of dendrites and axons, due to the accurate
spatial-temporal control of ACTB translation (Eom et al 2003.;. Zhang et al, 2001), while it is not
required for the maintenance of mature dendrites, in accordance with the lack of IGF2BP1 observed
in the adult brain. Overall, these data suggest that IGF2BP1 is able to control from a temporal point
of view the changes, in terms of properties and functions, occurring in stem cells between embryonic

development and adulthood.
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One of the first single nucleotide polymorphism (SNP) found by a genome-wide association (GWA)
study for type 2 diabetes mellitus is located within intron 2 of the IGF2BP2 gene (Scott et al, 2007),
thus suggesting a main role for this IGF2BP in the control of the energetic metabolism. IGF2BP2
knock-out mice showed greater resistance to obesity, increased energy consumption, better response
to cold exposure accompanied by increased levels of uncoupling protein-1 (UPC1) in brown adipose
tissue. The molecular mechanism proposed to explain these effects is based on the observation,
carried out in vitro, that IGF2BP2 inhibits the translation of the UPC1 protein. It has therefore been
hypothesized that the absence of IGF2BP2 increases the levels of UPC1 and probably of other
mitochondrial proteins, contributing to the effects observed in mice (Dai et al, 2015).

Information regarding the physiological function of IGF2BP3 is rather limited due to the lack of an
in vivo knock-out model for the protein. The indications available to date are based on studies carried
out on its orthologous, Vg-1-RBP, in Xenopus laevis, which is necessary for the migration of cells
involved in the formation of the neural tube and neural crest (Yaniv et al, 2003) and for the
localization of the Vg1 transcript at the vegetative pole during oogenesis (Git et al, 2009.). Its absence
causes numerous aberrations especially at the level of the nervous system, but in the morphogenesis
of the intestine, absence of organogenesis of the pancreas and failure to meiotic maturation (Yaniv et
al, 2003; Spagnoli and Brivanlou, 2006.; Git et al, 2009). Confirming its main role during embryonic
development. IGF2BP3 is expressed at high levels in fetal hematopoietic progenitor cells, including
megakaryocytes, compared to its adult counterpart and its expression is responsible for the
maintenance of fetal characteristics and its knock-down confers molecular and phenotypic
characteristics of adult cells to neonatal megakaryocytes (Elagib et al, 2017). Interestingly, IGF2BP3
is expressed at high levels in the placental villi during the early stages of gestation. Examining its
function in placental development it was found that RBP is responsible for the correct migration of
trophoblast cells towards the basal decidua, a process that requires fine regulation from a spatial and

temporal point of view (Li et al, 2014).

1.2.4 IGF2BPs’ ROLE IN CANCER
IGF2BP1 and IGF2BP3 are considered oncofetal proteins as they are synthetized de novo and

upregulated in a large number of tumors, including carcinomas, leukemias and sarcomas. The two
RBPs play key roles in both tumoral onset and progression, such as staminality, inhibition of
apoptosis, proliferation, migration, adhesion, chemo-resistance, by controlling the fate of specific
target transcripts. At clinical level, both IGF2BP1 and IGF2BP3 currently represent promising

prognostic, diagnostic and, in some cases, therapeutic biomarkers in different types of cancer.
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Both these IGF2BPs can regulate transport and intracellular localization of mRNAs encoding
cytoskeletal or secreted proteins, and stabilize oncogenic transcripts.

The role of each IGF2BP is highly dependent on the cellular context and on the availability of
transcripts, which adds further complexity to their mechanisms of action.

The overexpression of IGF2BP1 has been observed in several tumor types, such as non-small cell
lung cancer, cervical and ovarian cancer, thabdomyosarcoma and neuroblastoma (Kato et al, 2007;
Kobel et al, 2007; Bell et al, 2015; Faye et al,2015; Su et al, 2016; Zhang et al, 2018). In most cases
high levels of IGF2BP1 are associated with poor survival, globally suggesting its oncogenic role in
cancer (Huang et al, 2018). Several works have shown that IGF2BP1 supports the expression of
classical oncogenes, such as c-Myc and KRAS, in breast cancer (Ioannidis et al, 2005), ovarian cancer
(Kobel et al, 2007), and colorectal cancer (Mongroo et al, 2011). In the context of
rhabdomyosarcoma, it has been observed that the role of IGF2BP1 is fulfilled by activating the
translation of the apoptosis inhibitory factor-1 (cIAP-1) messenger, which promotes cancer cell
survival through regulation of the Nf-kB-mediated pathway and extrinsic programmed cell death.
(Stohr et al, 2012). IGF2BP1 has been shown to regulate lamellipodia and invadopodia formation,
promoting tumor cell motility. In this regard, a study conducted in osteosarcoma cell lines led to the
identification of two targets of IGF2BP1, MAPK4 and PTEN. The RBP acts oppositely on the two
transcripts, inhibiting the translation of MAPK4 and promoting that of PTEN (Chen et al, 2018).
Information on the oncogenic role of IGF2BP2 is limited, however a growing number of studies
support the existence of an association between this protein and cancer (Cao et al, 2018.). The over-
expression of IGF2BP2 has been found associated with poor prognosis in various cancers including
hepatocellular carcinoma (Kessler et al, 2015), glioblastoma (Janiszewska et al, 2012.), basal-like
breast cancer (Barghash et al, 2015), esophageal adenocarcinoma (Barghash, et al, 2016).
Furthermore, IGF2BP2 has been proposed as a biomarker for the discrimination between
endometrioid and serous endometrial adenocarcinoma (Zhang et al, 2011) and between myxoid and

well differentiated liposarcoma (Cleynen et al, 2007).

1.2.5 IGF2BP3 ROLE IN CANCER

The oncogenic importance of IGF2BP3 has been observed in a large repertoire of cancers: pancreatic
cancer, ovarian cancer, leukemia, glioblastoma, oral squamous cell carcinoma, mantle cell
lymphoma, colorectal cancer, endometrial clear cell carcinoma, astrocytoma, hepatocellular
carcinoma, glioma , multiple myeloma, lung cancer, skin squamous cell carcinoma, breast cancer,
intrahepatic cholangiocarcinoma, thyroid cancer, Osteosarcoma, gastric cancer, Ewing's sarcoma,

leiomyosarcoma, renal cell carcinoma (Lederer et al, 2014).
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IGF2BP3 oncogenic action consists in regulating the stability, degradation and localization of RNAs
and influencing the biogenesis of miRNAs. IGF2BP3 can protect its targets involved in tumor
progression from miRNAs action by recruiting them into RISC / Needle-free granules (Jenson et al,
2014). IGF2BP3 can also compete with miRNAs for binding to specific sites on the 3° UTR region
of specific targets (Ennajdaoui et al, 2016). Furthermore, IGF2BP3 can promote target degradation
by favouring its association to Ago2 (Ennajdaoui et al, 2016) and can interfere with miRNA
biogenesis by competing with Drosha in the nucleus, blocking the maturation of specific miRNAs
and indirectly stabilizing target mRNAs (Wang et al, 2019). IGF2BP3 participates in the degradation
of messengers and proteins through protein interaction with ribonuclease and de-ubiquitinase,
respectively (Mizutani et al, 2016, Zhao et al, 2017). A further function performed by the RBP in the
stabilization of transcripts consists in the formation of stress granules (SG), within which the
transcripts are protected under stress conditions or during transport to specific cellular compartments
(Taniuchi et al, 2014.; Kobayashi et al, 2012).

IGF2BP3 supports the growth and proliferation of cancer cells and inhibits apoptosis by positively or
negatively regulating the expression of multiple targets. A well-known mechanism by which this is
accomplished is the protection from degradation of target transcripts of let-7. These transcripts
include known oncogenes and cell cycle factors involved in cell proliferation: HMGA2, RAS, MYC,
LIN28, IGFIR, cyclins D1 and D2. Most of these have indeed been found associated with IGF2BP3
in various tumors (Jonson et al, 2014; Rivera Vargas et al, 2014; Palanichamy et al, 2016; Mancarella
et al, 2018). LIN28, in turn, promotes the expression of proteins such as IGF2, histone H2a, cyclin A
and B, CDK4, generating a positive feedback loop that supports growth (Polesskaya et al, 2007; Xu
and Huang, 2009). A direct interaction has also been demonstrated between IGF2BP3 and IGF2 in
leukemia (Liao et al, 2005), thyroid cancer (Panebianco et al, 2017) and glioma (Suvasini et al, 2011).
Negative regulation also affects proliferation. In cervical and lung cancer cells it has been observed
that the repression of EIF4E-BP2, negative regulator of the proto-oncogene eukaryotic translation
initiation factor 4E (elF4E), carried out by IGF2BP3 through ribonuclease recruitment, promotes the
proliferation of tumor cells (Mizutani et al, 2016).

In breast cancer, IGF2BP3 represses miR145-5p by promoting the expression of its target WNTS5,
which in turn activates TAZ. Through the regulation of its targets, IGF2BP3 can contribute in
modulating drug response. For example, IGF2BP3 overexpression, associated with LIN28, is
associated with increased resistance to cisplatin treatment in ovarian cancer, probably because the
two RBPs cause the down-regulation of the protein hCTR1, a transporter responsible of cisplatin

entrance into the cell (Hsu et al, 2015).
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By stabilizing IGF2 and / or IGF1R, IGF2BP3 influences susceptibility to anti-IGF1R therapies in
Ewing's sarcoma and thyroid cancer, and to MAPK and PI3K inhibitors in glioblastoma (Suvasini et
al, 2011; Panebianco et al, 2017; Mancarella et al, 2018). In triple-negative breast cancer IGF2BP3
mediates the stabilization of ABCG2 transcript, an ABC transporter (ATP-binding cassette),
conferring resistance to treatment with doxorubicin and mitoxantrone (Samanta et al, 2013).
Similarly, in hepatocellular carcinoma, IGF2BP3 contributes to resistance to treatment with sorafenib
by modulating the expression of ABCG2 (Li et al, 2015) IGF2BP3 is significantly involved also in
cell migration and metastases formation during tumor progression. The complexity of the role played
by IGF2BP3 in regulating cell motility is particularly evident in the study by Ennajdaoui et al, in
which a combination of genome-wide approaches to highlight in ductal pancreatic adenocarcinoma
cells the association of IGF2BP3 with 164 transcripts involved in cell migration, remodeling of the
cytoskeleton, cell adhesion, formation of invadopodia (Ennajdaoui et al, 2016).

In triple negative breast cancer cells, the expression of IGF2BP3 causes an increase in migration and
invasion capacity, promoting the stability of MMP9 and CD164, possible mediators of cell motility
(Samanta et al, 2012). MMP9 (Matrix metallopeptidase 9) is a type IV collagenase that promotes the
degradation of the basement membrane, while CD164 is a membrane glycoprotein involved in cell
adhesion and migration. The mechanism by which IGF2BP3 controls the fate of these two transcripts
has not yet been elucidated. CD164 plays a major role in the proliferation, adhesion, and
differentiation of hematopoietic stem cells. High levels of CD164 have been correlated to worse
prognosis and increased migratory capabilities in different tumor types, such as bladder cancer, non-
small cell lung cancer, colon cancer and triple-negative breast cancer (Samanta et al, 2012; Tang et
al, 2012; Zhang et al, 2018; Wei et al, 2020). Interestingly, a functional co-expression of CD164 with
the chemokine receptor CXCR4 has been observed both in ovarian cancer and in bladder cancer,
sustaining that CD164 may participate in cellular response to microenvironmental stimuli such as
CXCLI12 (Huang et al, 2013; Zhang et al, 2018).

IGF1R and HMGAZ2 are both IGF2BP3 reported targets and play a role not only in cell proliferation
but also in regulating migration, thus consolidating the association between IGF2BP3 expression and
increased motility in melanoma (Sheen et al, 2015) and Ewing's sarcoma (Mancarella et al, 2018).
Another mechanism proposed to explain the increase in motility mediated by IGF2BP3 is the
transport and localization of transcripts in specific cellular regions. In pancreatic cancer cells,
IGF2BP3 and its targets ARF6 and ARGEF4 co-localize within stress granules accumulating at the
level of membrane protrusions, where transcripts are translated and promote formation of protrusions

and motility (Taniuchi et al, 2014).
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The same research group demonstrated that the transport of stress granules containing IGF2BP3 and
its transcripts along the microtubules up to the cell protrusion occurs thanks to the kinesin KIF20A
(Taniuchi et al, 2014). In this example, the formation of the stress granules represents a strategy
through which IGF2BP3 safely transports its transcripts to the correct localization.

Although poorly documented, the relationship between IGF2BP3 and the tumor microenvironment
suggests another way in which this oncoprotein can contribute to tumor aggressiveness. The ability
of cancer cells to survive and adapt to microenvironmental stressors depends on the activation of
specific pathways. In this sense, IGF2BP3 represents a resistance factor since it participates in the
formation of cytoplasmic stress granules, within which the mRNAs are selectively recruited and
stored. In response to exposure to thermal shock and sodium arsenite, capable of inducing oxidative
stress, IGF2BP3 co-localizes with typical markers of stress granules, TIA-1, G3BP1 and 2 (Taniuchi
et al, 2014).

The diagnostic and prognostic significance of the expression of IGF2BP3 has been recognized in a
large number of tumors, however the use of this molecule as a biomarker in clinical practice has not
been implemented. Recent studies demonstrated the presence of IGF2BP3 in the serum of prostate
cancer and renal carcinoma patients, thus suggesting its application as a circulating biomarker

(Szarvas et al, 2014; Tschirdewahn et al, 2019).

1.2.6 IGF2BP3 ROLE IN EWING SARCOMA

Given Ewing Sarcoma high genomic stability, a prominent role in tumor progression has been
proposed for post-transcriptional gene regulation mechanisms, governed by non-coding RNAs and
RNA binding proteins. Studies on Ewing Sarcoma confirmed the oncogenic role of IGF2BP3, which
is over-expressed both at mRNA and protein levels in Ewing Sarcoma patients. Interestingly, high
expression of IGF2BP3 negatively affects both event-free survival and overall survival, indicating a
role as a prognostic marker of this RBP in Ewing Sarcoma (Mancarella et al, 2018). Functional in
vitro studies show that IGF2BP3 expression is related to anchorage independent cellular growth and
with migratory abilities.

Data obtained in vitro were also confirmed in vivo, particularly in mice injected with IGF2BP3
silenced Ewing Sarcoma cell lines, which presented increased survival rates and reduced metastatic
progression when compared to mice injected with IGF2BP3-expressing controls (Mancarella et al,
2018). In Ewing Sarcoma, IGF2BP3 has been described stabilizing the IGF1R transcript, thus acting
on the IGF system. The silencing of IGF2BP3 reduces the cellular response to IGF, measured in terms
of cell migration and growth (Mancarella et al, 2018). Moreover, a new target of IGF2BP3, ABCFI1,

has been described in Ewing Sarcoma.
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The silencing of ABCF1 leads to increased levels of known IGF2BP3 target transcripts, associated
with greater cells’ aggressiveness. It has been proposed that ABCF1 associating with IGF2BP3 can
limit the interaction of the RBP with other target transcripts, thus repressing its oncogenic functions.
According to this hypothesis, patients with low IGF2BP3 expression and high ABCF1 expression
have a better prognosis than those with high IGF2BP3 expression and low ABCFI1 expression,
suggesting this combined evaluation as a valid stratification method to evaluate patients’ prognosis
(Mancarella et al, 2018). Treatment with JQ1, a bromodomain and extra-terminal domain inhibitor
(BET1) with good anti-tumor activity both in hematological and solid tumors, including Ewing
Sarcoma (Jacques et al, 2016), was tested in order to exploit IGF2BP3 as a therapeutic target. JQ1
administration resulted in lower IGF2BP3 levels, associated with a reduction in the levels of some of
its targets and with a dampening of anchorage-independent growth (Mancarella et al, 2018). IGF2BP3
clearly plays an important oncogenic role in Ewing Sarcoma. The high interest surrounding this RBP
in the context of a tumor in which post-transcriptional regulation plays a primary role reinforces the

importance of a comprehensive identification of the mechanisms of action of the protein.

1.3 TUMOR MICROENVIRONMENT

In recent years, extensive studies have focused on dissecting the interactions between the genetically
altered tumor cells and the context of cellular and non-cellular components surrounding them, defined
as tumor microenvironment (TME). The interactions between cancer cells and the tumor stroma,
composed by the extracellular matrix (ECM) and non-neoplastic cells are responsible for the loss of
tissue homeostasis and promote tumor development and progression within the TME. Indeed, these
interactions are known for controlling most aspects of tumorigenesis such as tumor growth and
metastasis formation, cell migration, apoptosis, neovascularization and drug resistance (Balkwill et
al, 2012; Hinshaw and Shevdel, 2019). The TME features are constantly evolving, mainly depending
on the dynamic release of cytokines, chemokines, matrix remodelling enzymes and other factors both
from tumoral and non-tumoral cellular compoents (Balkwill et al, 2012; Hinshaw and Shevdel, 2019).
The ECM, the main non-cellular component of the stroma, consists of a network of complex
macromolecules assembled in 3D structures with structural and biochemical properties that can
determine the interactions between tumoral and non-tumoral cells in this landscape (Henke et al,

2020).

The co-evolution towards a more activated state of both the malignant cellular subset and its
surroundings is facilitated by the dynamic paracrine signalling established between the two
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components and provides the essential acquisition of oncogenic features, thus corroborating the
knowledge that the non-malignant components of the TME can exert a tumor-promoting function just

as much as the cancer cells do (Quail et al 2013).

1.3.1 THE ROLE OF THE ECM IN THE TUMOR
MICROENVIRONMENT

The Extracellular Matrix (ECM) represents the non-cellular component of the tumor
microenvironment and it is mainly composed of type I collagen fybers, together with
glycosaminoglycans, proteoglycans and glycoproteins (Theocharis et al 2016). In normal tissues,
ECM is involved in the regulation of tissue homeostasis and development by providing a structural
foundation for tissue integrity and function and regulating the availability of small molecules such as
cytokines and growth factors (Karamanos et al 2021). In a tumoral context, the deregulation of its
biochemical and biomechanical properties (i.e. fiber network morphology, fiber collagen content and
thickness) contributes to the neoplastic progression (Najafi et al 2019). Despite the genetic alterations
arising in the transformed cells are responsible for initiating and driving the malignant progression,
the dynamic evolution of the ECM can actively contribute to the tumor histopathology (Henke et al,
2020).

Cell adhesion to the ECM is directly involved in the process of tumor proliferation, as growth-factor
dependent intracellular signalling actively promotes the cell cycle switch and many transformed cells
can synthesize their own ECM proteins (Bonnans et al, 2014). The induction of a G1/S cell cycle
transition is an example of the mechanisms acquired to fulfill the escape of proliferative suppression,
while, in parallel, transformed cells are able to overcome the blocking of cell cycle at the quiescent
phase (Go), a characteristic of normal cells (Hume et al, 2020). ECM ligation can temper the activity
of many factors involved in tumor suppressor pathways, such as BRCA1 or TGF-B (Pickup et al,
2014). Transformed cells can also resist cell death induction via the inactivation of pro-apoptotic
pathways and adhesion to the ECM can exert a bivalent function in the regulation of apoptosis
evasion: while in some tumors this binding can induce expression of Bcl-2, an anti-apoptotic protein
involved in cell survival, while inactivating pro-apoptotic molecules such as Bax (Sharma et al 2019;
Adeshakin et al, 2021). Moreover, the biophysical properties of the ECM result in impaired drug
access to tumors as the fiber densities can limit the diffusion of molecules through the interstitium
(Kim et al, 2012).

Like normal tissues, tumors require an appropriate supply of oxygen and nutrients that can be
provided only by an efficient vasculature. Cancer cells can deregulate the balance existing between

pro-and anti-angiogenetic factors, while the tumoral ECM can enable the migration and accomodation

25



of newly recruited endothelial cells (Bauer et al 2009). The ECM is actively involved in the uptake
of essential nutrients while promoting the activation of the PI3K pathway, thus influencing glycolisis
and the cellular uptake of glucose (Hoxhaj et al 2020).

Many tumor types are characterized by a chronically inflamed TME, which can often present with
fibrotic tissue and higly represented immunitary effectors. The increase in collagen and fibronectin
deposition accompaining ECM fibrosis can play a role in the active recriutment of immunitary cells,
promoting for instance macrophage proliferation and polarization towards a pro-tumorigenic M2
phenotype (Kim et al, 2012, Henke et al, 2020). ECM can also both support and compromise adaptive
tumor immune response by, on one side, facilitating T-cells migration toward the neoplastic lesion
while, on the other side, directly inhibiting T-cells proliferation and activation (Gonzalez et al, 2018).
The ECM actually is the barrier that transformed cells need to overcome in order to migrate, a goal
achieved via the secretion of metalloproteinases (MMP) and the formation of integrin-mediated
adhesions and focal adesions, particularly on specific actin-rich protrusions, called invadopodia

(Bonnans et al 2014).

1.3.2 THE NEOPLASTIC STROMA: NON-TUMORAL CELLS

The stroma surrounding the transformed neoplastic cells is highly dinamic and complex, in terms of
secreted factors, extracellular components and non-tumoral cells, all contributing to tumor
progression. Commonly, the non-neoplastic fraction of cells populating the tumor microenvironment
consists in resident fibroblasts, contributing to the release of chemokines and growth factors,
endothelial cells and perycites which can both exert a role in the aberrant angiogenesys, tumor
associated immune effectors.

All these populations can impact the progression and the metastatic spread of the tumor, both directly
and indirectly. For instance, the release of chemokines and the subsequent binding with their specific
receptors plays a predominant role in the crosstalk regulating tumor development. Chemokines are
small proteins divided into four families and characterized by a common structural composition,
depending on the number of and relative spacing of the N-terminal cysteine residues (Miller et al,
2017). The CXCL12/CXCR4 axis provides a good example for the role of chemokines in the tumor-
TME crosstalk.

The chemokine ligand C-X-C motif chemokine ligand 12 (CXCL12,also named SDF-1a) is known

to be secreted from different non-neoplastic cells populating the TME, such as cancer associated

fibroblasts and mesenchymal stem cells, and some conditions like hypoxia can ehnance its release

(Manoukian et al 2021). The chemokine receptor 4 (CXCR4) is an highly conserved G protein
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coupled receptor, the natural receptor of CXCL12, and its expression in cancer cells is considered a
prognostic factor in different neoplasias (Chatterjee et al, 2014). The ligand/receptor interaction
triggers multiple signal transduction pathways in CXCR4-positive cells, thus playing a critical role
in metastasis, tumor growth and development of chemoresistance. Interestingly, a functional
coexpression of CXCR4 and the sialomucin CD164 has been observed directing the response to
CXCL12 in different tumor types, such as ovarian cancer and in bladder cancer (Huang et al, 2013;
Zhang et al, 2018). The CXCL12/CXCR4 axis can modulate the metastatic process in several ways.
For instance, CXCL12 can induce the production of matrix metalloproteases (i.e. MMP9) in cancer
cells and hamper their activity in the TME, thus leading to degradation of the ECM and favouring
invasion (Parmo-Cabanas et al, 2006). Moreover, this chemokine can induce the production of the
vascular endothelial growth factor (VEGF) which contributes to the aberrant angiogenesis in the TME
via stimulation of endothelial cells to produce MMPs and to associate in the formation of new blood
vessels (Miyoshi et al, 2014). Metastatic cells of many tumor types express high levels of CXCR4
(Chatterjee et al, 2014, Krook et al, 2014). These cells can take advantage of the newly formed vessels
to migrate along CXCL12 gradients, towards common metastatic sytes (i.e. bone marrow) where
CXCLI12 is highly expressed (Lopez-Gil et al, 2021).

The rapid and mostly uncontrolled proliferation of transformed cells is responsible for interfering
with the blood supply, thus limiting the oxygen availability. This phenomenon, termed hypoxia, is
observed in the majority of solid malignancies and mostly affects those regions where the vasculature
is outgrown by the tumoral mass, leading to an impaired and inadequate oxygen supply towards
demanding cells, showing an increased oxygen consumption (Li et al, 2021). Hypoxic regions show
a dramatic drop of oxygen levels, from the normal 2-9% to less than 2% (Jing et al, 2019). In the
TME, hypoxia triggers the juxtapposition of endothelial cells to produce new but yet irregular
vasculature, resulting in discontinuous and distanced capillaries whose efficiency in diffusing oxygen
is compromised. At the same time, the transformed cells need to adapt to this strong
microenvironmental stress via the induction of changes in gene and protein expression, often leading
to the establishment of a more aggressive phenotype with an impact on the patient prognosis (Jing et
al, 2019; Li et al, 2021). Hipoxya inducible factor 1o (HIF-1a) is a key player in the tumor cell
adaptation to hypoxia. HIF-1a is a subunit of a heterodimeric transcription factor and its stability is
directly regulated by the oxygen stastus.

Under normoxic conditions, the protein is localized in the cell cytoplasm while under hipoxyc
conditions the stabilized form of HIF-1a can then translocate to the nucleus to interact with its partner

HIF-1B and form the HIF-0/p heterodimeic transcriptional factor (Dengler et al, 2014).
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The activation of HIF-1a can induce VEGF expression, thus stimulating the formation of new tumoral
vasculature, and can at the same time mediate the induction of several metabolic changes involved in
the metabolic reprogramming of the tumoral cells, via increasing of glucose uptake and decreased
oxygen consumption (LaGory et al, 2016). Moreover, high levels of HIf-1a are connected, in different
tumor types, to increasing expression of CXCR4 thus playing a role in the metastatic capabilities of

transformed cells (Bailey et al, 2016; Jun et al 2017).

1.3.2.1 The neoplastic stroma: populations of non-immune cells.
In the context of the TME, cancer cells influence and induce the reprogramming of the surrounding

normal cells. Cancer associated fibroblasts (CAFs) are stably recruited and activated fibroblasts,
which secrete pro-tumorigenic chemokines and growth factors and contribute to enhancing cancer
cells migratory capabilities (Liu et al 2019). Mesenchymal stem cells induced to differentiate into
myofibroblasts, expressing alpha smooth muscle actin (aSMA) or into adipocytes expressing fatty
acid binding protein-4 (FABP4) are also grouped under this definition (Zhang et al 2016). CAFs
represent the major fraction of non-neoplastic cells pupulating the TME in carcinomas, where they
are known to functionally orchestrate the epithelial-to-mesenchymal transition (EMT) via secretion
of TGF-B (Ribatti et al, 2020). A study by Pena et al. showed that the expression of stanniocalcin-1
in CAFs could direct colorectal cancer metastasis, while Pelon et al. described their influence in breast
cancer metastasis (Pena et al, 2013; Pelon et al, 2020). Conncected to the role of CAFs in facilitating
metastatization, Gaggioli et al demonstrated their role in triggering proteolytic and structural
modifications of the ECM, in order to achieve cell invasion into ECM (Gaggioli et al. 2007). The
current knowledge concerning the CAFs at metastatic sites is very limited, but Kalluri et al.
demonstrated the importantce of local fibroblasts in producing VEGF-A and Tenascin-C, thus
preparing a suitable metastatic microenvironment (O’Connell et al. 2011). CAFs can sustain tumor
growth and progression by promoting cellular proliferation in breast cancer and lung cancer (Cirri
and Chiarugi, 2011). Particularly, they can sustain inflamation by the release of inflamatory cytokines
in an NF-kB dependent manner, which in turn induce neoangiogenesis and macrophage recruitment,
enhancing tumor growth in skin carcinoma (Erez et al, 2010). CAFs also play a role in the enhanced
angiogenesis, via the secretion of factors that stimulate pericytes and endothelial cells as reported in
colon cancer (Dvorak et al. 1986; Unterleuthner et al, 2020).

CAFs reportedly mediate drug-resistance of cancer cells, This function can be exerted via the
regulation of vascular permeability and immune cell infiltration, as reported by Nakasone et al

(Nakasone et al, 2012), or by the stimulation of cancer cells with specific factors, as reported by Wang
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et al in the context of lung cancer resistance to epidermal growth factor receptor (EGFR) tyrosine
kinase (Wang et al, 2009).

In the context of tumor microenvironment, endothelial cells are one of the main sources of CAFs
when undergoing endothelial-to-mesenchymal transition (EndMT) in the presence of tumor growth
factor (TGF)-beta (Cipriani et al, 2015). Considering the relevance of angiogenesis in tumor
progression, endothelial cells play a fundamental role in this process by participating to the formation
of new blood vessels (Deregibus et al, 2007). These newly formed vessels are important not only to
provide nutrients and oxygen to the tumor, but also in metastasis. The role of endothelial cells in
tumor microenvironment is thus involved in intravasation, which allows invasive cancer cells to

translocate into the blood vessel lumen (Maishi et al, 2017; Sobierajska et al, 2020).

1.3.2.2 The neoplastic stroma: populations of immune cells.
Tumor microenvironment is also composed of a population of innate immune cells (i.e. neutrophils,

or macrophages) and of adaptive immune cells (T and B lymphocytes) (de Visser et al, 2006).
Tumor-associated macrophages (TAMs) are the most frequent population of immune cells that can
be found within the tumor and are considered to present an M2 phenotype (Lin and Karin 2007; Sica
et al, 2008). Macrophages can be divided into two subtypes, M1 and M2 (Sica et al, 2008).

M1 macrophages are capable of killing pathogens and priming anti-tumor immune responses, exXpress
high levels of proinflammatory cytokines (TNF-a, IL-1, IL-6, IL-12 or IL-23). On the contrary, M2
or ‘‘alternatively’’ activated macrophages, present increased expression of the anti-inflammatory
cytokine IL-10 (Mantovani et al, 2008). Elevated TAM content has been correlated with poorer
prognosis in patients of different cancer types, such as ovarian and breast cancer, follicular B
lymphoma, classic Hodgkin's Lymphoma and soft tissue sarcoma (Sica et al, 2008; Squadrito and De
Palma, 2011; Ruffell et al, 2012; Chittezhath et al, 2014) and they have been associated with the
promotion of different aspects of tumor progression (Shapouri-Moghaddam et al, 2018). TAMs
preferentially localize in hypoxic areas of the tumor, and the consequent induction of HIF-1a induces
the expression of a series of factors promoting angiogenesis, such as VEGF (Squadrito & De Palma,
2011; Jetten et al, 2014). In the context of metastatization, TAMs can reportedly produce enzymes
and proteases which regulate the degradation of the ECM, i.e. MMPs and osteonectin, thus promoting
cellular motility (Chittezhath et al, 2014; Belgiovine et al, 2016).

Besides TAMs, also T-cells are highly represented in the immune infiltrate of different cancer types.
Interestingly, T-cells reportedly exert both tumor-suppressive or -promoting effects, depending on
their effector functions (Langowski et al, 2007; DeNardo et al, 2009). Increased populations of

activated cytotoxic T-cells (CTLs) or Thl cells in colon cancer, melanoma, multiple myeloma and

29



pancreatic cancer has been correlated to better survival (Galon et al, 2006; Swann and Smyth, 2007).
At the same time, many of the T cell subpopulations have been correlated to promoting tumor
progression and metastatization (Hanada et al, 2006, Aspord et al, 2007; DeNardo et al, 2009). As an
example, the presence of tumor infiltrating lymphocytes with high Th2/Th1 and CD4+/CD8+ ratios
is connected to poorer prognosis in breast cancer cell (Kohrt et al, 2005), while the increased presence
of Th2 CD4+ can induce tumor progression in terms of increased growth and metastatization
(DeNardo et al, 2009). T-cell’s functions, as well as those of TAMs, are mediated by ther release of
specific cytokines and chemokines in the context of tumor microenvironment (Lin and Karin, 2007;
Swann and Smyth, 2007). Interestingly, considering that these released molecules can target their
downstream effectors independently on their cell of origin, the cytokine and chemokine expression
profile of the tumor microenvironment may be more relevant than its specific immune cell content
(Lin and Karin, 2007).

In the context of immune escape, T-cells are fundamental players in the regulation exerted by immune
checkpoint molecules, such as PD1 and PDLI1. PD1 is a cell surface receptor physiologically
expressed on active T-cells during inflammation and immune response. The interaction of PD1 with
its cognate ligand PDL1, usually expressed by tumor cells, suppresses T-cells’ function causing them
to change phenotype, thus, developing a T-cell tolerance, inhibiting their proliferation, lowering their
cytokine production, and hindering the recognition of tumor cells (Robainas et al, 2017). From a
physiological standpoint, the PD1/PDL1 interaction acts as a natural brake to temper overactivation
of T-cells response while, on the other hand, overactivation of the PD1/PDL1 pathway in cancer can
protect tumors from cytotoxic T-cells by disrupting the cancer immunity cycle (Chen et al, Nature
2017; Sharpe and Pauken, 2017). Highlighting new roles for the PD1/PDL1 pathway, cancer cell-
intrinsic PD1 has been described in three tumor types (Yao et al, 2018): while in melanoma and liver
cancer the interaction between PD1 and its ligand PDL1 had an oncogenic role, favouring tumor
progression (Kleffel et al, 2015; Li et al, 2017), in non-small cell lung cancer the effect of the
interaction was opposite, thus tempering tumor progression (Du et al, 2018).

other immune cells are reported to affect tumorigenesis, with an exception to be made for NK cells.
These cells, in fact, are absent from most tumor infiltrates and from pre-cancerous lesions (Chang et
al, 2005).

Although NK mediate potent anti-tumor cytotoxicity in vitro, their paucity in tumor infiltrates may
be an example of the evasion mechanism preventing NK-cell recruitment to the tumor site (Bussard
et al 2016). A role in cancer progression has been proposed also for neutrophils, which can

alternatively promote or block tumor progression depending on the presence of TGFp (Fridlender et
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al, 2009, Wu et al, 2020), and for B-cells, which were recently shown to participate in immune escape

by suppressing the activation of cancer-associated T-cells (Sarvaria et al, 2017).

1.4 EXTRACELLULAR VESICLES

Cellular behavior, both in physiological and in pathological conditions, is highly influenced not only
by the genetic characteristics of the cell itself but also by signals derived from intercellular
communication. Soluble factors, such as growth factors (i.e., VEGF, FGF, EGF) represent the most
“classical” and simple mean to convey cell-to-cell signals, and they can exert their action both on
close and distant cells (paracrine/autocrine fashion). These factors released can bind to their cognate
receptors, expressed on the surfaces of target cells, thus inducing their activation and stimulating the
activation of several intracellular signaling pathways.

In the last few years, a novel and very interesting method has been proposed and thoroughly studied
in the context of intracellular communication. Different types of Extracellular Vesicles (EVs) are
generated and released from all cell types and are responsible of the horizontal transfer of specific
molecular cargos. The first description of EVs by most accounts dates back to 1967, particularly to a
study by Peter Wolf focused on understanding blood coagulation. Ultracentrifuge of blood samples
allowed the isolation of the so-called “platelet dust”, a fraction consisting of lipid-rich particles
conserving coagulant properties (Wolf et al, 1967).

Raposo et al. reported in 1996 that exosomes secreted via an MVB fusion pathway by antigen
presenting cells are sufficient to present antigen in vitro and in vivo, thus proving that exosomes are
signaling entities (Raposo et al, 1996). Trying to extend this knowledge to EVs in general and
proposing them as signaling entities, Ratajczak et al. and Valadi et al. showed that EV's contain RNAs
that could be transferred between cells in a functional way (Ratajczak, et al, 2006, Valadi et al, 2007).

1.4.1 MICROVESCICLES OR EXOSOMES?

EVs can be divided into two major subgroups, microvesicles (MVs) and exosomes, which can be

distiguisheb based on their size and on their cellular origin.

Cargo characterization of both classes of EVs showed that they can contain various types of proteins,
such as RNA binding proteins, transcriptions factors, cytosolic signaling proteins, cell surface
receptors and extracellular matrix proteins. Moreover, EVs also contain different kinds of nucleic

acids, as small RNAs, RNA transcripts and fragments of genomic DNA (Jeppesen et al, 2019).
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MVs (sometimes also referred to as large EVs, shedding vesicles or oncosomes) are generated from
cells by the outward budding of the plasma membrane (Maas et al. 2017; Latifkar et al. 2019).
Particularly, discrete microdomains along the plasma membrane, enriched in lipid rafts, cholesterol,
and phosphatidylserine, begin to protrude outward, until the neck of the vesicle is sufficiently small
and undergoes a fission event, which results in the release of the vesicle from the cell surface (Maas
et al, 2017; van Niel et al, 2018). Almost all types of cells can release MVs, but it has been
demonstrated that highly aggressive forms of cancer cells tend to produce more MVs when compared
to lower grade cancer cells, or normal cells (Menk et al, 2020). A mutant form of the EGF receptor,
the EGF receptor variant type 11 (EGFRvIII) and ADP-ribosylation factor 6 (ARF6) were identified
as critical regulators of MV biogenesis. Via the activation of different signaling pathways, both these
molecules induce an actin-cytoskeletal rearrangement which in the end is necessary for the budding
of MVs from cellular surface (Heijnen et al, 1999; Muralidharan-Chari V et al, 2009; Palmisano et
al, 2012). The lipid composition of the plasma membrane also plays an important role in MVs
generation and release (van Niel et al, 2018). Particularly, when the typical asymmetric distribution
of different lipids between the inner and the outer layers of the plasma membrane is loss (i.e., under
conditions where cytosolic calcium levels are increased), the curvature of the plasma membrane is
favored and MVs budding is promoted (Latifkar et al, 2019; Clancy et al, 2021)

The second major class of EVs is represented by exosomes (also called small EVs or microparticles),
They differ from MVs as they are smaller and actively released through endosomes. Specifically,
during the endolysosomal degradation pathway, multivesicular bodies (MVBs) are subject to a
maturation process inducing invagination and budding events of their limiting membranes, resulting
in the formation of smaller intraluminal vesicles (ILVs) in the lumen of the MVB. Most MVBs are
trafficked to the lysosome and degraded, some of them are redirected to the cell surface. At this point,
the MVBs fused with the plasma membrane and release exosomes in the extracellular space (Hessvik
et al, 2018; Latifkar et al, 2019). Harding et al. visually observed MVB fusion with the plasma
membrane for the first time, in 1983. Exosomes were characterized for the first time in this study,
together with the one by Pan and Johnstone.

Both researches showed that the transferrin receptor was associated with vesicles of about 50—120
nm in diameter, which were actively secreted by reticulocytes during their maturation into red blood
cells (Harding et al, 1983; Pan and Johnstone, 1983).

MVB fromation is well characterized and is mainly directed by the family of endosomal sorting
complex required for transport (ESCRT) proteins which can direct both membrane deformation and
fusion (Hanson and Cashikar, 2012). These proteins are divided into four classes, ESCRT-O0, -I, -II,
and -III, differing as each plays a distinct role in promoting MVB generation. Specifically, the binding

32



between ESCRT-III and ESCRTH-II directly promotes membrane invagination and fission, inducing
ILVs formation. ESCRT-0, -I, and -II are responsible of the recruitment of ubiquitinated proteins to
the surfaces of MVBs (Vietri et al, 2018). Tipically, these organelles are transported and fused to the
lysosomes, where their content is degraded. That’s not the case of those MVBs which are responsible
for exosomal release, as they are instead redirected to the cellular surface and fuse with the plasma
membrane, thus releasing their ILVs (exosomes) into the extracellular compartment (Vietri et al,
2018). ESCRT proteins are not the only ones influencing exosomal biogenesis. Tetraspanins are
membrane spanning proteins, with a reported role in the regulation of endocytic trafficking. Several
members of this family, such as CD9, CD63 and CDS81, are known to localize to MVBs and are
reportedly enriched in exosomes (Johnstone et al, 1991; Kowal et al, 2016). Tetraspanins play a
relevant role in exosome biogenesis, as shown by CD63 knock-out which reduced exosomal
production in HEK293 cells, compared to wild-type control cells (Hurwitz et al, 2016). Moreover, a
role for CD63 has been reported in protein sorting into exosomes. Under conditions where CD63
expression was knocked-down by shRNA in HEK293 cells ectopically expressing the Epstein-Barr
virus latent membrane protein 1 (LMP1), the amount of LMP1 detected in exosomes appeared to be
reduced, thus suggesting it was dependent on CD63 (Verweij et al, 2011; Hurwitz et al, 2017). CD9
and CD82 have halso been shown to help recruit proteins into exosomes and, particularly, exosomes
derived from HEK?293 cells ectopically expressing these tetraspanins were highly enriched in -
catenin (Chairoungdua et al, 2010). Another protein family, the RAB family of small GTP binding
proteins, has been shown to play a role in MVBs formation and trafficking, as well as in exosomal
release. The RAB family comprises around 70 members, key regulators of intracellular vesicle
trafficking processes (Langemeyer et al, 2018; Blanc et al, 2018). Particularly, RAB5 promotes the
formation of early endosomes by activating phosphatidylinositol 3-kinase VPS34 to generate
phosphatidylinositol-3-phosphate (PI3P), which is then enriched on endosomal membranes and
induces the recruitment of early endosome antigen 1 (EEA1) to promote the fusion of endocytic
vesicles in the early stages of MVBs generation.

As the maturation of endocytic vesicles into late endosomes and MVBs, RABS is replaced by RAB7,
which suggests a role also for this protein in exosomal production (Langemeyer et al, 2018). A role
for RAB11,RAB27, and RAB35 was suggested in mediating the docking of MVBs to the cell surface.
Knock-down experiments were carried out for all of these three proteins: fluorescence microscopy
analysis showed that cells lacking RAB11, RAB27, or RAB35 accumulated MVBs along the inner
surface of their plasma membrane and their ability to release exosomes was reduced. These findings
suggest that RABI11, RAB27, and RAB35 are all important for MVBs docking to the plasma

membrane. Protein cargo of exosomes produced by cells depleted of RAB27 was not impoverished,
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suggesting that RAB27 is not involved in protein sorting into exosomes (Savina et al, 2005;
Ostrowski et al, 2010).

Notably, exosomal biogenesis can also be ESCRT-independent as demonstrated by Stuffers et al in
HEp-2 epithelial cells depleted of several components of critical relevance for the ESCRT complex
formation (Stuffers S et al, 2009). The sphingomyelin ceramide can promote ESCRT-independent
biogenesis of exosomes thanks to its ability to spontaneously assemble in microdomains on the
membranes of the MVBs. Due to its small polar head group, high local concentrations of ceramide

can induce the inward budding of the MVB’s membrane (Trajkovic et al. 2008).

1.4.2 THE ROLE OF EXOSOMES IN TUMOR PROGRESSION

The relevance of exosomal-mediated intercellular communication has been of major interest since
the discovery of this type of extracellular vesicles. Microvesicles were initially thought to be the
mechanism through which cells could dispose of waste materials, partially due to their intimate
connnection with lysosomes in terms of biogenesis (Buratta et al 2020). Studies through the years not
only helped characterizing in a more proper way the cargo of exosomes, highliting that it’s loading is
an active process which is not so in line with the idea of a “trash bin” vesicles, but also identified a
plethora of mechanisms which are finely tuned by the messages carried by exsosomes between cells.
The physiological role of exosomes has been mostly studied in the context of reproduction and
embryonic development, as they have been identified in semen, amniotic fluid, breast milk (Yéanez-
Mo et al, 2015). Seminal plasma-derived exosomes are involved in sperm maturation (Sullivan et al,
2005) and can influence immune surveillance at the level of genitalia (Vojtech et al, 2014; Madison
et al, 2015). A role in immune defense, and particularly in the induction of anti-viral response, has
been proposed also for placental exosomes (Delorme-Axford et al 2013; Menon et al, 2019).
Exosomes present in breast milk are linked to promoting postnatal health both by transfer of miRNAs
with immune-related functions and can enhance the number of peripheral blood-derived T-regulatory
cells, thus modulating immune tolerance (Admyre et al, 2007).

As intercellular communication is crucial for cells when adapting to intra- and extra-cellular
alterations, it comes with no surprise that the role of exosomes has been mostly investigated in the
context of pathology and prevalently of cancer.

The contribution of exosomes in the context of tumor progression can be retrieved at two levels, both
as mediators of the interaction between tumoral cells and as involved in the interplay with the

surrounding tumor microenvironment (TME).
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1.4.2.1 Tumor-derived exosomes and tumor growth
Tumor-derived exosomes can induce the initiation of cell transformation, as reported in breast cancer

and prostate cancer, where exosomes transfer specific miRNA signature that induces neoplasia (Das
et al 2018), or glioma, where exosomes from cells with high aggressiveness induce transformation of
fibroblasts or normal mammary epithelial cells (Figueroa et al, 2017; Ghaemmaghami et al 2020).

The transfer of exosomal EGFRVIII receptor induces the activation of the MAPK and AKT signaling
pathways to sustain glioma progression (Read et al, 2017). These same pathways, as well as CD97
expression, mediate the response to tumor-derived exosomes uptake in gastric cancer (Li et al, 2015).
The role of tumor-derived exosomes in evasion of cell death has been reported in other cancer types.
In bladder cancer, as well as in hepatocellular carcinoma, exosomal transfer facilitates cell-death
evasion by the inducing of the up-regulation of Bcl-2 and cyclin-D1 expression and down-regulation
of Bax and caspase-3 in exosome-receiving cells. (Yang et al, 2013; Alzahrani et al, 2018). The
importance of exosomes in sustaining tumor expansion can also be ascribed to the evidence that they
may serve as a survival mechanism in response to an environment that is highly stressful with limiting
amounts of nutrients and oxygen. It has been shown that the EVs from cancer cells can protect
recipient cells from nutrient deprivation-induced cell death (Hanahan and Weinberg 2011; Meehan
et al 2016). Moreover, tumor-derived exosomes can exert complex effects on neighboring stromal
cells such as endothelial cells and fibroblasts. Glioblastoma-derived exosomes containing RNAs, and
angiogenic proteins are uptaken by recipient cells, thus promoting primary tumor growth and
endothelial cell proliferation (Skog et al, 2008). As well, pancreatic cancer-derived exosomes can
activate angiogenesis-related gene expression in endothelial cells (Nazarenko et al, 2010). Tumor-
derived exosomes containing TGF-3 can convert fibroblasts into myofibroblasts and thus contribute
to tumor growth and local invasion (De Wever et al, 2008; Webber et al, 2010). Exosomes derived
from breast cancer cells can promote a myofibroblastic phenotype in adipose tissue-derived
mesenchymal stem cells, resulting in increased expression of the tumor-promoting factors TGF-§,

VEGF, SDF-1 and CCLS5 (Cho et al, 2012).

1.4.2.2 Tumor-derived exosomes and angiogenesis
Tumor-derived exosomes manipulate the microenvironment also by promoting angiogenesis, a

critical process to maintain tumor growth. To overcome the limitation in oxygen and nutrients, cancer
cells actively recruit endothelial cells to induce the formation of new blood vessels. This can be
achieved via the transfer of specific factors via exosomes. The VEGF (vascular endothelial growth

factor) signaling pathway is the most promising angiogenic target due to its key role in angiogenesis.
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Glioblastoma-derived exosomes carrying VEGF induce angiogenesis and the promotion of vascular
permeability (Treps et al, 2017), another essential step for tumor dissemination. Breast-cancer cells
produce EVs presenting VEGF on their surface, capable of activating VEGF receptors on target cells
and stimulating blood vessel formation (Feng et al, 2017). In epidermoid cancer cells, exosomes were
reported to carry the EGF receptor, which could be transferred to human umbilical vein endothelial
cells (HUVECSs) and induce the production of VEGF (Al-Nedawi et al, 2008). Glioblastoma-derived
exosomes also contain high levels of miR-221, associated with proteoglycans glypican-1 and
syndecan-4, involved in the increased revascularization that characterizes this acutely sngiogenic
tumor (Choi D et al 2018). The transfer of miRNA by exosomes also increased angiogenesis in
multiple myeloma, via the targeting of HIF-1 (Umezu et al, 2014), and in gastric cancer, via the
transfer of the proto-oncogene c-MYB (Yang et al, 2018). The exosomal transfer of miR-23a was
linked to increased angiogenesis in nasopharyngeal carcinoma, where it induced the repression of
TsgalO (Bao et al, 2018), and in lung cancer, by the targeting of the tight junction protein ZO-1 (Hsu
et al, 2018).

1.4.2.3 Tumor-derived exosomes and immune infiltrate
In the high complexity of tumor microenvironment, immune escape is considered an important

hallmark of cancer, largely contributing to tumor progression (Thorsson et al, 2018). Interestingly,
tumor-derived exosomes hae been reported to contribute to immune escape in different types of
cancers and with various mechanisms.

One of the best understood and most studied mechanism in cancer-mediated immusosuppression is
represented by the interaction of the cell surface receptor Programmed Death 1 (PD-1), expressed by
various types of immune cells, particularly by CD8+ T cells, with its cognate ligand Programmed
Death-Ligand 1 (PD-L1), usually expressed by tumor cells. This interaction can suppress T-cells’
function, causing them to change phenotype, developing a T-cell tolerance and hindering the
recognition of tumor cells (Robainas et al, 2017). Chen et al. demonstrated that in metastatic
melanoma cells release high quantities of exosomes presenting PDL1 on their surface, which can bind
PD-1 and prevent T cell activation (Chen et al, 2018).

A similar observation was reported also in prostate cancer, colorectal cancer, head and neck cancer,
and glioblastoma (Chen et al, 2018; Theodoraki et al 2018; Ricklefs et al, 2018; Poggio et al, 2019,).
Moreover, PD-L1 levels in circulating melanoma-derived exosomes positively correlated with
response to immunoterapy, whereas it correlated with disease progression in head and neck squamous
cell carcinoma patients (Theodoraki et al 2018). Taken togethere these studies show the potential of

PD-L1 expressing exosomes as metrics of disease and immune activity, hence of response to
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immunoterapy. Another layer to the explanation of exosomal PD-L1 role in cancer immune escape is
provided by the observation of Chen et al, that cancer cell-derived EVs containing PD-L1, when
administered to mice via tail vein injections, could induce a significant decrease in the total levels
CD8+ T cells, suggesting that exosomes can suppress immunity both within the local tumor
microenvironment, as well as systemically (Chen et al, 2018; Poggio et al, 2019).

The increase of extracellular adenosine is another strategy through which tumor cells can mediate
immunosuppression. Extracellular adenosine binding to the A2A or A2B adenosine receptor,
expressed in immune cells, can stimulate the biosynthesis of cyclic AMP (cAMP), which inhibits the
immune activation (van Calker et al, 1979; Huang et al ,1997). A role for tumor-derived exosomes in
modulating this pathway has been reported in head and neck cancer, where they regulate the synthesis
of adenosine by transporting high levels of this process such as CD39 and CD73 (Clayton et al, 2011;
Bastid et al, 2015).

Several studies reported a role for tumor-derived exosomes in mediating macrophages’ polarization
toward the tumor-promoting M2 phenotype, mostly via the transfer of specific miRNA cargos. This
was observed in epithelial ovarian cancer (Ying et al, 2016), where exosomes enriched with miR-
222-3p can enhance STAT3 activation in receiving macrophages, or in colorectal cancer, exosome-
mediated transfer of miR-25-3p, miR-130b-3p, and miR-425-5p induces PTEN suppression and the
subsequent M2 polarization of macrophages (Wang et al, 2020). Moreover, exosomes produced by
hypoxic pancreatic cancer cells reportedly shuttle miR-301a-3p to macrophages, promoting M2
polarization via PTEN/PI3K signaling (Wang et al, 2018).

The activation of the NF-kB signaling pathways in macrophages is associated with the expression of
pro-inflammatory factors such as IL-6, TNF-a, and CCL2. Tumor-derived exosomes from breast
cancer and gastric cancer reportedly activate NF-kB in receiving macrophages (Chow et al, 2014; Wu

et al, 2016).

1.4.2.4 Tumor-derived exosomes e cellular migration
Most studies on the role of exosomes in influencing tumor progression have focused on the ability of

these vesicles to direct and facilitate the metastatic process, either in terms of induction of epithelial-
mesenchymal transition, preparation of the prometastatic niche or through the transfer of metastatic
capability (acquired by de novo mutations, epigenetic alterations or through the activation of cell
signalling in the absence of genetic mutations) from cells with high metastatic capability to cells with

low metastatic capability. (Steinbichler et al, 2017; Rajagopal et al, 2018).
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The elucidation of the mechanisms through which exosomes induce the initiation of EMT are of
recent interest. During EMT, ECM is degraded and tumor epithelial cells change morphologically
and functionally to become more invasive. Tumor cells lose their epithelial features and gain
mesenchymal properties, becoming aggressive and attaining stem cell-like properties (Whiteside et
al, 2017). Many inducers of EMT have been identified in exosomal cargos, including transforming
growth factor B TNFa, IL6, tumor susceptibility gene 101, AKT, integrin-linked kinase 1, B-catenin,
hepatoma-derived growth factor, casein kinase II, annexin A2, integrin 3, Caveolin 1, MMPs and
miRNA (Felicetti et al, 2009; Chairoungdua et al, 2010; Garnier et al, 2013; Jeppesen et al, 2014;
Tauro et al, 2015; Webber et al, 2015). Moreover, Garnier et al. performed proteomic analysis on
exosomes derived from epithelial and mesenchymal cells of squamous cell carcinoma and detected
different proteomic signatures of EVs linked to EMT pathways which influences cell transition
(Garnier et al, 2013). Exosomal LMPI, an Epstein Barr (EBV)-encoded primary oncogene,
contributes to severe metastatic features of NPC by upregulating EMT which is accompanied by the
expression of cancer stem cell markers (Yoshizaki et al, 2013). Tumor-derived exosomes enriched
with miR-301a-3p in pancreatic cancer cells enhance transition of macrophages into the M2
phenotype in hypoxic conditions. This transition promotes migration and EMT of pancreatic cancer
cells which is due to activation of PTEN/PI3K pathway (Wang et al, 2018). Matrix metalloproteinase
(MMP) 13-containing exosomes facilitate the metastasis of nasopharyngeal cancer (NPC) cells (an
endemic type of head and neck cancer) and it is through induction of EMT (You et al, 2015).
Similarly, exosomes purified from highly metastatic breast cancer cells can induce an EMT-like
process in epithelial cells (Galindo-Hernandez et al, 2014).

A major role reported for melanoma-derived exosomes is consistent with the “seed and soil” theory
by Paget (1889), proposing that the interaction between cancer cells (seeds) and the
microenvironment of the metastatic organ (soil) can direct the metastatic organ tropism by inducng
the development of a pro-tumorigenic nyche, an environment distant from the primary tumor that is
suitable for the survival and outgrowth of incoming circulating tumor cells (Peinado et al, 2012).
The preference of melanoma cells for spreading to lymph nodes has been ascribed to an exosomal-
mediated establishment of a tumor-promoting environment in this metastatic site (Hood et al, 2011).
Similarly, exosomes derived from melanoma with high metastatic capacity can help creating a
favorable environment for tumor proliferation by stimulating bone marrow-derived cells (Peinado et
al, 2012). Evidences obtained in melanoma have been also confirmed in other tumor types, such as
pancreatic cancer metastatizing within lungs or lymph nodes (Jung et al, 2009) or renal cancer
metastatizing within lungs (Grange et al, 2011). Tumor-derived exosomes can induce a molecular

alteration in resident cells within the metastatization syte, like the up-regulation of matrix
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metalloproteinases (MMP2, MMP3, and MMP14) and the down-modulation of cadherin-17 in lung
fibroblasts or lymph node stromal cells (Rana et al, 2013) or TLR3 activation in lung epithelial cells
(Liu et al, 2016). Interestingly, they can also exert their action by actively recruiting non-tumoral cell
populations, such as fibroblasts, endothelial cells and macrophages, in the metastatization syte,
further supporting the formation of the pro-tumorigenic nyche (Peinado et al, 2012; Costa-Silva et al,
2015). As an example, tumor-derived exosomes isolated from highly metastatic colorectal cancer can
establish a favorable metastatic microenvironment by recruiting CXCR4-expressing stromal cells
(Wang et al, 2015) and the aforementioned upregulation of TLR3 in lung epithelial cells is reported
to promote chemockine secretion inducing the recruitment of immune cell populations, such as
neutrophils, macrophages and monocytes at the metastatic site (Liu et al,2016).

The role of tumor-derived exosomes in promoting migration, invasion and metastasis is also exerted
via the transfer of a metastatic phenotype from cells with high metastatic capability to cells with low
metastatic capability, as a consequence of the horizontal transfer of key factors, both mRNAs or
proteins, involved in tumor progression. Proteins such as caveolins, MET proto-oncogene and S100
family members are shuttled in exosomes produced by metastatic hepatocellular carcinoma cells and
can induce, upon transfer to non-motile cells, the activation of MAPK and PI3K signalling pathways
and the upregulation of matrix metalloproteinases (Mashouri et al, 2019). Exosomes derived from
epithelial ovarian cancer cells containing CD44 can increase matrix metalloproteinase 9 (MMP9)
production in human peritoneal mesothelial cells, thus increasing their invasion (Nakamura et al,
2017). Exosomal miR-222-3p has been associated to increased invasion of NSCLC cells by the
targeting of SOCS3 (Suppressor of cytokine signaling 3), a negative regulator of the JAK/STAT
signaling pathway (Wei et al, 2017). It also plays a role in enhancing migration and invasion abilities

of breast cancer cells via the activation of the NF-xB signaling pathway (Ding et al, 2108).

1.4.2.5 Stromal cells of the tumor microenvironment and exosomes
The investigated role in the croostalk between cancer cells and the surrounding microenvironment is

a two-directions complex interplay. The majority of studies in the last years focused on the biology
and the function of tumor-derived exosomes, yet exosomes produced by the stromal components of
tumor micreonvironment can modulate the phenotype of cancer cells as well (Balaji et al, 2021; Malla
et al, 2021). The most represented stromal compoents of tumor microenvironment are cancer
associated fibroblasts (CAFS). They derive from the differentiation of fibroblasts, bone marrow-,

adipose-derived MSCs and endothelial cells (Kendall et al, 2014; Shiga et al, 2015; Alkasalias et al,
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2018). Tumor-derived exosomes can induce the conversion of fibroblast cells into CAFs via the
abundant cargo-presence of TGFp, which can activate the SMAD pathway (Chowdhury et al, 2015).
Once activated, CAFs can secrete exosomes that promote tumor growth: Hu et al reported that CAF-
derived exosomes can drive proliferation in colorectal cancer (Hu et al, 2015), while the work by
Rodrigues et al demonstrated that the shuttling of IL6, activin-A and G-colony stimulating factor
mediated by CAF-derived exosomes could promote dedifferentiation in lung cancer cells (Rodrigues
et al, 2018). Further evidence of the role for CAF-derived exosomes relies in the trafficking of
miRNAs, such as miR21-5p, miR378e, miR143-3p and miR92a-3p, enhancing stemness, EMT,
chemoresistance and metastasis in breast cancer, colorectal cancer and ovarian carcinoma (Yeung at
al, 2016; Donnarumma et al, 2017; Hu et al, 2019).

Mesenchymal Stem Cells (MSCs) present in the tumor microenvironment, due to their multipotency,
can differentiate into multiple cell lineages (i.e. CAFs, macrophages or endothelial cells) to modulate
pro-tumorigenic environment (Direkze et al, 2004; Janeczek Portalska et al, 2012; Atiya et al, 2020).
MSCs-derived exosomes can modulate cancer homeostasis, chemoresistance, angiogenesis and
metastasis. Bone Marrow-derived MSCs drive pro-tumorigenic effects by transferring cargo
proteins, such as UBR2, which can induce the upregularion of stemness-mediated genes in gastric
cancer cells (Mao et al, 2017), or miRNAs, such as the NOTCH-activating miR142-3p, which can
trigger- EMT and chemoresistance to doxorubicin in colon cancer cells (Li et al, 2018). Moreover,
BM-MSCs- derived exosomes carry miR-23b and miR-21, which can promoted cell proliferation in
breast cancer (Ono et al, 2014).

Besides cancer cells, tumor microenvironment is characterized not only by stromal cell populations,
but also by stressing and adverse conditions, such as oxygen and nutrients deprivation, constantly
challenging the survival of cancer cells. To tolerate such adverse circumstances, tumor-derived

exosomes can be loaded with specific regulatory factors such as miRNAs.

Hypoxia-induced exosomes of cancer cells were shown to transfer long non-coding RNAs (IncRNA)
to adjacent bladder cancer cells, which can reportedly enhance EMT and metastatization via the
inhibition of E-cadherin associated with the elevated expression of vimentin and MMP9 (Xue et al,

2017).

1.4.3 EXOSOMES AND BONE SARCOMAS

Bone sarcoma cells, as many other cancer cells, produce exosomes which are released in the

surrounding TME. Their interest relies both in the specifc biomolecules packed in exosomal cargos,
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which could be used as biomarkers, and the molecular changes they induce in surrounding recipient
cells, both malignant or not-malignant, as further clarification of tumor progression.

As the most common malignant bone tumor in children and adolescents, Osteosarcoma is
characterized by rapid proliferation and erarly metastasis, resulting in elevated malignancy and
unfavourable prognosis. Emerging evidence show that Osteosarcoma development can be mediated
by exosomes, which can transfer key molecules such as DNA and different types of RNAs which can
have an impact on many aspects of tumor biology.

To date, miRNAs are the most investigated molecules whithin Osteosarcoma exosomes’ cargo as
increasing evidence has been collected regarding their functions in influencing tumor progression.
MiRNA sequencing experiments on a series of human Osteosarcoma cell lines with differential
metastatic potential identified a signature of four miRNAs, namely miR-21-5p, miR-143-3p, miR-
148a-3p and 181a-5p, which are higly enriched in exosomes derived from highly metastatic cell lines
when compared to non-metastatic Osteosarcoma cells. Gene ontology analysis performed on
predicted target genes for these miRNAs suggested a role in regulating cell migration, adhesion,
apoptosis and angiogenesis (Jerez et al, 2019). Interestingly, the role of exosomal miR-143 in
dampening the migratory phenotype of Osteosarcoma cells had already been proposed (Shimbo et al,
2014). High expression of exosomal but not cellular miR-675 level was observed in metastatic OS
cell lines in contrast to nonmetastatic counterparts, further evidencing the role of this exosomal
miRNA in influencing cellular migration and invasion via inducing a decrease of Calneuronl
expression levels in recipient cells (Gong et al, 2018). Osteosarcoma cells with high levels of miR-
195-3p can produce exosomes enriched in this microRNA, thus promoting proliferation and migration
of recieving cells (Ye et al, 2020). Recently, also exosomal miR-1307 has been correlated to the
modultion of Osteosarcoma progression, particularly via the inhibition of its direct target AGAP1, an

Arf GTPase-activating protein (Han et al, 2021).

Drug resistance is a significant problem with chemotherapy in Osteosarcoma patients, as it may
induce a rapid increase in metastasis (He et al, 2014). Exosomes released by drug-resistant
Osteosarcoma cells can mediate acquired multidrug resistance (MDR) in recieving cells. Particularly,
exosomes generated from doxorubicin-resistant cells contain high levels of MDRI and P-
glycoprotein mRNA, which can enhance the ability of the surrounding Osteosarcoma cells to resist
doxorubicin action (Levchenko et al, 2005; Torreggiani et al, 2016). The identification of the most
effective chemotherapeutic agent for each individual patient represents another major challenge in
Osteosarcoma, as ineffective chemotherapy leads to increased mortality and decreased quality of life

in patients. Xu et al. investigated the RNA cargo of exosomes isolated form the sera of patients with
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differental chemotherapeutice response. They identified a signature of miRNAs, namely miR-124,
miR-133a, miR-135b, miR-148a, miR-199a-3p, miR-27a, miR-385, and miR-9, which are
deregulated in poor responders. Moreover, the same group observed that exosomal mRNAs including
Annexin2, Smad2, MTAP, CIP4, PEDF, WWOX, Cdc5L, P27, could help discriminate good and
poor responders to treatment (Xu et al, 2017).

The identification of exosomal microRNAs in Osteosarcoma patients’ sera holds an important
diagnostic and prognostic promise. Fujiwara et al. identified 236 serum miRNAs highly expressed in
Osteosarcoma patients when compared to controls. Among them, miR-17-5p and miR-25-3p resulted
higly expressed in Osteosarcoma cells and were were abundantly released in tumor-derived
exosomes. Interestingly, serum miR-25-3p levels at diagnosis were correlated with patient prognosis
and reflected tumor burden in both in vivo models and patients, suggesting a potential role for this
micro RNA as a noninvasive biomarker for prognostic prediction and tumor monitoring in
Osteosarcoma patients (Fujiwara et al, 2017).

In the context of tumoral microenvironment, exosomes play their role as intercellular communication
tools not only between Osteorsarcoma cells, but also between tumoral and surrounding normal cells.
Osteosarcoma-derived exosomes can induce malignant transformation in normal receiving cells by
sustaining proliferation, metastasis and antiapoptotic properties (Urciuoli et al, 2018). Osteosarcoma-
derived exosomes can induce lung fibroblast reprogramming by activating TGFb1l and SMAD2
pathway, thus directing their activation toward the CAF phenotype and promoting Osteosarcoma
metastatization to the lungs (Mazumdar et al, 2020). Further sustianing the role for Osteosarcoma
derived exosomes in promoting metastasis to local or distant tissues, Cheng et al. observed that these
exosomes can induced macrophage M2 polarization by regulating the expression of Tim-3, T cell

immunoglobulin and mucin domain 3 (Cheng et al, 2021).

The M2 polarization promoted by exosomes released by metastatic Osteosarcoma cells can induce,
via TGFb2 production, the development of an immunosuppressive and tumor-promoting
microenvironment, consistent with the poor prognosis for this tumor type (Wolf-Dennen et al, 2020).
Moreover, Osteosarcoma derived exosomes induce the activation of IL-6/STAT3 signaling pathway
in mesenchymal stem cells (MSCs), thus promoting tumoral proliferation and metastasis (Lagerweij
et al, 2018).

Notably, not only Osteosarcoma-derived exosomes influence the surrounding normal cells to sustain
tumor progression. CAFs have a reported role in affecting tumor cell malignancy and they were
demonstrated increasing Osteosarcoma migratory abilities by the transfer of exosomal miR-1228 and

the subsequent downregulation of endogenous SCAI mRNA, similarly to what is reported in breast
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cancer cells (Lin et al, 2015; Wang et al, 2019). Interestingly, exosomal miR-29a released by
macrophages in the context of Osteosarcoma promotes cancer cell invasion and proliferation (Zhang
et al, 2021). The role of exosomes secreted by MSCs in influencing Osteosarcoma cells’phenotype
has been evaluated in different sudies. Particularly, MSC-exosomes promote Osteosarcoma growth
and metastasis via the paracrine activation of the Hedgehog pathway (Qi et al, 2017), by inducing
HIF-1a expression via the activation of the PI3K/AKT pathway (Lin et al, 2019), and by promoting
oncogenic autophagy both in vitro and in vivo (Huang et al, 2020). MSC-exosomes also carry specific
microRNAs which lay a role in modulating receiving Osteosarcoma cells phenotype, such as miR-
208a which negatively targets PDCD4 and induces the activation of the ERK1/2 signaling pathway
(Qiu et al. 2020) or miR-206 which, on the contrary can inhibit tumor progression by targeting
TRA2B (Zhang et al, 2020).

Research in the field of exosomes in Ewing Sarcoma, the second most common bone tumor in
children and young adolescents, is rather recent, as in 2013 Miller et al. described for the first time
exosomal release by Ewing Sarcoma cell lines (Miller et al, 2013). Moreover, the authors hilightesd
that Ewing Sarcoma-derived exosomes carry the EWS-FLI1 transcript in their cargo, an observation
which was further confirmed in exosomes isolated from the blood of mice harboring Ewing Sarcoma
xenografts by Tsugita et al. Interestingly, EWS-FLII transcript was observed to be transferred
between different Ewing Sarcoma cell lines but not into Osteosarcoma cells, thus suggesting its
selective transfer (Tsugita et al, 2013).

Ewing Sarcoma derived exosomes carry a broad spectrum of RNAs, particularly the small ones, but
the EWS-FLI1 transcript is not the only mRNA which is specifically loaded into these vescicles.
Microarray analysis performed on isolated exosomal RNA hilighted an enrichment of transcripts
involved in signal transduction, particularly G-protein coupled signalling and neurotransmitter
signalling, together with stemness (Miller et al, 2013).

The expression of a group of transcripts highly characteristic of Ewing Sarcoma, such as the histone
methyltransferase Enhancer of Zeste Homolog 2 (EZH2) which is a transcriptional target of EWS-
FLI1, was assessed and exosomal levles appeared to be accordingto the cellular ones (Miller et al,
2013).

MicroRNA cargo of Ewing Sarcoma derived exosomes has also started to be investigated.
Particularly, Ewing Sarcoma cells with silenced expression of CD99, a characteristic surface marker
of this tumor type, produced exosomes containing not only lower levels of the protein itself (Llombart
bosch et al, 2009; Ventura et al, 2016), but also increased levels of miR-34a, whose transfer represses
the Notch pathway and inhibits NF-kB transcriptional activity. Neural differentiation of the recieving
cell is observed, similarly to what happens with direct CD99 silencing (Ventura et al, 2016).
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Moreover, CD99-depleted exosomes contain high levels of miR-199a-3p, responsible of growth
inibithion and impaired migration of recipient cells as seen in other cancers (De Feo et al, 2019). On
the contrary, the same study demonstrated that the uptake of CD99-positive exosomes derived from
cells expressing the protein led both to an increase in cell proliferation and migration in recipient
cells, whereas poor neural differentiation was observed (De Feo et al, 2019).

Interestingly, exosomal miRNA content doesn’t appear to rely only on the cell of origin but also on
the influence exerted by the surrounding microenvironment. In fact, miR-210 was observed to be the
most upregulated miRNA under hypoxic conditions both in Ewing Sarcoma cells and exosomes
(Kling et al, 2020). Hypoxia is a major feature of Ewing Sarcoma microenvironment and has been
demonstrated to affect cellular proliferation and migration (Knowles et al, 2010). The work by Kling
et al also identified a role for hypoxia in determining exosomal secretion and specific miRNA loading,
particularly via the regulation exerted by Hypoxia Inducible Factor 1-a (HIF la) on miR-210
exosomal packaging. Another evidence of the impact that the TME can exert on exosomal biogenesis
in Ewing Sarcoma was obtained via the development of a bioengineered tumor model: 3D culture
and extracellular matrix (ECM) composition had an influence on exosomal size distribution, which
was more similar to the one detected in patients’plasma rather than in cell culture supernatants
(Villasante et al, 2016).

The examples presented so far higlight the role of Ewing Sarcoma derived exosomes in regulating
the fate of surrounding tumoral cells and the impact that the TME can have on exosomal biogenesis,

yet the influence exerted by these vesicles on the cellular components still needs to be clarified.

The cargo of exosomes derived from bioengineered tumors was successfully tranferrerd into normal
recipient cells, such as human MSCs, osteoblast and osteoclasts, and a modulation of EZH2 mRNA
levels was observed in all three cellular types, suggesting a transfer of exosomal mRNA cargo
(Villasante et al, 2016). Yet, the functional consequences of this uptake in normal recipient cells still
need further elucidation both in vitro and in vivo.

To date, no information is available on the influence of Ewing Sarcoma derived exosomes on many
of the non-tumoral cell lineages populating the TME, yet during the last year Gassmann et al.
collected evidence of their interaction with the immune cells. Despite being a yet poorly investigated
field, Ewing sarcoma is known for showing a limited immune infiltrate. Overall, it iss predominantly
composed by tumor associated macrophages (TAM) (Fujiwara et al, 2011) while CD8(+) T
lymphocytes infiltrate is even less represented (Machado et al, 2018). In their study, they showed that
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Ewing Sarcoma exosomes sustain pro-inflammatory signaling while impairing the maturation of
myeloid cells, namely CD14+ monocytes and CD33+ myeloid cells, thus influencing both innate and
adaptive immunity. The vesicles are shown to induce prolonged cytokine and chemokine release,
particularly of IL-6, IL-8 and TNF by myeloid cells, CD14+ cells differentiated in the presence of
Ewing Sarcoma derived exosomes exhibited a semi-mature immunosuppressive phenotype,
consisting in reduced expression of co-stimulatory molecules associated with DC maturation and with
MDSC phenotypes (Gassmann et al, 2021).Similar effects were reported in hematological and other
solid malignancies, which hints of common mechanisms operating in different types of cancer (Maus
et al, 2017; Ning et al, 2018). Moreover, to sustain the indication that exosomes released by Ewing
Sarcoma cells may affect both innate and adaptive immunity, the CD14+ cells differentiated in the
presence of Ewing Sarcoma derived exosomes induce diminished activation of CD4+ and CD8+ T
cells, by reducing their proliferation and IFN release. Ewing Sarcoma EVs may thus contribute to the
observed scarce infiltration of Ewing Sarcoma tumors with T cells, M1 macrophages, and mature
DCs, as well as the prevalence of pro-tumorigenic immunosuppressive M2 macrophages and resting

DCs in the Ewing Sarcoma TME (Fujiwara et al, 2011; Sthal et al, 2019).

2 AIM OF THE STUDY

The interactions between cancer cells and the context of cellular and non-cellular components
surrounding them, defined as Tumor Microenvironment (TME), are responsible for the loss of tissue
homeostasis and promote tumor development and progression. Indeed, these interactions are known
for controlling most aspects of tumor progression, such as tumor growth, neovascularization, drug
resistance, apoptosis, cell migration and metastasis formation.

Ewing Sarcoma, the second most common malignant mesenchymal tumor in young patients, is
characterized by a particularly adverse prognosis associated with metastatic disease at diagnosis.
The overall stability of Ewing Sarcoma genome reinforces the need to study epigenetic or mRNA
post-translational modification mechanisms, such as the oncofetal RNA binding protein (RBP)
Insulin-like Growth Factor 2 mRNA Binding Protein 3 (IGF2BP3/IMP3), to understand more in-
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depth tumor progression. In Ewing Sarcoma, IGF2BP3 plays a well-known oncogenic role in
sustaining cell migration both in vitro and in vivo, correlating with the poorest outcomes of the
patients. Yet a comprehensive identification of the malignant processes mediated by this RBP in the
interaction with the tumor microenvironment still needs further investigation.
The aim of the present study was indeed to evaluate the relevance of IGF2BP3 in the communication
between Ewing Sarcoma cells and tumor microenvironment, in order to gain deeper insight on this
tumor progression mechanisms and to further explore the role of IGF2BP3 as a prognostic or
diagnostic marker. To do so, we evaluated the role of IGF2BP3 in
e response to the stress-adaptive conditions characterizing Ewing Sarcoma TME, such as
hypoxia, with a particular focus on metastatic progression;
e communication between Ewing Sarcoma cells, which can influence their phenotypes via
exosome-mediated horizontal transfer of the RBP and its client mRNAs;
e interaction between Ewing Sarcoma cells and the immune effectors populating the TME.
Therefore, the PhD project was built on the intention of providing a deeper insight on Ewing Sarcoma
progression and metastasis formation, by elucidating the IGF2BP3-dependent mechanisms through

which the tumoral cell interacts with the surrounding microenvironment.

3 RESULTS

3.1 GENERATION OF A NOVEL CRISPR/CAS9 IGF2BP3
KNOCKOUT MODEL IN EWING SARCOMA CELLS

Recent research from our laboratory broadly investigated the functional role of IGF2BP3 in Ewing
Sarcoma. For in vitro studies, canonical cell lines were employed and two IGF2BP3 knockdown
experimental models were previously obtained. Specifically, IGF2BP3 was silenced via transfection
with the pLKO.1 vector containing the IGF2BP3-specific short hairpin RNA on A673 and TC-71
cells (Figure 1), as they present the highest IGF2BP3 levels correlated with strongest malignant
features in a panel of classical Ewing Sarcoma cell lines (Mancarella 2018). In this section, we will

refer to IGF2BP3 knockdown cells as “shIMP3” and to the mock-transfected cells as “shGFP”.
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Figure 1. IGF2BP3 levels in A673 and TC-71 shIMP3 models.

IGF2BP3 mRNA and protein levels evaluation in IGF2BP3 knockdown (shIMP3) A673 and TC-71 cells compared to
parental control and to mock-transfected cells (shGFP). GAPDH was used as housekeeping gene or loading
control. mRNA expression is reported as RQ and bars represent the mean + SD of at least three independent replicates,
***%p < 0.0001, one-way ANOVA. A representative Western Blot is shown.

3.1.1 IGF2BP3 IN PATIENT-DERIVED XENOGRAFTS CELL
LINES

The faithfulness of classical preclinical models has been recently debated, particularly as one of the
reasons behind the difficult translation of preclinical discoveries into effective therapies. In the last
decades research has concentrated on the development of Patient Derived Xenografts (PDXs) and
companion cell lines as one of the strategies to overcome the limited predictive value of classical cell
lines. To obtain PDXs, primary patient specimens are implanted into immunodeficient mice shortly
after explant.

Tumors grown in mice are then harvested and minced to obtain PDX-derived cell lines, which are
stabilized under 2D in vitro colture conditions. PDX and matching cell lines share elevated genotypic
and phenotypic similarity between themselves and with the tumor of origin, a characteristic that
makes this model extremely intriguing (Shi et al, 2020). A collection of Patient Derived Xenografts
from Ewing Sarcoma tumors had previously been obtained in our laboratory in collaboration with the
laboratory of Professor P.L. Lollini (Dipartimento di Medicina Specialistica, Diagnostica e
Sperimentale, Laboratorio di immunologia e biologia delle metastasi, Bologna). The genetic
representativeness of PDX and PDX-derived cell lines has recently been confirmed in our laboratory
in CIC-DUX4 (Capicua—double homeobox 4) sarcomas, a subcategory of small round blue cell
tumors resembling the morphological phenotypes of Ewing sarcoma (Carrabotta et al, 2021). Based

on this knowledge, IGF2BP3 expression levels were tested via Real Time-qPCR in a group of tumor
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samples with corresponding PDXs and, when available, their corresponding PDX-derived cell lines
(Figure 2A). No significant statistical difference was observed between the mean of the three groups
of samples. Expression levels resulted evened out in PDXs when compared to tumors and cell lines
and this could be ascribed to the presence of necrotic or murine cells in sample preparation.
Interestingly, PDX-EWS#5-C and PDX-EWS#2-C cell lines, which presented very high and very low
levels of both IGF2BP3 mRNA and protein (Figure 2B), were derived from tumor samples which
respectively presented one of the highest and one of the lowest IGF2BP3 expression levels. This
observation confirms the high representativeness of PDX-derived cell lines when compared to the

tumor of origin.
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Figure 2. PDX and PDX-derived cell lines are representative of IGF2BP3 levels of the tumor of origin

(A) IGF2BP3 mRNA levels evaluated via Real Time-qPCR in 6 Ewing Sarcoma tumor samples, 6 corresponding Patient-
Derived Xenografs (PDX-EWS) and 3 stabilized PDX-EWS derived cell lines. Relative mRNA expression reported as RQ
is shown. Each symbol represents a single sample and the line marks the mean + SD of each group. GAPDH was used as
housekeeping gene. Human mesenchymal stem cells were used as calibrator. n.s, not significant, one-way ANOVA. (B)
IGF2BP3 mRNA and protein levels evaluation in PDX-EWS #2-C compared to PDX-EWS #5-C PDX-derived cell line.
GAPDH was used as housekeeping gene or loading control. mRNA expression is reported as RQ and bars represent the
mean = SD of at least three independent replicates. ****p < 0.0001, one-way ANOVA. A representative Western Blot is
shown

3.1.2 GENERATING A CRISPR/CAS9 IGF2BP3-KNOCKOUT

MODEL
The described presence of high or low levels of IGF2BP3 in PDX-derived cell lines does not

necessarily make the comparison between their phenotype representative of IGF2BP3-induced
malignancy. In fact, since IGF2BP3 is constitutively down-modulated in PDX-EWS#2-C cell line,
the tumor cell has likely activated collateral compensatory pathways in order to maintain the
malignant phenotype. Based on these considerations, we decided to use PDX-EWS#5-C cell line to
perform IGF2BP3 knockout (KO) via the Crispr/Cas9 system. In this section, we will refer to
IGF2BP3 knockout cells as “gIMP3” and to the mock-transfected cells as “gSCR”.

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a microbial nuclease system

involved in defense against invading plasmids and phages. Microbial CRISPR locus is a combination
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of CRISPR-associated (Cas) genes and non-coding RNA elements which can program the specificity
of the CRISPR-mediated nucleic acid cleavage. Lentiviral CRISPR/Cas can infect a broad variety of
mammalian cells by co-expressing a mammalian codon-optimized Cas9 nuclease along with a single
guide RNA (sgRNA) to facilitate genome editing (Doudna and Charpentier, 2014, Shalem et al,
2014).

For our purposes PDX-EWS#5-C cells were infected with the lentiviruses carrying the lentiviral
CRISPR plasmid expressing the corresponding gRNA. Plasmids containing the sgRNA sequences
were kindly designed and provided by professor A.M. Mercurio (University of Massachusetts
Medical School). Infected cells were selected in puromycin 2pg/ml and subsequently amplified in
puromycin 0.5 pg/ml to constitute liquid nitrogen stocks. IGF2BP3 KO was evaluated at protein level
via Western Blotting and the clones showed no detectable expression of the protein, confirming a
successful silencing (Figure 3A). The total absence of IGF2BP3 protein in gIMP3 cells is a
remarkable difference with what is observed in shIMP3 models, as the two mechanisms differ in their
targets: while short hairpin directly bind mRNAs, leading them to disruption, the Crispr/Cas9 system
is designed to specifically cleave the gene of interest at DNA level, de facto disrupting the cellular
ability to produce the corresponding mRNA. Our PDX-EWS #5 gIMP3 cells were then characterized
in terms of cellular proliferation, migration and anchorage-independent growth with respect to their
corresponding mock-silenced control (gSCR). gIMP3 cells doubling time was comparable to the
gSCR one, hinting that IGF2BP3-KO didn’t affect significantly cell proliferation (Figure 3B). On the
contrary, IGF2BP3-KO was associated with a significant reduction in migration ability in a transwell
assay (Figure 3C), and correlated with a reduced ability to form colonies under anchorage-

independent conditions (Figure 3D).
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Figure 3. Characterization of a Crispr/Cas9 IGF2BP3-knockout model in PDX-EWS #5-C cell line

(A) IGF2BP3 protein levels evaluated in IGF2BP3-KO (gIMP3) PDX-EWS #5-C g cells compared to parental control
and to gSCR mock-transfected cells. GAPDH was used as loading control. A representative Western Blot is shown. (B)
Proliferation of gIMP3 cells compared with that of gSCR control. Bars are representative of mean + SD of at least two
independent experiments are shown. (C) Basal migration of gIMP3 cells compared with that of gSCR control. Bars
represent number of migrated cells. Mean + SD of at least two independent experiments performed in duplicate is shown.
***%p < 0.0001, Student’s t-test vs gSCR. (D) 3D growth in soft agar of gIMP3 cells compared with gSCR control. Bars
represent number of colonies. Mean + SD of at least two independent experiments performed in duplicate is shown.

*p < 0.05, Student’s t-test vs gSCR.

3.2 IGF2BP3-MEDIATED CELLULAR RESPONSE TO
TUMORMICROENVIRONMENT

3.2.1 IGF2BP3 IS ASSOCIATED WITH METASTASIS IN EWING
SARCOMA

Data previously published by our laboratory showed a lower incidence of metastasis in Crl:CD-1-
nu/nu BR mice after intravenous injection of IGF2BP3-depleted cells when compared to controls
(Mancarella et al, 2018).

The correlation between IGF2BP3 expression levels and Ewing Sarcoma metastasis was further
explored performing Real-Time qPCR on a set of 48 RNA samples derived from primary Ewing
Sarcoma lesions and on 44 RNA samples extracted from metastatic tissues. Clinical-pathological

features of primary Ewing Sarcoma patients included in the study are presented in Table 5.
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Interestingly, IGF2BP3 expression was higher in metastatic specimens when compared to primary

untreated tumors, used as controls (Figure 4).
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Figure 4. Correlation between IGF2BP3 and metastatic disease in Ewing Sarcoma patients

Scatter plot representing IGF2BP3 mRNA levels determined via Real Time-qPCR in primary (48) or metastatic (44)
Ewing Sarcoma specimen. GAPDH was used as housekeeping gene. Mean + SD of relative mRNA expression, reported
as log2, is shown. Human mesenchymal stem cells were used as calibrator. **p < 0.01. Student’s t-test.

3.2.2 IGF2BP3 IS ASSOCIATED WITH IMMUNOLOGICAL AND
CHEMOKINE-MEDIATED SIGNALING PATHWAYS

During cancer progression, the repertoire of chemokines, cytokines, and growth factors that
orchestrates normal immune and inflammatory responses can be redirected to create an
immunosuppressive state that facilitates invasion and metastasis.

A set of 6 primary localized EWS specimens, with very low or very high expression of IGF2BP3,
had previously been analyzed in our laboratory via RNAseq, identifying a signature of 814
differentially expressed genes involved in immunological and chemokine-mediated signaling
pathways (Mancarella et al, 2020). Thus, to further define which IGF2BP3-related mechanisms might
have a relevance in the context of tumor microenvironment, we took advantage of the stably
IGF2BP3-silenced A673 model to perform a comprehensive analysis of the expression levels of a
panel of 84 mRNA involved in mediating communication between tumor cells and the cellular
mediators of inflammation and immunity via the Human Cancer Inflammation & Immunity Crosstalk
RT? Profiler PCR Array. 13 out of 84 analyzed mRNAs resulted differentially expressed between
IGF2BP3-silenced Ewing sarcoma cells and controls (Table 1). 10 out of 13 deregulated mRNAs
were upregulated and the majority of them (i.e., CD274, IL15, PDCDI, PTGS2) is known to
participate in immune responses, hinting that IGF2BP3 could play a role in the interaction of Ewing
Sarcoma cells with the immune system. Only three mRNAs, TLR3, CXCR4 and CCL2 resulted
downregulated and, interestingly, both CXCR4 and CCL2 participate in chemokine-mediated
signaling pathways, sustaining a functional association between IGF2BP3 and chemokine signaling

pathways.
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Fold Regulation

Pathway Gene Name (IGF2BP3- vs
IGF2BP3+)
Immune Responses CD274 Programmed Cell Death I Ligand 1 2.85
IL15 Interleukin 15 2.38

PDCD1 Programmed Cell Death Protein 1 2.32

Prostaglandin-Endoperoxide Synthase

PTGS2 P 2.18
Interferon Signaling GBP1 Guanylate-Binding Protein I 4.14

IRF1 Interferon Regulatory Factor 1 3.79
Toll-Like Receptor Signaling MYDS88 e T e 2.28

response 88

TLR3 Toll-like receptor 3 -2.50
(EIEI 2 g5 A1 Ehgmatiaing CCR7 C-C chemokine receptor type 7 3.83
Receptors

CXCR4 C-X-C Motif Chemokine Receptor 4 -2.49

CCL2 C-C Motif Chemokine Ligand 2 -53.30
Growth Factors and Receptors EGFR Epidermal Growth Factor Receptor 2.79
Other Cytokines KITLG KIT Ligand 3.67

Table 1. Human Cancer Inflammation & Immunity Crosstalk RT? Profiler PCR Array: mRNAs differentially
expressed in A673 shIMP3 model
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3.2.3 IGF2BP3 ACTS AS AN UPSTREAM REGULATOR OF
CXCR4

CXCR4 is the most common chemokine receptor expressed in human cancer and mediates migration
towards its ligand, CXCL12 (Teicher and Fricker, 2010). Its upregulation has been already associated
with the metastatic process in many tumors, including Ewing Sarcoma (Krook et al, 2014).

We performed qRT-PCR and Western Blotting analyses to confirm the association between IGF2BP3
and CXCR4 levels in Ewing Sarcoma cells, observing a downmodulation of CXCR4 in IGF2BP3-
silenced cells when compared to controls (Figure 5).

A673 shiMP3
1.5

*% *

mRNA expression

CXCRA | . t

GAPDH — — —
Q >
& & ©
S i i
S N
$ $

Figure 5. CXCRA4 levels are related to IGF2BP3 expression in Ewing Sarcoma

CXCR4 expression analyzed via Real Time-qPCR and Western Blot in shIMP3 or mock-transfected (shGFP) A673 cells.
GAPDH was used as housekeeping gene or loading control. mRNA expression is reported as RQ and bars represent the
mean £ SD of at least three independent replicates. * p<0,05, **p < 0.01, one-way ANOVA. GAPDH was used as

housekeeping gene or loading control. A representative Western Blot is shown.

3.2.4 IGF2BP3 INFLUENCES CELLULAR MIGRATION IN

HYPOXIC CONDITIONS
We decided to investigated the contribution of the IGF2BP3/CXCR4 axis in the stress-adaptive

response of Ewing Sarcoma cells under hypoxic conditions (1% O2), since this is a major feature of
this tumor type microenvironment (Knowles et al, 2010). Moreover, the upregulation of CXCR4 in
Ewing Sarcoma exposed to hypoxia is reported (Krook et al, 2014). Cells cultured in hypoxic
conditions showed a trend of reduced proliferation in an IGF2BP3-independent manner (Figure 6A).
On the other hand, a reduction in migration was observed in A673 shIMP3 cells cultured under
hypoxia (Figure 6B). Interestingly, IGF2BP3 silencing was associated with a significant reduction in

migration in response to CXCL12, both in normoxic and hypoxic conditions (Figure 6C).
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CXCR4 levels were assessed and, according to previously reported evidences, Ewing sarcoma high-
IGF2BP3 expressing cells exposed to hypoxia displayed the induction of both CXCR4 and Hypoxia
Inducible Factor alpha (HIF1-a).

Interestingly, shIMP3 cells did not display any increase of CXCR4 even under hypoxic conditions,
an observation that can explain the reduced migration in response to CXCL12 in the context of oxygen
deprivation (Figure 6D). Overall, these data suggest that the IGF2BP3/CXCR4 axis guides the
migration toward the ligand CXCL12 and that IGF2BP3 represents a putative novel mediator of stress

response.
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Figure 6. CXCR4 and hypoxia in Ewing Sarcoma
Effects of normoxic (21% O:) o hypoxic (1% O:) conditions on shIMP3 or mock-transfected (shGFP) A673 cells. (A)

Proliferation evaluated via trypan blue count. Bars representative of mean + SD of at least two independent experiments
are shown. * p<0.05, n.s. not significant, Student’s t-test. (B) Migration evaluated via scratch test. A representative
photograph for each condition is shown. (C) Migratory response to a CXCL12 (100 ng/ml) gradient evaluated via
transwell analysis. Bars representative of mean + SD of three independent experiments are shown. * p < 0.05, **p <
0.01, Student’s t test. (D) Protein evaluation via western blot displaying HIF-1o, CXCR4 and IGF2BP3 expression.

GAPDH was used as housekeeping gene or loading control. A representative Western Blot is shown.
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3.2.5 IGF2BP3 REGULATES CD14 LEVELS IN EWING

SARCOMA
A direct relationship between IGF2BP3 and CXCR4 has never been reported. Yet IGF2BP3 is known

to sustain the expression of CD164, a type 1 integral transmembrane sialomucin involved in
regulating adhesion and migration of cancer cells (Samanta et al, 2012; Lederer et al, 2014), which
can also act as a functional regulator of CXCR4 in different tumor types (Forde et al, 2007). The role
of CD164 in Ewing Sarcoma has never been studied.

The interaction between IGF2BP3 and CD164 had previously been investigated in our laboratory via
Ribo-Immunoprecipitation (RIP) assay: CD164 mRNA appeared to be highly enriched after
immunoprecipitation with anti-IGF2BP3 antibody (Mancarella et al, 2020), suggesting that IGF2BP3
might regulate mRNA stability and expression levels of CD164. We further pursued this evidence by
investigating CD164 protein levels in A673 and TC-71 shIMP3 models. The results showed
significantly lower levels of the sialomucin when comparing low-IGF2BP3 expressing cells to the
mock-silenced controls and confirmed the concurrent reduced expression of the RBP and CD164

(Figure 7).
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Figure 7. CD164 levels depend on IGF2BP3 expression in Ewing Sarcoma
CD 164 expression analyzed via Western Blot in IGF2BP3-depleted or empty vector-transfected (shCTR) A673 and
TC-71 cells. GAPDH was used as loading control. Representative Western Blots are shown.

3.2.6 JQ1 TREATMENT REGULATES CD164 LEVELS
ACCORDING TO IGF2BP3 DOWNMODULATION IN EWING
SARCOMA

JQ1 is a powerful bromodomain and extra-terminal domain inhibitor (BETi) (Filippakopoulos et al,
2010.). Experimental evidence indicates that JQ1 is able to inhibit the expression of IGF2BP3 and its
target transcripts in leukemia cells and ES cells (Dawson et al, 2011; Mancarella et al, 2018).
Knowing this, the association between the expression of the RBP and CD164 was further assessed

after a 48-hour treatment with increasing doses of the drug on TC-71 parental cells.
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Interestingly, alongside the significant reduction in /GF2BP3 mRNA, the treatment results in a

significant reduction in the level of CD/64 mRNA in a dose-independent manner (Figure 8).
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Figure 8. Effect of JQ1 treatment on the IGF2BP3 / CD164 axis

IGF2BP3 (left) and CD164 (right) levels were evaluated via Real Time-gPCR on TC-71 cells after 48h treatment with
increasing doses of JOI1. Data normalization was performed on untreated control. mRNA expression is reported as RQ
and bars represent the mean + SD of at least three independent replicates. * p-value <0.05, one-way ANOVA.

3.2.7 CD164 AND CXCR4 INTERACTION MEDIATES
MIGRATORY RESPONSE TO CXCL12

CD164 and CXCR4 are reported to colocalize at the plasma membrane and to interact in mediating
the cellular response to CXCL12. To evaluate whether the functional interaction between CXCR4
and CD164 exists in Ewing Sarcoma cells, we performed confocal microscopy. In absence of
CXCL12, both CXCR4 and CDI164 resulted equally distributed between cell membrane and
cytoplasm while CXCL12 presentation induced a redistribution of both receptors, which then
colocalized at plasma membrane level (Figure 9A).

To further confirm the role of the CD164/CXCR4 axis in Ewing Sarcoma cells, CD164 was silenced
using siRNAs in A673 and TC-71 cell lines (Figure 9B). The migratory ability towards a CXCL12-
gradient of silenced cells compared to controls was then evaluated and CD164 reduction resulted in

impaired migratory skills, accordingly to the model proposed (Figure 9C).
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Figure 9. CD164 and CXCR4 interact on plasma membrane and direct cellular response to CXCL 12 stimulus

(A) Colocalization of CD164 and CXCR4 was assessed in A673 cells by immunostaining and confocal microscopy. Cells
were stimulated (right column) with CXCLI12 100 ng/ml for 5 min or left unstimulated (left column). Images were taken
using confocal microscopy (scale bar 25 um). (B) Real Time-qPCR and Western blotting for CD164 evaluation on A673
and TC-71 cells transfected with siCD164 and in corresponding siSCR mock-silenced controls. was evaluated via Real
Time-qPCR and Western Blotting. GAPDH was used as housekeeping gene or loading control. Real Time-qPCR is the
mean of at least three independent replicates, relative mRNA expression reported as RQ is shown. A representative
Western Blot is shown. * p<005, **p < 0.001, Student’s t-test. (C) Migration of A673 and TC-71 cells treated with CD164
SIRNA or control scramble siRNA using a CXCLI2 (100 ng/ml) gradient. Mean + SE of at least two independent
experiments is shown. **p < 0.001, Student's t-test.



3.2.8 CLINICAL RELEVANCE OF CD164/CXCR4 IN EWING
SARCOMA

The relevance of CD164 and CXCR4 was further evaluated at clinical level. We took advantage of
the clinical samples previously used to study IGF2BP3 levels and performed Real Time-qPCR both
on primary tumors and metastatic specimens. A significant statistical correlation is present between
IGF2BP3 and CD164 as well as CXCR4 both in primary and in metastatic lesions (Figure 10A).
Spearman coefficients showed a strong correlation between CD164 and CXCR4 in the two groups of
samples. No significant difference in both CD164 and CXYCR4 mRNA levels was highlighted between
the two group of samples (Figure 10B).

Nevertheless, the correlation between CD164/IGF2BP3 and CXCR4/IGF2BP3 was represented by a
higher Spearman coefficient in metastases rather than in primary tumors, thus sustaining the relevance

of the proposed IGF2BP3/CD164/CXCR4 axis in metastatic progression in Ewing Sarcoma.
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Figure 10. IGF2BP3/CD164/CXCR4 correlation in Ewing Sarcoma patients
Evaluation, in 48 primary Ewing Sarcoma primary tumors and 44 metastatic lesions, of CD164 and CXCR4 mRNA levels
via Real Time-gPCR. (A) Scatter plots displaying correlations between IGF2BP3, CD164, and CXCR4. Relative mRNA
expression reported as -AACt is shown. Human mesenchymal stem cells were used as calibrator. Correlation coefficient
(r) and p-value were calculated using Spearman's rank test. (B) Scatter plot representative of CXCR4 and CD164 mRNA
levels. GAPDH was used as housekeeping gene. Mean + SD of relative mRNA expression reported as

-AACt is shown. Human mesenchymal stem cells were used as calibrator. n.s, not significant. Student’s t-test.
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3.3 THE ROLE OF EXTRACELLULAR IGF2BP3 IN EWING
SARCOMA

3.3.1 CHARACTERIZATION OF EWING SARCOMA DERIVED
EXOSOMES

Exosomes are small extracellular vesicles physiologically produced by many cell types. Horizontal
transfer of key molecules entrapped in exosomal cargo mediates intercellular communication, both
between cancer cells themselves and between the tumor and the surrounding microenvironment, and
leads to regulation of physiological and pathological processes in receiving cells (Wortzel et al, 2019).
To date, no information is available about a role for IGF2BP3 in exosome-mediated communication,
yet the ability of RNA Binding Proteins to form RBP-RNA complexes has been described as one of
the mechanisms facilitating RNA loading into exosomes. (Statello et al, 2018).

We decided to evaluate whether IGF2BP3 could be loaded into Ewing Sarcoma derived exosomes
and, preliminary to every further experiment, we proceeded to properly characterize the extracellular
vesicles. To do so, we followed the indications reported on the “Minimal Information for Studies of

Extracellular Vesicles (“MISEV”) guidelines” (Théry et al, 2018).
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Figure 11. Characterization of Ewing Sarcoma derived exosomes

Representative graphs from NanoSight™ analysis displaying the distribution in terms of size (nm, x-axis) and
concentration (particles/ml, y-axis) of exosomes isolated from PDX-EWS #5-C, TC-71 and A673 cell lines.

We started by taking advantage of different cellular models with differential levels of IGF2BP3 and
assessed extracellular vesicles’ size and concentration via NanoSight analysis (Figure 11), together
with total protein yield (Table 2). We observed that all cell lines produced exosomes of around 130-
150 nm of diameter, which is consistent with exosomal size. Modest size differences could be
observed, as they range from the approximately 118 nm of PDX-EWS#2-C derived exosomes to the
187 nm of PDX-EWS#5-C gIMP3 4C3 derived ones.
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Overall, shIMP3 or gIMP3 derived exosomes present higher diameters when compared to
corresponding control cells, but this observation wasn’t recapitulated in PDX-EWS#2-C derived
exosomes. TC-71 cells, independently on their IGF2BP3 content, produced more exosomes
(approximately 6 x 10'!) in comparison to other cell lines (ranging from 0.765 x 10'! to 2,750 x 10'"),
but no significant differences associated to IGF2BP3 expression were observed. The evaluation of
total exosomal protein content, used as an indirect quantification of exosomes, didn’t highlight any
significant difference between exosomes derived from different cell lines.

We performed Western Blotting to evaluate the presence of exosomal protein markers in our vesicles’
preparations. The Endoplasmic Reticulum marker Calnexin was detectable only in cell lysates,
confirming the endosomal origin of the extracellular vesicles. Moreover, classical exosomal markers

such as HSP90, ALIX and TSG101 were enriched only in vesicles’ preparations (Figure 12).

Cell line Mean Exosomes’ size Exosomes’ Total protein amount
(nm) concentration (ng)

(1011 particles/ml)

A673 134.5+4.2 1.150 + 0.0333 2201.6 £296.4
A673 shGFP 116.8 + 3.1 1.520 + 0.0922 2267.2 £270.7
A673 shIMP3 #18 155.0+2.6 1.500 + 0.0410 2098.7 £275.4
A673 shIMP3 #54 148.5+3.2 0.765 £ 0.0476 1957.9 £ 364.5
TC-71 128.8+3.6 6.330+0.0 168 2318.7 £264.6
TC-71 shGFP 126.2 + 0.8 6.950 = 0.0309 2079.2+2423
TC-71 shIMP3 #46 137.0+3.2 5.720 = 0.0362 2284.1 £304.8
TC-71 shIMP3 #73 135.6 £3.7 5.890 £ 0.5960 2376.9 +£298.1
PDX-EWS#2-C 1179+ 1.8 2.750 £ 0.0843 1894.8 £291.2
PDX-EWS #5-C 146.5+5.5 0.8650 + 0.02619 2507.2 £ 185.9
PDX-EWS #5-C gSCR 149.1+2.9 1.160 + 0.0436 2650.1 + 747.5
PDX-EWS #5-C gIMP3 177.6 +2.3 1.040 + 0.0811 2909.7 £843.2
3C1

PDX-EWS #5-C gIMP3 186.8 + 3.8 1.160 + 0.0301 1687.1 £363.4

4C3

Table 2. Evaluation of exosomal characteristics.
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Figure 12. Exosomal markers in Ewing Sarcoma derived exosomes

Evaluation of Calnexin, HSP90 a/f, ALIX and TSGI10I in exosomal preparations and corresponding cell lines. A
representative Western Blot is shown for each model (PDX-EWS #2-C, PDX-EWS #C gIMP3, TC-71 shIMP3 and A673
ShIMP3).

3.3.2 IGF2BP3 IS RELEASED BY EWING SARCOMA CELLS

IGF2BP3 has been found to be released both in renal carcinoma and pancreatic cancer (Szarvas et al,
2014; Tschirdewahn et al, 2019) but no evidence is yet available about a possible secretion of
IGF2BP3 in Ewing Sarcoma. Based on this information, PDX-EWS cell lines with differential
expression of IGF2BP3, together with TC-71 shIMP3 and A673 shIMP3 models, and performed an
ELISA test. We observed that IGF2BP3 is indeed heterogeneously released by Ewing Sarcoma cells
in culture medium but the levels of secreted IGF2BP3 are not consistent with the cellular ones.
Interestingly, the same test was conducted also on culture supernatants from the PDX-EWS#5-C
gIMP3 model and we observed no IGF2BP3 release from gIMP3 cells, which is consistent with their

knockout origin (data not shown).
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Figure 13. IGF2BP3 is secreted by Ewing Sarcoma cells
ELISA test performed on cell supernatants from a panel of Ewing Sarcoma cells. Bars representative of IGF2BP3
concentration/10° cells. The mean = SD of two independent experiments is shown.

3.3.3 SECRETED IGF2BP3 IS ENCAPSULATED IN EXOSOMES

Exosomes play a major role in mediating the transfer of key molecules between cells, thus we
hypothesized that secreted IGF2BP3 could be encapsulated in exosomes. IGF2BP3 protein levels
were assessed in PDX-EWS cell lines and TC-71 shIMP3 model, together with PDX-EWS #5 gIMP3
and A673 shIMP3 models. In contrast with the results obtained when evaluating the total release of
the RBP, we observed that IGF2BP3 was present in exosomes derived from IGF2BP3+ cell lines but
was absent or heavily down-modulated in exosomes derived from cells lacking for the RBP (Figure
14A). We also evaluated /GF2BP3 mRNA levels in PDX-EWS cell lines, TC-71 shIMP3 and A673
shIMP3 models, observing that also /GF2BP3 mRNA is differentially loaded between exosomes
derived from PDX-EWS#2-C and shIMP3 cells, with relative controls (Figure14B). Since PDX-EWS
#5 gIMP3 cells present IGF2BP3- knockout, we investigated only the presence of IGF2BP3 protein
in this model. We therefore determined that IGF2BP3 is loaded into exosomes both at protein and
mRNA level, accordingly to the cellular levels of the RBP. We further hypothesized a prominent role
for exosomal IGF2BP3, rather than total released IGF2BP3, in the intercellular communication

between Ewing Sarcoma cells.
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Figure 14. IGF2BP3 is loaded into exosomes released by Ewing Sarcoma cells

IGF2BP3 levels were evaluated via Western Blot (A) and Real Time-qPCR (B) in exosomes (precipitated via (U) for
Western Blotting and via (EQ) for Real Time-qPCR) released by Ewing Sarcoma cell lines and corresponding IGF2BP3-
deprived cells (PDX-EWS cell lines, PDX-EWS #-C gIMP3, TC-71 shIMP3 and A673 shIMP3). Data normalization was
performed on exosomes from the parental cell lines. Relative mRNA expression reported as RQ is shown. The mean +
SD of two independent experiments is shown. GAPDH was used as housekeeping gene. * p-value <0.05, ** p-value
<0.01, one-way ANOVA. TSG 101 was used as loading control. A representative Western Blot is shown for each model.

3.3.4 UPTAKE OF IGF2BP3 EXOSOMES DOESN’T AFFECT
CELLULAR PROLIFERATION

In order to proceed with the characterization of the phenotypical effects of IGF2BP3+/- exosomes on
receiving Ewing Sarcoma cells, we verified their cellular uptake by labeling exosomes with the
fluorescent dye PKH67 (Figure 15A). Interestingly, PDX-EWS#5-C TC-71 cells exposed to and
incorporating IGF2BP3+ exosomes displayed no difference in cell proliferation when compared to
cells receiving IGF2BP3- exosomes derived from PDX-EWS#2-C cells. This observation was further
sustained in TC-71 cells receiving exosomes from TC-71 shIMP3 model: no differences were

observed in cell growth (Figure 15B).
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Figure 15. Exosomal uptake and cell proliferation

(A) Fluorescent microscopy image of exosome uptake by TC-71 cells treated with IGF2BP3+ exosomes (EQ).
Internalized vesicles, labeled with PKH67, were evidenced as a green fluorescent signal inside recipient cells. Scale bar:

50 um. (B) Evaluation by MTT assay of cell proliferation after administration of IGF2BP3+ or IGF2BP3- exosomes (EQ)
in PDX-EWS #5-C or TC-71 cell line. The mean + SE of two independent experiments is shown. n.s., not significant.

3.3.5 EXOSOMAL IGF2BP3 SHUTTLES CLIENT mRNAs
INVOLVED WITH CELLULAR MIGRATION INTO RECEIVING
CELLS

IGF2BP3 is an RNA binding protein exerting its oncogenic role by directly binding client mRNAs,
which can be protected from degradation and overexpressed in tumoral cells. CD164 and IGFIR are
two IGF2BP3-client mRNAs whose expression plays a prominent effect on migratory properties of
Ewing Sarcoma cells expressing IGF2BP3 (Mancarella et al, 2018; Mancarella et al, 2020). Via Real
Time qPCR, we evaluated the cargo of PDX-EWS#5-C and PDX-EWS#2-C exosomes to assess the
levels of these mRNAs. Both CD164 and IGFIR appeared to be loaded and upregulated in exosomes
derived from IMP3pos PDX-EWS#5-C cell line. This observation was further sustained when CD 64
and /IGFIR levels were evaluated in exosomes derived from TC-71 shIMP3 cells (Figure 16A, B).
Interestingly, we also observed a decrease in CXYCR4 mRNA levels, which was more prominent in
PDX-EWS#2-C vs PDX-EWS#5-C derived exosomes rather than in the TC-71 shIMP3 model

(Figure 16C). The levels of these mRNAs were assessed also in exosomes derived by PDX-EWS #5
gIMP3 cells (Figure 16A, B, C).
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Figure 16. IGF2BP3 shuttles client mRNAs into exosomal cargo

Real Time-gPCR evaluation of CD164 (A), IGFIR (B) and CXCR4 (C) levels in the cargo of exosomes (EQ) released by
PDX-EWS cell lines, TC-71 shIMP3 and PDX-EWS #C gIMP3. Data normalization was performed on exosomes from
the parental cell lines. Relative mRNA expression reported as RQ is shown. The mean £ SD of two independent
experiments is shown. GAPDH was used as housekeeping gene. For PDX-EWS cell lines and TC-71 shIMP3 derived
exosomes, the mean + SE of two independent experiments is shown. * p-value <0.05, ** p<0.01, *** p<0.001, Student’s
t-test vs parental control. For PDX-EWS #5 gIMP3 exosomes, a single representative experiment is shown.
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Unfortunately, only a trend consistent with what we observed in the other models is present and this
can be ascribed to the small amount of RNA contained into exosomes, which represents a major
challenge in terms of RNA extraction and purity. For the same reason, mRNA content of A673
shIMP3 derived exosomes couldn’t be effectively explored.

To evaluate whether IGF2BP3-client mRNAs are transferred into receiving cells upon exosomal
administration, we treated the parental TC-71 cell line with Actinomycin D, which blocked
endogenous transcription, significantly reducing CD164 and IGFIR cellular mRNA levels. Treated
cells were then fused with the corresponding IGF2BP3+ exosomes for another hour: we observed
that CD164 and IGFIR mRNA levels were partially restored, confirming the transfer of both

exosomal mRNAs into receiving cells (Figure 17).
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Figure 17. IGF2BP3-client mRNAs are transferred into receiving cells

Real Time-gPCR evaluation of CD164 (left) and IGFIR (right) in TC-71 cells receiving IGF2BP3+ exosomes ((EQ),
from TC-71 cell line) after 1 hour treatment with 5 ug/ml Actinomycin D. Data normalization was performed on exosomes
from the parental cell lines. Relative mRNA expression reported as RQ is shown. The mean + SD of two independent
experiments is shown. GAPDH was used as housekeeping gene. * p-value <0.05, Student’s t test.

3.3.6 EXOSOMAL IGF2BP3 INFLUENCES THE MIGRATION OF
RECEIVING EWING SARCOMA CELLS

IGF2BP3 reportedly exerts its pro-tumorigenic role in Ewing Sarcoma by favoring cell migration and
metastatization, thus we wanted to assess whether exosomal transfer of IGF2BP3 could be one of the
mechanisms through which this phenotype is achieved. We performed a wound healing assay on TC-
71 cells after the administration of exosomes derived from IGF2BP3+ or IGF2BP3- cell lines from
TC-71 shIMP3 model. We observed that IGF2BP3+ exosomes sustained the migratory phenotype of
the cells while it appeared to be impaired in cells receiving the IGF2BP3- ones.
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Further sustaining that this effect was ascribable to exosomes, we also performed this test after the
administration of complete or exosome-deprived culture medium derived from IGF2BP3+ or
IGF2BP3- cell lines from TC-71 shIMP3 model. The administration of complete supernatants
reflected what was observed after exosomal administration, whereas the migration of cells receiving

exosome-deprived supernatants was totally impaired (Figure 18).
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Figure 18. Exosomal IGF2BP3 mediates migratory response in Ewing Sarcoma
Scratch test on TC-71 cells receiving exosomes, complete supernatants or exosome-depleted supernatants from TC-71
shIMP3 model. A representative image is shown for every condition.

3.3.7 EXOSOMAL IGF2BP3 SUSTAINS MIGRATORY RESPONSE
TO CXCL12 VIA CD164/CXCR4 AXIS IN EWING SARCOMA

CELLS
We already described (Paragraphs 2.4, 2.7) the role played by IGF2BP3 in regulating Ewing Sarcoma

aggressiveness in terms of cellular migration and metastatic potential in response to CXCL12. Thus,
we wanted to assess whether exosomal IGF2BP3 could contribute to this phenotype.

Hence, we performed transwell migration assay on PDX-EWS#5-C cell line in presence of CXCL12
upon fusion with PDX-EWS#5-C and PDX-EWS#2-C derived exosomes and observed that cells
receiving IGF2BP3+ exosomes migrated at higher rates when compared to those receiving IGF2BP3-
exosomes. This observation was further sustained in TC-71 cells fused with exosomes derived from
parental or shIMP3 models: exosomes from IGF2BP3+ cells fostered migration of TC-71 cells
whereas IGF2BP3- did not (Figure 19A).

Migratory response to CXCL12 is mediated by the receptor CXCR4, thanks to its interaction with
CD164, a direct IGF2BP3 client, at plasma membrane level. We previously demonstrated that CD164
mRNA is present in exosomal cargo, depending on IGF2BP3 levels, and is transferred into receiving

cells upon exosomal fusion.
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We performed Western Blot analysis on exosomes-receiving cells and observed that the expression
of CD164 was higher in cells fused with IGF2BP3+ exosomes, derived from both PDX-EWS and
TC-71 shIMP3 models, when compared to cells receiving IGF2BP3- exosomes. Interestingly,
CXCRA4 levels also appeared to be equally modulated upon exosomal exposure (Figure 19B).

To further sustain that the transferring of exosomal CD164 is responsible for the differential
migratory phenotype observed, we treated TC-71 shIMP3 cells with exosomes from parental TC-71
cells and observed that receiving cells displayed increased levels of CD164. A moderate increase was

observed also when evaluating CXCR4 levels (Figure 19C).
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Figure 19. Exosomal IGF2BP3 mediates migratory response to CXCL12

(A) Migration of Ewing Sarcoma cells fused with IGF2BP3+ or IGF2BP3- exosomes (EQ) using a CXCL12 (100 ng/ml)
gradient. Bars representative of mean + SD of at least two independent experiments are shown. *p < 0.05, Student's t-
test. (B) CD164 and CXCR4 expression evaluated via Western Blotting in PDX-EWS #5-C and TC-71 cells receiving
IGF2BP3+ or IGF2BP3- exosomes (EQ) or (C) in TC-71 shIMP3 #46 receiving IGF2BP3+ exosomes (EQ) from TC-71
parental cells. GAPDH was used as loading control. A representative Western Blot is shown.

3.3.8 IG2BP3+ EXOSOMES INDUCE SIGNALING PATHWAY

ACTIVATION IN RECEIVING EWING SARCOMA CELLS
The signaling pathways triggered by binding of CXCL12 to CXCR4 are multiple and include both

the mitogen-activated protein kinases (MAPK) pathway and the phosphatidylinositol 3-kinase (PI3K)
pathway (Ganju et al, 1998; Gassmann et al, 2009).
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We investigated these pathways via Western blotting analysis performed on PDX-EWS#5-C and TC-
71 cells receiving exosomes. We observed that cells fused with IGF2BP3+ exosomes presented
higher levels of both total and phosphorylated forms of ERK when compared to cells receiving
IGF2BP3- exosomes (Figure 20A). Moreover, TC-71 shIMP3 cells receiving parental TC-71
IGF2BP3+ exosomes displayed an increase in ERK levels, accompanied by an increase in its
phosphorylation (Figure 20B). Interestingly, we also observed an increased activation of both AKT
and mTOR in PDX-EWS#5-C and TC-71 cells fused with IGF2BP3+ exosomes (Figure 20C). TC-
71 shIMP3 cells receiving TC-71 IGF2BP3+ exosomes present a modest increase in AKT
phosphorylation (Figure 20D). These data suggest that exosomes, depending on their IGF2BP3
levels, can prominently mediate the activation of the MAPK signaling pathway, thus sustaining

cellular response to CXCL12 signaling.
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Figure 20. Cellular response to exosomal administration

Western blotting showing ERK and AKT/mTOR activation in PDX-EWS#5-C and TC-71 cells receiving IGF2BP3+ or
IGF2BP3- exosomes (EQ) (A, C) orin IGF2BP3-depleted cells (TC-71 shIMP3 #46) receiving only IGF2BP3+ exosomes
(EQ) (B, D). GAPDH was used as loading control. A representative Western Blot is shown.
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3.3.9 EXOSOMAL IGF2BP3 INFLUENCES EWING SARCOMA

MIGRATORY RESPONSE TO IGF1
In Ewing Sarcoma IGF2BP3 acts on the IGF system by stabilizing the IGF1R transcript, modulating

the response of cells to the IGF1 ligand, measured in terms of cell migration and growth (Mancarella
et al, 2018). Thus, we performed transwell migration assay on PDX-EWS#5-C and TC-71 cell lines
in presence of IGF1 gradient after fusion with IGF2BP3+ or IGF2BP3- exosomes. We observed that
cells receiving IGF2BP3+ exosomes migrated at higher rates when compared to those receiving
IGF2BP3- exosomes (Figure 21A) and expressed IGF1R at higher levels (Figure 21B). Transferring
of exosomal /GFIR can be held accountable for the differential phenotype observed, as TC-71
IGF2BP3-deprived cells fused with parental TC-71 IGF2BP3+ exosomes displayed and increase in
cellular IGF1R levels (Figure 21C).

Activation of IGFIR receptor upon ligand binding reportedly activates downstream signaling
pathways including the MAPK and the PI3K pathways (Fruman et al, 2017; Liu et al, 2018).
Interestingly, we have already demonstrated that exposure to IGF2BP3+ exosomes induce the

activation of both these signaling pathways (Figure 20).
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Figure 21. Exosomal influence on IGF1/IGFIR axis in Ewing Sarcoma

(4) Migration of Ewing Sarcoma cells treated with IGF2BP3+ or IGF2BP3- exosomes (EQ) using a IGF1 (50 ng/ml)
gradient. Bars representative of mean + SE of at least two independent experiments are shown. * p < 0.05, ** p<0.01,
Student's t-test. (B) IGFIR expression evaluated via Western Blotting in PDX-EWS #5-C and TC-71 cells receiving
IGF2BP3+ or IGF2BP3- exosomes (EQ) or in (C) IGF2BP3-depleted cells (TC-71 shIMP3 #46) receiving only
IGF2BP3+ exosomes (EQ). GAPDH was used as loading control. A representative Western Blot is shown.
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3.3.10 EXOSOMAL IGF2BP3 SUSTAINS EWING SARCOMA
CELL MIGRATION INDEPENDENTLY ON THE MODEL OF
ORIGIN

We wanted to confirm that the observed phenotype was not dependent on the model of origin of the
exosomes used for the experiment. To do so, we took advantage of exosomes derived from PDX-
EWS #5 gIMP3 cells. We performed a scratch test on TC-71 cell line and administered IGF2BP3+
or IGF2BP3- exosomes derived from PDX-EWS#5 gIMP3 model. We observed that wound closure
was quicker in cells receiving IGF2BP+ exosomes (Figure 22A). Since migration of Ewing Sarcoma
cells didn’t appear to be influenced by the origin of the administered exosomes but only by their
IGF2BP3 cargo, we repeated transwell migration assay in presence of CXCL12 or IGF1 gradients
after fusing TC-71 cells with PDX-EWS #5 gIMP3 derived exosomes and confirmed that cells
receiving IGF2BP3+ heterologous exosomes migrated at higher rates when compared to those

receiving IGF2BP3- exosomes (Figure 22 B).
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Figure 22. Effect of heterologous exosomes administration on Ewing Sarcoma cells

(A) Scratch test on TC-71 cells receiving exosomes (EQ) from PDX-EWS #5 gIMP3 model. A representative image is
shown for every condition (scale bar). (B) Migration of Ewing Sarcoma TC-71 cells treated with IGF2BP3+ or IGF2BP3-
exosomes (EQ) from PDX-EWS #5-C gSCR model using a CXCLI2 (100 ng/ml, left) or an IGF1 (50 ng/ml, right)
gradient. Mean + SE of at least two independent experiments is shown. *p < 0.05, ** p<0.01, Student's t-test.
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3.3.11 CHARACTERIZING miRNA CONTENT OF IGF2BP3+/-
EXOSOMES

MicroRNAs (miRNAs) are small non-coding RNAs involved in regulating gene expression and highly
enriched in exosomal cargo (Yu et al, 2016).

In an attempt to better characterize the cargo of our IGF2BP3+ and IGF2BP3- exosomes, to further clarify
their role in sustaining Ewing Sarcoma aggressiveness, we decided to perform miRNA sequencing on
exosomes derived from TC-71 and A673 shIMP3 models.

We identified 105 Differentially Expressed (DE) miRNAs between IGF2BP3- and IGF2BP3+ exosomes in
TC-71 shIMP3 model; out of them, 61 resulted upregulated while 44 were downregulated (logFC > |0.5], p-
value <0.05). In the A673 shIMP3 model, 150 miRNAs were DE between IGF2BP3- vs IGF2BP3+ exosomes,
92 of which were upregulated and 58 downregulated (logFC > |0.5] and p-value <0.05). When comparing the
DE miRNAs in the two aforementioned models, we identified a group of 13 common miRNAs (10 upregulated
and 3 downregulated (Table 3 and 4). Taking advantage of the miRNA-target prediction tool miRabel, we
observed that among them, hsa-miR-218-5p is predicted in silico to target IGF1R. Further studies are ongoing
in order to properly evaluate the putative targets of these miRNAs, both experimentally validated or predicted
in silico, to elucidate the mechanisms underlying the effect of exosomal uptake in receiving cells.
Preliminarly, we also queried the online miRNA-target prediction tool MiRWalk to identify which pathways
could result affected by the exosomal miRNA cargo. We performed Gene Set Enrichment Analysis on the 132
genes found to be targeted by DE miRNAs identified in the TC71 shIMP3 model and on the 249 genes
identified as targets of the DE miRNAs in A673 shIMP3 model. This analysis identified MAPK cascade and
positive regulation of cell migration as the most affected pathways by DE miRNAs in TC-71 model (Figure
23A). Similarly, the same pathways were identified by performing the same analysis on the targets of A673
shIMP3 DE miRNAs (Figure 23B). These observations further sustain the role of exosomes with differential
levels of IGF2BP3 in modulating the migratory capabilities of the receiving cells. It also offers an interesting
hypothesis on the mechanisms leading to the modulation of ERK levels upon exosomal administration

(Figure19A, B).
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Common Upregulated miRNAs

A673 shIMP3 TC-71 shIMP3
miR 1D logFC FC PValue miR _ID logFC FC PValue
hsa-miR-12136 1,493422 | 2,815559 | 0,019198 | hsa-miR-12136 0,926806 | 1,901063 | 1,37356E-05

hsa-miR-146b-5p | 0,832863 | 1,781217 | 0,026404 | hsa-miR-146b-5p | 0,842031 | 1,792571 | 3,39901E-05

hsa-miR-218-5p 1,05833 | 2,082519 | 0,022928 | hsa-miR-218-5p | 0,664592 | 1,58512 | 0,001975191

hsa-miR-222-3p 1,120757 | 2,17461 | 0,022732 | hsa-miR-222-3p | 0,539278 | 1,453245 | 0,014594074

hsa-miR-3127-5p 1,326267 | 2,507531 | 0,020257 | hsa-miR-3127-5p | 1,714803 | 3,282519 | 5,80411E-05

hsa-miR-4485-3p 0,92758 | 1,902083 | 0,025282 | hsa-miR-4485-3p | 0,798055 | 1,738755 | 0,009791387

hsa-miR-654-3p 1,077437 | 2,110283 | 0,022773 | hsa-miR-654-3p | 0,621046 | 1,537989 | 0,029518645

hsa-miR-664a-5p 1,633841 | 3,103381 0,0174 | hsa-miR-664a-5p | 1,252117 | 2,381906 | 0,006507622

hsa-miR-6767-5p | 4,084732 | 16,96785 | 0,00019 | hsa-miR-6767-5p | 3,249473 | 9,510179 | 0,040156542

hsa-miR-944 1,391265 | 2,623086 | 0,019812 | hsa-miR-944 0,875614 | 1,834789 | 0,022086131

Table 3. Common Upregulated miRNAs from TC71 shIMP3 and A673 shIMP3 exosomes
Common Downregulated miRNAs

A673 shIMP3 TC-71 shIMP3

miR 1D logFC FC PValue miR _1D logFC FC PValue

hsa-miR-144-3p | -0,86266 | 0,549939 | 0,030091 | hsa-miR-144-3p | -0,58723 | 0,665619 | 0,013778103

hsa-miR-4470 -3,17159 | 0,110983 | 0,041473 | hsa-miR-4470 -3,72947 | 0,075391 | 0,015536532

hsa-miR-6865-5p | -3,17834 | 0,110465 | 0,041721 | hsa-miR-6865-5p | -3,18254 | 0,110143 | 0,035713968

Table 4. Commond Downregulated miRNAs from TC71 shIMP3 and A673 shIMP3 exosomes
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GSEA analysis
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Figure 23. Influence of exosomal miRNA cargo on receiving cells
Results of Gene Set Enrichment analysis performed on genes identified as targets of those miRNAs that resulted
deregulated in exosomes derived from TC-71 shIMP3 (A) and A673 shIMP3 (B) models. Top 10 entries are shown.
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3.4 IGF2BP3 IN THE CONTEXT OF THE IMMUNE

MICROENVIRONMENT
Previously reported results obtained in this research group suggested that IGF2BP3 might play a

relevant role in the context of immune tumor microenvironment. In fact, from the analysis conducted
via the Human Cancer Inflammation & Immunity Crosstalk RT? Profiler PCR Array (Qiagen)
identified a set of mRNAs known to participate in immune responses (i.e., CD274, IL15, PDCDI,
PTGS2) which were upregulated in A673 cells deprived of IGF2BP3 (Table 3, paragraph 2.2).

3.4.1 IGF2BP3 DOESN’T REGULATE THE EXPRESSION OF

IMMUNE CHECKPOINTS IN EWING SARCOMA CELLS
Among the genes that appeared to be overexpressed in IGF2BP3-depleted cells when compared to

controls, we identified PDCD1 and CD274, respectively encoding for PD1 and PDL1.

PD1, a cell surface receptor physiologically expressed on active T-cells, can act as a natural brake to
T-cells response by binding its ligands PDL1 or PDL2 (Sharp and Pauken, Nat Rev Immunol 2017).
Cancer cell-intrinsic PD1 was described to favor tumor progression in melanoma and liver cancer
(Kleffel et al, Cell 2015; Li et al, Hepatology 2017), whereas it plays an oncosoppressive role in non-
small cell lung cancer (Du et al, Oncoimmunology 2018).

To validate the suggested upregulation of PD1 and PDLI1, we performed Real Time-qPCR in both
A673 and TC-71 shIMP3 models. A general trend of upregulation was observed for PDCD/ and
CD274 mRNA levels when comparing low-vs high-IGF2BP3 expressing cells but no statistical
significance was found (Figure 24A).

We performed Western Blotting analysis and observed that both PD1 and PDL1 weren’t modulated
in accordance with IGF2BP3 levels in either A673 or TC-71 shIMP3 model (Figure 24B).
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Figure 24. PD1 and PDLI1 levels in IGF2BP3-depleted cells.

(A) PD1 and PDLI mRNA levels were analyzed via Real Time-qPCR in IGF2BP3-depleted or empty vector-transfected
(shCTR) A673 and TC-71 cells. Relative mRNA expression reported as RQ is shown. GAPDH was used as
housekeeping gene. The mean + SE of two independent experiments is shown. n.s, not significant, one-way ANOVA.

(B) Western Blot analysis on PD1 and PDLI in IGF2BP3-depleted or empty vector-transfected (shCTR) A673 and TC-
71 cells. GAPDH was used as loading control. Representative Western Blots are shown.



3.4.2 JQ1 TREATMENT DOESN’T MODULATE THE PD1/PDL1
AXIS IN EWING SARCOMA CELLS

According to recent data available in literature, the BET inhibitors have the interesting ability of
affecting the expression of both IGF2BP3 and PD1/PDL1 axis (Boi et al, Oncotarget 2016;
Mancarella et al, Clin Cancer Res 2018; Hogg et al, Cell reports, 2017).

Moreover, in paragraph 2.6, we observed that JQ1 treatment on TC-71 cell line reduced not only
IGF2BP3 but also CD164 levels, de facto confirming the association between the two molecules.
Based on this knowledge, we evaluated PDI and PDLI levels on TC-71 cell line after 48h of
treatment with increasing doses of JQ1. We observed a significant inhibition of PD/ expression,
already at low doses of treatment, whereas PDLI levels didn’t vary significantly (Figure 25). These
data sustain the lack of association between PD1/PDL1 and IGF2BP3 in Ewing Sarcoma cells.
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Figure 25. Effect of JQI treatment on PD1/PDL1

(A) PDI (left) and PDLI (right) mRNA levels were evaluated via Real Time-qPCR on TC-71 cells after 48h treatment
with increasing doses of JO1. Data normalization was performed on untreated control. Real Time-gPCR is the mean of
at least three independent replicates, relative mRNA expression reported as RQ is shown. The mean + SE of two
independent experiments is shown. **** p-value <0.05, one-way ANOVA.
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4 DISCUSSION

The present work confirmed both at clinical and preclinical levels the the fundamental role of
IGF2BP3 in directioning Ewing Sarcoma metastatization, identifying a novel
IGF2BP3/CD164/CXCR4 functional axis, and explored for the first time the contribution of
exosome-secreted IGF2BP3 in the context of this tumor microenvironment.

Ewing Sarcoma is the second most common malignant mesenchymal tumor in young patients.
(Griinewald et al, 2018). The presence of metastases in Ewing Sarcoma is the major adverse
prognostic factor and, reportedly, the complex and multifaceted progression to metastatization is
profoundly linked with stress adaptation, induced by adverse conditions typical of the tumor
microenvironment such as exposure to hypoxia and nutrient deprivation (Bailey et al, 2016; Krook et
al, 2014). From a genetic point of view, the EWSRI/FLI1 chromosomal translocation is the main
oncogenic feature of Ewing Sarcoma, driving pathogenesis and tumor progression (Arvand and
Denny, 2001) in the proper context of adjuvant factors, such as an active Insulin-like Growth Factor
(IGF) system (Scotlandi et al, 2002) and the presence of the membrane glycoprotein CD99 (Manara
etal, 2016). Beside this driver mutation, Ewing Sarcoma presents a very low rate of somatic mutations
(Crompton et al, 2014) and this stability is conserved in metastases, whose genetic profile is almost
indistinguishable from that of the primitive tumor (Scotlandi et al, 2009.). Therefore, epigenetic or
post-transcriptional mechanisms may play a prominent role in directing Ewing Sarcoma progression
and metastatization.

RNA-binding proteins (RBPs) are major regulators of gene expression at a posttranscriptional level.
both in physiological and pathological conditions (Coppin et al, 2018). Of particular interest, RBPs
appear to play a prominent role in regulating many aspects of cancer progression, (i.e. stemness, cell
proliferation, tumor dissemination) and may act as promising biomarkers of tumor progression
(Pereira et al, 2017, Mancarella 2020).

The role of RBPs in the context of Ewing Sarcoma has been marginally investigated. Data published
from our laboratory demonstrated that the RBP Insulin-Like Growth Factor 2 mRNA Binding Protein
3 (IGF2BP3) is a relevant modulator of Ewing Sarcoma aggressiveness, as it is expressed at high
levels in clinical specimens and its higher expression correlates with a poor prognosis. In addition,
experimental evidence shows that the elevated expression of IGF2BP3 promotes growth in the
absence of anchorage and motility in vitro as well as the ability to metastatize in vivo (Mancarella

2018).
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Real time-qPCR analysis on clinical specimens showed how IGF2BP3 is expressed and significantly
up-regulated in Ewing Sarcoma metastatic lesions when compared to primary localized tumors,
further confirming the prominent role of this RBP in the metastatic progression of this tumor type.
Metastatic progression of solid tumors depends not only on the intrinsic changes in cells acquiring a
more motile phenotype, but also on the interplay with the demanding microenvironment surrounding
them (Bailey et al, 2016). Previously published evidence shows that IGF2BP3 can promote Ewing
Sarcoma cells migration in vitro by supporting IGFIR translation, through an IGF-dependent
mechanism (Mancarella et al, 2018).

To further highlight the IGF2BP3-related mechanisms involved in the interplay of Ewing Sarcoma
cells with the microenvironment, a comprehensive analysis of a panel of mRNA involved in Cancer
Inflammation and Immunity Crosstalk pathways, was performed. The analysis identified 13 putative
novel downstream effectors of IGF2BP3 that were modulated in IGF2BP3-silenced Ewing sarcoma
cells compared to controls. The identified genes suggested a role for the RBP both in the interaction
between tumor and immune microenvironment and in the chemokine-mediated signaling pathways,
confirming previous RNA-sequencing analysis (Mancarella et al, 2020).

CXCR4 was identified among the genes modulated upon IGF2BP3 differential expression. CXCR4
modulation has already been identified as one of the effectors of increased migration in response to
hypoxic stress and lack of growth factors in Ewing Sarcoma (Bailey et al, 2016, Bennani-Baiti at al,
2010). Our results demonstrated for the first time a correlation between CXCR4 and IGF2BP3, as
both CXCR4 mRNA and protein levels were down-modulated in IGF2BP3-deprived cells. Data from
literature report that in normal conditions CXCR4 is expressed at low levels and only by a minority
of Ewing Sarcoma cells, while hypoxic stress conditions can induce an increase both in the levels of
CXCR4 transcript and protein (Krook et al, 2014). Hence, we decided to take a further step in
analysing the role of IGF2BP3 in the context of CXCR4-mediated response to hypoxia Our results
demonstrated that the response of Ewing Sarcoma cells to hypoxic stress appears to be directly
modulated by the levels of IGF2BP3 in terms of migration towards CXCR4 natural ligand, CXCL12
(Stromal Cell Derived Factor, SDF1). In the absence of CXCL12 stimulation, the different levels of
IGF2BP3 do not correlate with a differential response to oxygen deprivation, neither in terms of
proliferation nor migration. On the other hand, in hypoxic conditions CXCL12 induces an increased
chemotactic migration of cells expressing IGF2BP3, associated with the up-regulation of the CXCR4
receptor in response to the increase of HIF1a. This same modulation, both in terms of receptor
availability and of migration capability, is not induced in IGF2BP3- cells, lacking of CXCR4 in basal

conditions.
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This observation is consistent with data reporting that microenvironmental stress can promote cellular
migration towards sites of metastasis rich in CXCL12, such as lungs and bone marrow (Krook et al,
2014). Our data confirm the reported fundamental role of CXCL12 as a stimulus for Ewing Sarcoma
migration and, for the first time, report a role for IGF2BP3 in regulating the CXCR4/CXCL12
mediated response to hypoxia, thus indicating that this RBP can mediate cell motility also through
IGF-independent mechanisms (Mancarella et al, 2018).

A direct relationship between IGF2BP3 and CXCR4 mRNA has never been reported.

CD164 (endolyn) belongs to the sialomucin family and regulates the adhesion of CD34+ cells to bone
marrow stroma, and their recruitment into cycle (Forde et al, 2007). An oncogenic role for this
molecule is reported (Tang et al, 2011, Havens et al, 2006, Huang et al, 2013, Chen et al, 2016) but,
with the exception of sporadic evidence (Grunewald et al 2013), CD164 role in Ewing Sarcoma
progression has never been deeply investigated. Preliminary RIP assay data produced from our
laboratory suggested the existance of a direct association between IGF2BP3 and CD164 in Ewing
Sarcoma cells (Mancarella et al, 2020). Our research work confirmed these evidences, demonstrating
that IGF2BP3 regulates CD164 expression levels in Ewing Sarcoma. These data are in accordance
with what was observed by the works from Hafner et al and Samanta et al, respectively in silico and
in triple-negative breast cancer (Hafner et al, 2010; Samanta et al, 2012). The association between
IGF2BP3 levels and CD164 expression in Ewing Sarcoma is further sustained by the observation that
cells treated with the BETi JQ1 presented decreased levels of both the RBP and its target, as observed
in leukemia cells and Ewing Sarcoma cells (Filippakopoulos et al, 2010, Dawson et al, 2011;
Mancarella et al, 2018). Interestingly, in Jurkat cells CD164 physically associates with CXCR4
following stimulation with CXCL12 and promotes cell motility (Forde et al, 2007) and a similar
mechanism has been reported in ovarian and colon cancer cell lines (Huang et al, 2013, Tang et al,
2012). According to reported literature, we observed the existence of a direct functional interaction
between CD164 and CXCR4 also in Ewing Sarcoma, as the two proteins colocalize at plasma
membrane level after stimulation with CXCL12. This observation sustains the existence of a
functional relationship between CD164 and CXCR4 in Ewing Sarcoma cells, which appears to be
fundamental to mediate the migratory response to CXCL12 stimulus. In fact, CD164 loss-of-function
models display a strong impairment in terms of chemo-directed migration. These data, taken all
together, demonstrate the existence of a functional axis that indirectly connects IGF2BP3 and
CXCRA4, through the mediation of CD164, and that this axis modulates the migratory response to the
chemo-mediated stimulation carried out by CXCL12.
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The relevance of the proposed IGF2BP3/CD164/CXCR4 axis in Ewing Sarcoma is further supported
by its evaluation in clinical samples. Real time-qPCR analysis showed that neither CD164 nor
CXCR4 levels were up-regulated in metastatic lesions compared to primary Ewing Sarcoma tumors.
Yet, we demonstrated that a statistically significant correlation exists between CD164/CXCR4,
CD164/IGF2BP3 and CXCR4/IGF2BP3, as in primary tumors as in metastasis. This observation
suggests a major relevance for the concomitant up-regulation of CD164 and CXCR4 at clinical level.
In summary, data presented so far identified the existence of a novel functional oncogenic axis
composed by IGF2BP3/CD164/CXCR4, acting as an IGF-independent mechanism modulating
Ewing Sarcoma aggressiveness in terms of metastatization. This discovery could open new interesting

perspectives from a diagnostic/prognostic and therapeutic point of view.

In terms of immune infiltrate composition, Ewing Sarcoma is classified as a “desert tumor”
(Griinewald et al, 2018; Chen and Mellman, 2017), as its major feature is a substantial paucity of
immune cells. The predominant presence of CD8+ T cells correlates with reduced tumor progression
(Berghuis et al, 2011) while a modest presence of Tumor Associated Macrophages (TAMs) is
associated with poorer prognosis (Inagaki et al, 2016; Lau et al, 2007). The influence of these two
populations of immune cells on Ewing Sarcoma prognosis hints the existance of a cross-talk with the
tumor itself. Yet, the presence of the immune infiltrate doesn’t seem to be sufficient to control Ewing
Sarcoma progression. The previously reported results evaluating the influence of IGF2BP3 levels on
a panel of mRNAs involved in Cancer Inflammation and Immunity Crosstalk Pathways hinted a role
for the RBP in the interaction with the immune microenvironment of Ewing Sarcoma and particularly
highlighted the upregulation of both PD1 and PDLI in cells deprived of IGF2BP3 when compared to
controls. From a physiological standpoint, PD1 is a cell surface receptor physiologically expressed
on active T-cells during inflammation and immune response and the canonical PD1/PDLI1 interaction
acts as a natural brake to overactivation of T-cells response. On the other hand, it can protect tumors
from cytotoxic T-cells by disrupting the cancer immunity cycle (Robainas et al, 2017, Sharp and
Pauken, 2018; Chen et al, Nature 2018). Many research groups recently investigated PD1/PDL1
expression in Ewing Sarcoma cells, obtaining ambiguous results (Spurny et al, 2018; Pinto et al,
2017; Kim et al, 2013; per Van Erp et al, 2017; Machado et al, 2018). The hypothesis of a concomitant
upregulation of PD1/PDL1 in association with lower IGF2BP3 was of major interest as it hinted the
existance of an autocrine loop between these two molecules both expressed by Ewing Sarcoma cells.
The role of cancer cell intrinsic PD1 has been studied only in melanoma, liver cancer and non-small

cell lung cancer (Kleffel et al, 2015; Li et al, 2017, Du et al, 2018).
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The proposed correlation between IGF2BP3 and PD1 or PDLI1 couldn’t be validated either at mRNA
or protein level. Treatment with the IGF2BP3-targeting BETi JQ1 (Dawson et al, 2011; Mancarella
et al, 2018) induced a dose independent abrogation of PD1, while it didn’t modulate PDL1 levels,
further sustaining the absence of correlation between IGF2BP3 and PD1/PDLI levels. The data
collected and presented so far, didn’t highlight a correlation between IGF2BP3 and PD1/PDL1 levels,

thus leave the questions about the role of these molecules in Ewing Sarcoma still unanswered.

Intercellular communication within the scenario of the tumor microenvironment is emerging as a
crucial mechanism to explain the progression of many cancer types. Exosomes are specialized
Extracellular Vesicles (EVs) and represent a broadly recognized candidate to explain the intercellular
horizontal transfer of oncogenic signals and molecules, as they are actively released by tumor cells
and enriched with proteins and RNAs (Théry et al, 2002, Kalluri et al, 2020).

Extracellular Vesicles can be divided into two major subgroups, microvesicles (MVs) and exosomes,
which can be distinguished based on their size and on their cellular origin. Size and amount of these
vesicles makes them challenging to work with, as they are often difficult to obtain as pure
preparations. Thus, their proper characterization is still a matter of debate and represent a crucial step
prior to any functional study. The International Society for Extracellular Vesicles (ISEV) proposed a
set of guidelines to overcome these difficulties, the “Minimal Information for Studies of Extracellular
Vesicles (“MISEV”) guidelines” to help direct the characterization of exosomes.

To make our data about Ewing Sarcoma-derived exosomes as robust as possible, experiments were
performed on different models of IGF2BP3-silencing. Mainly, we worked on two PDX-derived cell
lines, EW-PDX #5-C and EW-PDX #2-C, which present respectively high and low levels of
IGF2BP3. PDX-derived cell lines, rather than classical cell lines, maintain genotypic and phenotypic
properties of the tumors of origin (Shi et al, 2020). The described presence of high or low levels of
IGF2BP3 in PDX-derived cell lines, which reflecs those of the originating tumor and of EW-PDX
tumor, does not necessarily make the comparison between their phenotype representative of
IGF2BP3-directed malignancy. In fact, since IGF2BP3 is constitutively down-modulated in EW-
PDX #2-C cell line, the tumor cell has likely activated collateral compensatory pathways in order to
maintain the malignant phenotype.

Based on these considerations, we decided to use EW-PDX #5-C cell line to perform an IGF2BP3
knockout via the Crispr/Cas9 system and generate the EW-PDX #5 gIMP3 model.

The total absence of IGF2BP3 protein in gIMP3 cells is a remarkable difference with what is observed
in the previously obtained IGF2BP3-knockdown A673 and TC-71 shIMP3 models: while short
hairpin directly bind mRNAs (Bot et al, 2005), leading them to disruption, the Crispr/Cas9 system is
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designed to specifically cleave the gene of interest at DNA level, de facto disrupting the cellular
ability to produce the corresponding mRNA (Doudna and Charpentier, 2014, Shalem et al, 2014).
Basal characterization of the newly generated IGF2BP3-knockout model confirmed the role of the
RBP in modulating anchorage-independent growth and migration, but not proliferation, as observed
in IGF2BP3-knockdown models (Mancarella, 2018).

Extracellular vesicles purified from different models of IGF2BP3 silencing were characterized
following MISEV guidelines, in terms of size, concentration, total amount of protein content and
marker expression. The observed diameters were consistent with the reported exosomal ones and the
expression of protein markers such as HSP90, ALIX and TSG101, accompanied by the total absence
of the Endoplasmic Reticulum marker Calnexin, sustained the endosomal origin of the isolated
vesicles. Taken together these data allowed us to refer to isolated vesicles as “exosomes”. The same
set of data did not highlight any association of exosome size nor concetration with IGF2BP3 levels,
prompting to exclude a role of the RBP in exosomal biogenesis.

Intercellular communication via the release of key pro-tumorigenic molecules, free or loaded into
exosomes, within the scenario of the tumor microenvironment is emerging as a crucial mechanism to
explain the progression of many cancer types. IGF2BP3 has been demonstrated to be released both
in the serum of patients of renal carcinoma and pancreatic cancer (Szarvas et al, 2014; Tschirdewahn
et al, 2019) but, to the best of our knowledge, we reported for the first time that IGF2BP3 is
heterogeneously secreted by Ewing Sarcoma cells. We also unveiled for the first time that IGF2BP3
can be effectively loaded into Ewing Sarcoma-derived exosomes, mirroring the cellular levels of the
RBP. Statello et al. recently demonstrated that RBPs could serve as key players in the cargo loading
of exosomes by forming cellular RBP-RNA complexes which are then transported into exosomes
during their biogenesis (Statello e al, 2019) and IGF2BP3 paralogue, IGF2BP1, was indeed described
in melanoma-derived exosomes, where it was associated with a signature of differentially expressed
RNAs and with a prominent role in influencing the metastatic phenotype of the receiving cells
(Ghoshal et al, 2019). The differences we observed between secreted as free protein or exosome-
vehicled IGF2BP3 suggest that the release of this protein could be a mechanism used by the cells to
extrude excesses of the molecules. In this perspective, we can hypothesize that exosomal IGF2BP3
could be the fraction of released protein that holds a biological significance in terms of intercellular
communication.

Recent research demonstrated how the role of two key players of Ewing Sarcoma malignancy, such
as EWS/FLII and CD99, is exerted not only at cellular level but also through exosome-mediated
communication. In the first paper describing Ewing Sarcoma-derived exosomes, Miller et al.

demonstrated that EWS/FLI1 is transferred into the cargo of microvesicles and can be selectively
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transferred into Ewing Sarcoma receiving cells (Miller et al, 2013). Exosomes produced by cells with
different levels of CD99 reportedly mirror the cellular levels of the protein and have a differential
influence on the phenotype of recipient cells (Llombart-Bosch 2009, Ventura et al 2016, De Feo et
al, 2019).

With our results we hint the relevance of another modulator of Ewing Sarcoma progression such as
IGF2BP3 in the exosome-mediated communication between cancer cells. This discovery opens new
interesting perspectives to understand Ewing Sarcoma progression, as it lays the basis to demonstrate
that the pro-tumorigenic role of IGF2BP3 is not only exerted at the level of the cell itself, but that
intercellular communication between tumor cells is particularly crucial in a context of high cellular
heterogeneity as the one that can be found in Ewing Sarcoma (Franzetti et al, 2017, Sheffield et al,
2017, Llombart-Bosch et al, 2009).

Exosomes derived from Ewing Sarcoma cells with differential expression of IGF2BP3 are actively
up taken by receiving cells but no role in modulating their proliferation was observed. This data is
consistent with the described role of cellular IGF2BP3 in Ewing Sarcoma progression, reportedly
influencing pro-metastatic properties such as anchorage-independent growth or cellular migration,
but not inducing any modulation in cellular proliferation (Mancarella et al, 2018). Data presented in
this thesis indicate that IGF2BP3 is able to mediate cell motility through IGF-independent
mechanisms, linked to the post-transcriptional regulation of CD164. Moreover, previously published
evidence shows that IGF2BP3 supports IGF1R translation thereby promoting motility of Ewing
Sarcoma cells (Mancarella et al, 2018). Reportedly, the exosome-mediated transfer of RBP-RNA
complexes can actively modulate the phenotype of the receiving cells (Statello et al, 2019). We
demonstrated that IGF2BP3 client-mRNAs CD164 and IGF1R are loaded into IGF2BP3+ exosomes.
To date, no report for CD164 mRNA exosomal loading is available, while exosomal transfer of
IGF1R mRNA had already been reported by Tomasoni et al in the context of mesenchymal stem cells
(Tomasoni et al, 2013), although no clear explanation for its mechanism of action in receiving cells
was found. The accordance between IGF2BP3 and its client-mRNAs levels in exosomes is consistent
with the literature sustaining that cellular RBPs can maintain their ability to bind RNAs also when
they are transferred into exosomes, de facto exerting their protective role also in the context of
vesicular cargo (Koppers-Lalic et al, 2014). Interestingly, also CXCR4 levels were up-regulated in
IGF2BP3+ exosomes.

CXCR4 horizontal transfer via exosomes has already been linked to the promotion of the metastatic
progression (Li et al, 2018) and acquires major relevance in the context of Ewing Sarcoma when
taking into account the IGF2BP3/CD164/CXCR4 axis previously described. Given these premises,

we hypothesized a role for Ewing Sarcoma-derived exosomes in regulating cellular migration. We
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observed that cells treated with complete medium derived from IGF2BP3+ cell lines showed
enhanced migratory abilities when compared to those treated with complete medium derived from
IGF2BP3- cell lines, whereas no significant difference was observed in cells receiving exosome-
deprived supernatants. This information prompts a role for exosomal IGF2BP3 rather then its soluble
form in modulating cell migratory phenotype. In the context of chemo-directed migration towards
CXCL12, the administration of IGF2BP3+ exosomes transferring CD164 and CXCR4 mRNAs leads
to the increase of both CD164 and CXCR4 protein levels in receiving cells. Interestingly, the marked
availability of the elements composing the CXCR4/CD164 receptor is associated to an increased
migration rate of cells receiving IGF2BP3+ exosomes when compared to those receiving the
IGF2BP3- ones in presence of CXCL12 gradient. The contribution of IGF32BP3+ exosomes on the
IGF-dependent migration of Ewing Sarcoma cells was investigated in parallel, as IGF2BP3 exosomal
levels had been correlated also with the loading of its client mRNA IGF1R. Its transfer into receiving
cells induced an up-regulation of IGFIR protein into receiving cells, which was accompanied by an
increase in cellular migration upon administration of IGF1 in cells receiving IGF2BP3+ exosomes
when compared to those receiving the IGF2BP3- ones.

Taken together these data demonstrate the fundamental influence exerted by exosomes in the
directioning of Ewing Sarcoma metastatic progression, as they actively influence and orchestrate the
cellular response to the microenvironmental stimuli. Various reports on the importance for a positive
feedback loop of the IGF system in Ewing Sarcoma are present (Scotlandi et al, 2002; Garofalo et al,
2012) and our data confirm that the role of the IGF-dependent migratory response is predominant
when compared to the IGF-independent one, when exosomes are taken into account. This
preponderance can be observed at least in two points. The administration of IGF2BP3+ exosomes
carrying /GF IR mRNA in their cargo can induce a dramatic increase of this mRNA in recipient cells.
On the contrary, the same administration does not modulate in a comparable way CD164 mRNA
levels, regardless of its presence in IGF2BP3+ exosomes. Moreover, stimulation with IGF1 on cells
receiving IGF2BP3+ exosomes induces a more prominent effect on cellular migration rather than
what is observed with CXCL12, at least in normoxyc conditions.

The role of these exosomes on the CXCL12-mediated pathway in hypoxic conditions has not been
evaluated in the present thesis but certainly deserves to be investigated with further studies.

The signaling pathways triggered by binding of CXCL12 to CXCR4 are multiple. They depend on
the cellular context, have pleiotropic effects and include the PI3K pathway, the MAPK pathway and
the small GTPase pathway, key regulators of cell remodeling. actin cytoskeleton (Ganju et al, 1998,
Gassmann et al, 2009; Amano et al, 2010). Interestingly, activation of IGFIR receptor upon ligand
binding reportedly activates the PI3K and the MAPK downstream signaling pathways as well
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(Fruman et al, 2017; Liu et al, 2018). Our data show that the administration of IGF2BP3+ exosomes
strongly affects both the aforementioned pathways but at different levels. The activation of the PI3K
pathway was sustained by an increase in both AKT and mTOR phosphorylation in cells receiving
IGF2BP3+ exosomes, while the increased activation of the MAPK pathway in cells receiving
IGF2BP3+ exosomes didn’t rely on ERK 1/2 phosphorylation, but rather on an increased availability
of the total form of the protein.

Interestingly, we observed that the administration of exosomes, independently of their IGF2BP3
content, is actually a minor stressor for the receiving cells. This could be due to exosomal precipitation
method, as all functional studies were performed using ExoQuick precipitated exosomes which may
still be associated to a small portion of uncleared resin, or, specially in experiments conducted with
heterologous exosomes, to the nature of the cell of origin which may slightly affect the complex
exosomal cargo independently of IGF2BP3 presence and role. This effect is observed bot at migration
and protein expression levels in IGF2BP3pos cells receiving IGF2BP3pos exosomes and prevent us
to properly observe their influence, thus we decided to perform in parallel experiments on an
IGF2P3neg cells. Further investigation increasing the doses of IGF2BP3pos exosomes could be
useful to give stronger relevance to their role in regulating the phenotype of IGF2BP3pos cells.

The importance of exosomal miRNAs is widely assessed troughout different cancer types and a role
of RBPs in modulating the loading of miRNAs in exosomal cargos has been described (Villaroya-
Beltri et al, 2013; Wozniack et al, 2020). Thus, to gain a wider and more complete perspective on the
cargo composition of exosomes with differential expression of IGF2BP3, we evaluated the content
of IGF2BP3+ and IGF2BP3- exosomes via miRNA sequencing and observed a modest difference
between their miRNA cargos. Moreover, very few miRNAs were commonly deregulated in exosomes
derived from the two cellular models. This information, reflecting the intrinsic differences between
TC-71 and A673 cells, highlits the relevance of the identification of shared mechanisms.

Gene Set Enrichment analysis of the reported predicted targets of the differentially expressed
miRNAs identified showed an enrichment in the regulation of cellular migration, sustaining the
proposed role of these vesicles in broadly influencing the migratory phenotype of Ewing Sarcoma
receiving cells. We also observed an enrichment in the MAPK pathway: considering the relevance of
the MAPK pathway in the metastatization of Ewing Sarcoma, not only in association with the
reported CD164/CXCR4 or IGF1R directed pathways (Benini et al, 2004), furhter investigation is

needed.
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S CONCLUSIONS

In conclusion, this study demonstrated that the role of IGF2BP3 in the context of Ewing Sarcoma
microenvironment is predominantly exerted in the process of metastatization.

We demonstrated, both at clinical and preclinical level, the existence of a functional axis that
indirectly connects IGF2BP3 and CXCR4, through the mediation of CD164. This axis modulates the
migratory response to the chemo-mediated stimulation carried out by CXCL12, confirming the
reported fundamental role of this ligand as a stimulus for Ewing Sarcoma migration. With these
results we demonstrate for the first time that the pro-tumorigenic role of IGF2BP3 in mediating
cellular migration can be exerted through IGF-independent mechanisms and in stressing
microenvironmental conditions, such as hypoxia. These discoveries could open new perspectives
from a diagnostic/prognostic and therapeutic point of view.

We reported for the first time that IGF2BP3 is secreted in an exosome-dependent manner by Ewing
Sarcoma cells, according to cellular levels. This discovery opens new interesting perspectives to
understand this tumor progression, as it lays the basis to demonstrate that the pro-tumorigenic role of
IGF2BP3 is not only exerted at the level of the cell itself, but that intercellular communication
between tumor cells is particularly crucial in a context of high cellular heterogeneity as the one that
can be found in Ewing Sarcoma. In fact, we proved that IGF2BP3+ exosomes maintain the pro-
oncogenic properties of the RBP and actively promote the up-regulation and the activation of both
IGF-dependent or independent pathways of cellular migration. Taken together these data demonstrate
the fundamental influence exerted by exosomes in the directioning of Ewing Sarcoma metastatic
progression, as they actively influence and orchestrate the cellular response to the

microenvironmental stimuli.
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6 MATERIALS AND METHODS

6.1 CLINICAL AND PRECLINICAL MODELS

6.1.1 Clinical Specimens
Snap-frozen tissue samples from Ewing Sarcoma primary localized tumors and metastatic lesions

were included in this study. Patients enrolled in prospective studies had been diagnosed and treated
at the Rizzoli Institute (Ferrari et al, 2011). Selected patients’ diagnosis was made on representative
specimens from open or needle biopsies and based on immunohistochemical, histological and
cytological features. The molecular presence of the chimeric product derived from EWS-specific
chromosomal translocations was also evlauated (Toomey et al, 2010). Local treatment, performed
after induction chemotherapy, consisted of surgery, radiation therapy or surgery followed by radiation

therapy. Clinical-pathological features of patients, updated to 2018, are summarized in Table 5.

Primary tumors
(N=48)

Characteristics No %
Female 11 22.9
Gender
Male 37 77.1
<14 years 22 45.8
Age
>14 years 26 54.2
Extremity 33 68.7
Location Central 4 83
Pelvis 11 23
YES 38 79.2
Surger
sery NO 10 20.8
RxT 10 20.8
Local Treatment RxT+Surgery 11 23
Surgery 27 56.2
Good 10 26.3

Response to chemotherapy*
Poor 28 73.7

Table 5. Clinical-pathological features of primary localized Ewing Sarcoma patients included in this research

(* Data available for 38 out of 48 patients)
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6.1.2 Ethical Statement

The ethical committee of the Rizzoli Institute approved the studies on clinical specimens
(0041040/2015) and the establishment of PDX models (0009323/2016). The study was conducted in
accordance with the Declaration of Helsinki ethical guidelines, and patient informed consent forms

were obtained.

6.1.3 Preclinical models

6.1.3.1 Classical cell lines
Human Ewing Sarcoma A673 lines were provided by the American Type Culture Collection (ATCC),

TC-71 were kindly provided by Dr. T.J. Triche (Children's Hospital, Los Angeles, CA).

6.1.3.2 Patient-derived Xenografts and PDX-derived cell lines
The cell lines PDX-EWS#2-C and PDX-EWS#5-C were obtained by the respective Ewing Sarcoma

PDX after the first passage in animal. To obtain PDXs, primary patient specimens are implanted into
immunodeficient mice shortly after explant. Tumors grown in mice are then harvested and minced to
obtain PDX-derived cell lines, which are stabilized under 2D in vitro colture conditions. PDX and
matching cell lines share elevated genotypic and phenotypic similarity between themselves and with

the tumor of origin (Shi et al, 2020, Nanni et al, 2019).

6.1.4 Cell culture conditions
All cell lines were tested for Mycoplasma contamination (Mycoalert Mycoplasma Detection Kit,

Lonza Bioscience, Basel, CH) before use and authenticated (last control December 2017 and July
2018) by short tandem repeat (STR) polymerase chain reaction (PCR) analysis using a PowerPlex
ESX Fast System kit (Promega, Madison, WI). All cell lines were immediately amplified to constitute
liquid nitrogen stocks and were never passaged for more than one month upon thawing.

All cell lines were maintained in Iscove's modified Dulbecco's medium (IMDM) (Euroclone, Milan,
IT) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Euroclone), 20 units/ml
penicillin and 100 pg/ml streptomycin (Euroclone) in a 37°C humidified environment at 5% CO2.
For hypoxia studies, cells were cultured in 1% O2 using a Galaxy 14S incubator (New Brunswick,

Eppendorf, Milan, IT) at 37°C and 5% CO?2.
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6.1.5 Loss-of-function models

6.1.5.1 Short hairpin RNA (shRNA) mediated knockdown of IGF2BP3
A673 and TC-71 stably silenced models had previously been obtained at the Oncology Research

Laboratory of the IRCCS Istituto Ortopedico Rizzoli (Mancarella et al, 2018). Cells were transfected
with pLKO.1 vector containing the IGF2BP3-specific short hairpin RNA shRNA
(TRCNO0000074673) (Open Biosystems, Huntsville, AL) or the empty vector shGFP (Open
Biosystems). Subsequently, cells were selected with puromycin (2 pg/ml) (Sigma-Aldrich, St.Louis,
MI).

6.1.5.2 Crispr/Cas9 mediated knockout of IGF2BP3
PDX-EWS#5-C was used to establish a novel Crispr/Cas9 IGF2BP3 knockout model. LentiCRISPR

v2 plasmids, containing the hSpCas9 locus and the chimeric guide RNA, were employed. Four guide
RNAs directed against IGF2BP3 (gIMP3) and a randomly rearranged control (gSCR) were kindly
designed and cloned into plasmids by Prof. A.M. Mercurio (University of Massachusetts Medical
School, Worchester, MA). Transfer plasmids were co-transfected into HEK293T cells with the
packaging plasmids pVSVg (AddGene 8454) and psPAX2 (AddGene 12260). The transfections were
performed using Lipofectamine 3000 (Life Technologies, Carlsbad, CA) according to the
manufacturer’s protocol. After 48h, colture medium containing the assembled lentiviruses was
harvested and 10 pg/ml of polybrene were supplemented (Sigma-Aldrich). Lentiviral infection was
performed to transfer into PDX-EWS#5-C cells the plasmids containing the specific gRNA sequence.
The infection protocol was carried out with the help of dr. Manuela Piazzi (Istituto di Genetica
Molecolare, Centro Nazionale per la Ricerca (CNR) and IRCCS Istituto Ortopedico Rizzoli, Bo, IT).
Infected cells were selected in puromycin 2pg/ml (Sigma-Aldrich) and subsequently amplified in

puromycin 0.5 pg/ml to constitute liquid nitrogen stocks.

6.1.5.3 Small interfering RNA (siRNA) mediated transient CD164 silencing
Short interfering RNA (siRNA)-mediated knockdown of CD164 was performed with siRNA from

Dharmacon (Thermo Scientific, Waltham, MA). SMART POOL siGENOME siRNA (M-016196-
00-0020). siGENOME non targeting siRNA was used as control (D-001206-13-05). 1.5 x 10°> TC-
71 or A673 cells/well were seeded in 6-well plates coated with fibronectin from bovine plasma
(3 ng/cm2; Sigma-Aldrich). 24 h after seeding, cells were transfected with siRNAs (80 nM) using
TransIT-X2 (Mirus Bio, Madison, WI), according to the manufacturers’ protocols. Evaluation of

CD164 levels and functional studies were performed 72 h after transfection.
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Figure26 Schematic representation of the Crispr/Cas9 mediated knockout of IGF2BP3 protocol

6.2 EXOSOME PURIFICATION AND CHARACTERIZATION

Exosomes produced by Ewing Sarcoma cells were isolated from cell culture medium using the
ExoQuick (System Biosciences, Mountain View, CA) method or the Ultracentrifugation method.
Ultracentrifugation was carried out with the collaboration of dr. Francesca Perut and dr. Laura
Roncuzzi (SC Scienze e Tecnologie Biomediche, BST Lab, IRCCS Istituto Ortoperico Rizzoli, Bo,
IT). Cells were cultured in IMDM supplemented with exo-depleted FBS. FBS had previously been
ultracentrifuged at 100.000 x g for 6h and filtered in order to deplete it of bovine-derived exosomes.
After 24h of cell-colture, the conditioned medium was collected and centrifuged at 3000 x g for
15 min to remove cell debris and the supernatant was transferred to a new sterile tube.

From this common preparation, we proceeded to:

1) ExoQuick (EQ) precipitation: the solution was added to the supernatants for an overnight
incubation at +4 °C. Exosomes were isolated the following day by centrifugation at 1500 x g for
30 min at +4°C.

2) Ultracentrifugation (U) precipitation: the supernatants were ultracentrifuged at 110,000x g for 1 h
at 4 °C, then the pellet containing the extracellular vesicles was resuspended in PBS and centrifuged
at 110,000x g for 1 h at 4 °C (Beckman Coulter, Brea, CA).

The pellets obtained were resuspended in IMDM 0% FBS for in vitro functional studies or in PBS
before RNA extraction or protein isolation prior to Western Blots.

Exosomes obtained via ExoQuick or Ultracentrifugation precipitation had previously been
characterized in our laboratory to determine whether the two obtained populations were comparable.
Indeed they were, thus we decided to use exosomes obtained by Ultracentrifugation precipitation to

perform Western Blot analyses as this method guarantees a more efficient isolation of protein.
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Yet, our Ultracentrifugation precipitation protocol doesn’t guarantee the sterility of the exosomal
samples so we decided to use exosomes obtained by ExoQuick precipitation to perform functional
studies requiring exosomal administration to cultured cells. Moreover, exosomes obtained via
ExoQuick precipitation were used for RNA isolation and characterization since the kit used for
exosomal RNA extraction is optimized for EQ-extracted exosomes (see “6.5.1 RNA extraction and
Reverse Transcription”).

Exosomal labelling was performed using the fluorescent dye PKH67 (Sigma-Aldrich), following
manufacturer’s instructions. Briefly, 6 ul of PKH67 were added to 120 pg of exosomes for 5° at room
temperature, then the reaction was blocked with FBS (1:1), exosomes were precipitated by
centrifpigation (3000 rpm 5° RT, 12000 rpm 1’ RT) and added to the receiving cells for 3 hours.

The number and size of the exosomes were directly tracked using a NanoSight NS300 system
(NanoSight technology, Malvern, UK), configured with a 488 nm laser and a high-sensitivity sSCMOS
camera. Videos were collected and analyzed using NanoSight NTA software (version 3.0). For each
sample, multiple videos 60 s in duration were recorded to generate replicate histograms, which were
averaged. Nanosight analysis were conducted with the collaboration of dr.Ymera Pignochino
(Division of Medical Oncology, IRCCS Istituto di Candiolo, To, IT).

An indirect quantification of exosomes was performed by evaluating total protein yeald by the
Bradford method (See section 5.2 “Western Blotting”).

For functional studies, exosomes in equal amounts (15 pg/10.000 cells) were incubated in serum-free

conditions with recipient cells at 37 °C before experiments were performed.

6.3 IN VITRO ASSAYS
6.3.1 Cell growth

Cell viability and proliferation were assessed either with with Trypan blue dye or with MTT assay.
For trypan blue count, a total of 40.000 cells/well were seeded in 12-well plates and cells were
counted after 4 and 7 days. MTT assay (Roche, Basel, CH) was used according to manufacturer’s
instructions. Cells were plated into 96 well-plates (range 2,500-10,000 cells/well). After 24 h,

exosomes (15 ug/ 10.000 cells) were added and cell viability was assessed after 24 h.
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6.3.2 Anchorage-independent growth

3D anchorage-independent growth was determined in 0.33% SeaPlaque Agarose (Lonza Bioscience)
with a 0.5% agarose underlay. To evaluate the effect of IGF2BP3 knockout, 10* PDX-EW#5-C gSCR
or gRNA transfected cells were plated in semisolid medium (IMDM plus 10% FBS containing 0.33%
agarose) in 60 mm @ dishes, which were incubated at 37°C in a humidified atmosphere containing

5% CO2. Colonies were counted after 10-14 days.

6.3.3 Cell migration

Cellular ability to migrate was tested via or via Wound healing assay. Transwell migration assay was
performed using Transwell chambers (Costar, Cambridge, MA). To evaluate the effect of IGF2BP3
knockout, cells (1x10°/well) were seeded in the upper compartment in IMDM plus 10% FBS and
IMDM plus 10% FBS was placed in the lower compartment of the chamber.

For experiments evaluating chemo-mediated migration, cells (1x105/well) were seeded in the upper
compartment in IMDM plus 1% FBS and IMDM plus 1% FBS plus CXCL12 (100 ng/ml) (ab9798,
Abcam, Cambridge, UK) or IGF1 (50 ng/ml) (Upstate, Waltham, MA) was placed in the lower
compartment of the chamber. To assess migration upon exosomal uptake, cells were pretreated with
exosomes isolated from IGF2BP3+ or IGF2BP3- cells for 30 min in IMDM 0% FBS prior to seeding.
Cells were incubated for 18 h in a humidified 5% CO2 atmosphere at 37°C. The migrated cells were
fixed in absolute methanol, counterstained with Giemsa and counted.

Wound healing assay was performed on A673 shIMP3 cells seeded in in 60 mm @ dishes coated with
fibronectin (3 pg/cm2; Sigma-Aldrich) or on TC-71 cells seeded in 12-well plates coated with
fibronectin (3 pg/cm2; Sigma-Aldrich). Cells were allowed to grow until 100% confluence was
achieved. A pipette tip was used to obtain the cell free lane. For normoxia/hypoxia experiments, A673
shIMP3 cells were placed in 1% O2 or 21% conditions. To assess migration upon exposure to released
IGF2BP3 or exosomal uptake, colture medium was renewed with complete/exosome-depleted
supernatants or with purified exosomes from IGF2BP3+ or IGF2BP3- cell lines after the scratch was
performed. Images were obtained at time 0 and after 24 h, under an inverted microscope (Zeiss, Inc.,

Thornwood, NY).
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6.4 PROTEIN EVALUATION

6.4.1 Immunofluorescence
For colocalization investigations, cells were seeded on fibronectin-coated coverslips (3 pg/cm?2;

Sigma-Aldrich) and stimulated after 48h with CXCL12 (100ng/ml) (Abcam).

After washing in PBS, cells were fixed in 4% paraformaldehyde and permeabilized in Triton X-100
0.15%-PBS, blocked in 4% BSA and incubated with the following specific antibodies: anti-CXCR4
primary antibody (ab124824, dilution 1:100, Abcam); anti-CD164 (c-271179, dilution 1:50, Santa
Cruz Biotechnologies, Dallas, TX). Anti-rabbit rhodamine (#31686, dilution 1:100, Thermo
Scientific) and anti-mouse FITC (#31569, dilution 1:100, Thermo Scientific). Nuclei were
counterstained with Hoechst 33258. Images were acquired and analyzed with a Nikon A1R confocal
microscope with a Plan Apo 60x/NA 1.4 DIC N2. For exosomal uptake evaluation, exosomes were
labelled with the green-fluorescent stain PKH67 (See paragraph 2 “Exosome purification, labelling
and characterization”).

Cells seeded on fibronectin-coated coverslips (3 pg/cm2; Sigma-Aldrich) were treated with labelled
exosomes for 3h, then fixed fixed in 4% paraformaldehyde. Nuclei were counterstained with Hoechst
33258. Images were acquired Nikon ECLIPSE 90i microscope. Analyses were performed using the
NIS-Elements software (Nikon, Minato JP).

6.4.2 Immunoblotting analysis
Cellular proteins were collected from cells with a sub-confluence status and lysates were prepared on

ice with UPSTATE buffer for phophorilated proteins (50mM Tris-HCI pH 7.4, 150mM NacCl, 1%
NP-40, ImM EDTA, 0.25% sodio deossicolato, ImM NaF) upon addition of proteases inhibitors
(1:100): aprotinin (10ug/ml), leupeptin (0.1mM), PMSF (ImM), sodium orhtovanadate (0.2mM),
pepstatin (100pg/ml) and phosphatase inhibitor cocktail (Sigma-Aldrich). After 30 minutes
incubation, lysates were centrifuged and proteins from solution fraction were collected. Protein
concentration was obtained upon dilution in Bradford Protein Assay (1ul in 999ul) (Bio-Rad
laboratories, Hercules, CA) and spectrophotometer reading compared to a standard curve.

Exosomal proteins were collected from purified exosomes and directly quantified with Bradford
Protein Assay (Bio-Rad laboratories). Equal amounts of proteins were lysed (1:1 ratio) with RIPA
buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-
100, 5 mm ethylenediaminetetraacetic acid (EDTA), 1% deoxycholate) supplemented with protease

inhibitors.
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Equal amounts of protein were analyzed by gel electrophoresis with a 4-15% separation SDS gel
(Mini-PROTEAN™ TGX Stain-Free™ Protein Gels, Biorad) under denaturing conditions and
transferred onto nitrocellulose membranes (Bio-Rad laboratories). Ponceau (Sigma-Aldrich) staining
was used to evaluate transfer quality.

Membranes were blocked for 1 hour at room temperature with milk diluted in TBST (10 mM Tris-
HCI ph 7.4, 150 mM NaCl e 0.1% Tween20) and incubated overnight with the following primary
antibodies: anti-CALNEXIN (2433, dilution 1:1000, Cell Signaling Technology, Danvers, MA), anti-
ALIX (3A9, MA1-83977, diultion 1:1000, Thermo Fisher Scientific), anti-TSG101 (4A10,
GTX70255, dilution 1:1000, Genetex, Taiwan), anti-HSP90 o/f (ACS88, ab13492, dilution 1:1000,
Abcam), anti-IGF1-Rp (F-1, sc-390130, dilution 1:1000, Santa Cruz Biotechnology), anti-CD164
(F5790, dilution 1:1000, R&D Systems, Minneapolis, MN), anti-CXCR4 (ab124824, dilution 1:1000,
Abcam), anti-HIF-1a (sc-10790, dilution 1:2000, Santa Cruz Biotechnology), anti-IGF2BP3
(RNOO9P, dilution 1:20000, MBL International, Woburn, MA), anti-Phospho ERK 1/2
({Thr202/Tyr204}, 197G2, dilution 1:1000, Cell Signaling Technology), anti-ERK 1/2 p44/42 (9102,
dilution 1:1000, Cell Signaling Technology), anti-Phospho-mTOR ({Ser2448}, 2971, dilution
1:1000, Cell Signaling Technology), anti-mTOR (2972, dilution 1:1000, Cell Signaling Technology),
anti-Phospho-AKT ({Ser473}, 736EI11, dilution 1:1000, Cell Signaling Technology), anti-AKT
(9272, dilution 1:1000, Cell Signaling Technology), and anti-GAPDH (sc-25778, dilution 1:10000,
Santa Cruz Biotechnology).

Membranes were then incubated with secondary anti-rabbit (NA934) and anti-mouse (NA9310V, GE
Healthcare, Little Chalfont, UK) or anti-sheep (HAF016, R&D Systems) antibodies conjugated to
horseradish peroxidase. The proteins were visualized with an ECL Western Blotting Detection

System (ThermoFisher Scientific).

6.4.3 ELISA
To evaluate secreted IGF2BP3, 4x10? cells were seeded in 12-well plates. After 96 h, cells were

counted for futher data normalization and culture medium was harvested. IGF2BP3 levels in cell
supernatants were quantified using a sandwich ELISA kit (Cusabio Technology, Houston, TX),
according to the manufacturer's instructions. All samples were examined in duplicate, and the mean

values were used for statistical analysis.
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6.5 GENE EXPRESSION ANALYSIS

6.5.1 RNA extraction and Reverse Transcription
Extraction of total RNA from snap-frozen tissue samples or from cell lines was conducted with

TRIzol (Invitrogen, Carlsbad, CA), a monophasic solution of guanidine isothiocynate and phenol,
and purified by precipitation with isopropanol. RNA from exosomes was isolated using ExoQuick®
Exosome Isolation and RNA Purification kit (System Bioscience).

RNA quality and quantity were assessed by Nano-Spectrophotometric analysis (Implen™
NanoPhotometer™ N60 Micro-Volume UV-VIS Spectrophotometer, ThermoFisher Scientific).
RNA with appropriate 260/280 nm and 260/230 nm absorbance ratios (respectively 1.8-2 and 2-2.3)
were considered for reverse transcription to cDNA performed using the High Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Waltham, MA) according to the manufacturer’s instructions.

6.5.2 Quantitative Real Time PCR
Quantitative Real-Time PCR was performed on ViiA7 (Life Technologies) using TagMan or SYBR

Geen PCR Master Mix (Life Technologies).

The following predesigned TagMan assays for target gene were used: IGF2BP3 (Hs00559907 gl),
IGF-1Rb (Hs00181385 ml). SYBR Green primers for other target genes were designed using
PrimerBlast (Ye et al, 2012): CD164 (Forward: 5'-GAGTGCTGTAGGATTAATTGGAAAAT-3’,
Reverse: 5'-GGGAGGAATGGAATTCTGC-3"), CXCR4 (Forward:5'-ACGCCACCAACAGTCAG
AG-3', Reverse: 5-AGTCGGGAATAGTCAGCAG-3"). Primer Express software (Applied
Biosystems) was used to design appropriate primer pairs and probe for reference gene GAPDH:
Forward 5’-GAAGGTGAAGGTCGGAGTC-3’, Reverse 5’-GAAGATGG TGATGGGATTTC-3’
and Probe 5’-CAAGCTTCCCGTTCTCAGCC-3".

Two replicates per gene were considered. Relative quantification analysis was performed on 244¢t
method (Livak and Schmittgen, 2001) and the expression levels of each gene were normalized to that
of GAPDH.

RT2 Profiler Cancer Inflammation and Immunity Crosstalk PCR Array, profiling 84 genes involved
in those pathways, was purchased from Qiagen (Hilden, DE). mRNA profiling for the genes reported
in table 4 was carried out according to the manufacturers’instructions and results were analyzed using

the online tool https://geneglobe.qiagen.com.
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6.5.3 Exosomal miRNA Sequencing

Total exosomal RNA was extracted as previously described and QIAseq miRNA kit was used to
sequence miRNAs. MiRNA sequencing libraries were prepared using a single-end, 75bp read lenght
protocol. Briefly, adapters are ligated sequentially to the 3" and 5' ends of miRNAs.

During reverse transcription (RT), the primer binds to a region of the 3' adapter and facilitates
conversion of the 3'/5' ligated miRNAs into cDNA. After reverse transcription, a cleanup of the cDNA
is performed using a streamlined magnetic bead-based method (AMPure XP, Beckman Coulter).
Prior to sequencing, the quality of the synthesis product is assessed by a micro-electrophoretic run on
Agilent 2100 Bioanalyzer (Agilent technologies, Santa Clara, CA) with DNA1000 chips and the
quantity of the product is assessed via a fluorometric quantification system (Qubit, DNA High
Sensitivity kit, Invitrogen). Library concentration is normalized to 4 nM following QIAseq miRNA
kit instructions. MiRNA libraries were sequenced on NextSeq500 platform (Illumina, San Diego,

CA).

6.5.4 Exosomal miRNA Profiling Analysis

Sequencing result files (““.bcl” file, binary format and not viewable) are generated for all the samples
in a run and consist of a series of fluorescence images captured and subsequently converted into base
calls. These files are demultiplexed into Fastq files, using the bcl2fastq tool provided by Illumina
Cloud “Basespace”. Demultiplexed Fastq files correspond to the individual biological samples that
were sequenced. Quality control of Fastq files was performed using Fastqc Version 0.11.9
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/).

Given that miRNA-sequencing produces very short reads, accurate alignment requires strict
parameters to avoid multiple matches across the reference genome database. Reads were aligned
using Burrows-Wheeler Transformation (BWA,Version: 0.7.17) (Li and Durbin, 2009) and
Homo_sapiens.GRCh38.dna.primary assembly.fa as reference genome. After this step we obtained
aligned “.BAM” files that store in binary format the aligned sequences.

To assembly and annotate the reads mapped we considered featureCounts (Liao et al, 2014) and
hsa.gff3  file  (General Feature  Format) downloaded form  Mirbase database
(https://www.mirbase.org/ftp.shtml; Kozomara et al, 2019) as a tab-delimited text format storing
annotation of all mature miRNAs sequences.

The output resulted in a list with the number of reads mapping to each mature miRNA. Once the reads
mapping to each miRNA were counted, we analyzed the miRNA expression levels and their
differentially expression using EdgeR package (Chen et al, 2016). Differentially expression miRNAs
with logFC > |0.5] and p-value < 0.05 were selected for further analysis.
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MiRabel (Quillet et al, 2020) online tool was used to evaluate experimentally validated or in silico
predicted target genes of selected miRNAs. Moreover, miRWalk online target-prediction tool (Sticht
et al, 2018), which integrates the information by TargetScan, miRDB and miRTarBase databases
(McGeary et al, 2019; Chen and Wang, 2020; Huang et al, 2020), was used to perform target

prediction and Gene Onthology Enrichment analysis.

6.6 STATISTICAL ANALYSIS

Differences among means were evaluated by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test, whereas two-tailed Student’s t-test was used for comparisons between two
groups. Correlation analysis was performed using Spearman correlation test. Data were considered
statistically significant at p <0.05. All statistical analyses were performed using Prism version 6.0

(GraphPad Software, La Jolla, CA).
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Pathway Gene symbol

Immune & Inflammatory
Responses

Immunostimulatory Factors IFNG, IL12A, IL12B, IL15, IL2, TNF

CD274, CSF2, CTLA4, CXCL12, CXCL5, CXCLg, IDO1, IL10, IL13,

GBI SR IL4, MIF, NOS2, PDCD1, PTGS2, TGFB1, VEGFA

CCL2, CCL20, IFNG, IL12A, IL12B, IL17A, IL1A, IL1B, IL2, IL23A,

Pro-Inflammatory Genes IL6, PTGS2, TLR4, TNF, VEGFA

Anti-Inflammatory Genes IL10, IL13, IL4, TGFBI1

Enzymatic Modulators of

. . AICDA, GZMA, GZMB, IDO1, NOS2, PTGS2
Inflammation & Immunity

Antigen Presentation HLA-A, HLA-B, HLA-C, MICA, MICB

CCL18, CCL2, CCL20, CCL21, CCL22, CCL28, CCL4, CCL5, CXCL1,

Chemokines CXCL10, CXCL11, CXCL12, CXCL2, CXCL5, CXCL9

ACKR3, CCR1, CCR10, CCR2, CCR4, CCR7, CCR9Y, CXCR1, CXCR2,
CXCR3, CXCR4, CXCRS5

CXCLS, IL10, IL12A, IL12B, IL13, IL15, IL17A, IL1A, IL1B, IL2,

Chemokine Receptors

Interleukins IL23A, IL4, IL6
Other Cytokines KITLG, MIF, SPP1, TNF, TNFSF10
Growth Factors & Receptors CSF1, CSF2, CSF3, EGF, EGFR, IGF1, TGFB1, VEGFA

Signal Transduction

Interferon Signaling GBP1, IFNG, IL6, IRF1.

. CCL2, CCL5, CXCL10, CXCL9, GBP1, IRF1, MYDS8S8, STATI1, TLR3,
Interferon-Responsive Genes

TNFSF10
NF«B Targets BCL2L1, CCL2, CCL5, CSF1, CSF2, CSF3, CXCLS, IFNG, TNF.
STAT Tareet CCL2, CCL4, CCL5, CSF1, CSF2, CSF3, CXCL10, CXCL11, CXCL12,
gets CXCLS8, CXCLY, IL10, IL17A, IL1B, IL23A, IL6, MYC

Tollo-Like Receptor Segnalino MYDS88, TLR2, TLR3, TLR4
Transcription Factors FOXP3, HIF1A, IRF1, MYC, NFKB1, STATI1, STAT3, TP53
Apoptosis
Pro-Apoptotic FASLG, TNF, TNFSF10, TP53
Anti-Apoptotic BCL2, BCL2L1, MYC, STAT3

Table 6. Genes profiled by RT2 Profiler Cancer Inflammation and Immunity Crosstalk PCR Array
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