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Résumé 

 

Le sarcome d’Ewing (SE) est le deuxième cancer des os et tissus mous le plus fréquent chez 

les enfants et les jeunes adultes. Il s’agit d’une tumeur rare mais hautement agressive ; 

lorsque localisée, la survie à 5 ans dépasse le 70%, cependant ce pourcentage s’écroule à 

moins de 25% lorsque la tumeur devient métastatique. C’est pour cette raison que des 

nouvelles options thérapeutiques, idéalement ciblées contre les cellules les plus agressives 

et métastatiques, sont nécessaires. 

Au cours de notre dernier travail (Keskin et al., 2021, joint à page 59), le récepteur Ephrin 

type B2 (EPHB2), membre de la famille des récepteurs tyrosines kinases, a été identifié 

comme étant non seulement un marqueur de mauvais pronostic chez les patients atteints 

du SE, mais aussi un facteur pro-métastatique au sein des cellules primaires extraites de 

cette tumeur. Dans ce travail, nous explorons les voies par lesquelles EPHB2 confère aux 

cellules du SE la capacité d’envahir.  

En travaillant sur les lignées cellulaires, afin d’avoir un modèle stable et reproductible, nous 

avons observé que les cellules du SE ayant une perte ou une baisse d’expression d’EPHB2, 

perdent partiellement leur capacité d’adhésion et forment des sphères en suspension. Au 

vu de ces phénomènes, nous avons exploré les voies de signalisation de FAK et AKT et avons 

observé des changements essentiels qui varient en fonction de la lignée cellulaire utilisée.   

Nous avons ensuite estimé la capacité d’invasion in vitro des cellules et analysé comment 

cette dernière change en fonction du niveau d’EPHB2, en observant que les cellules 

déficientes en EPHB2 ont une capacité inférieure à envahir, quelle que soit la lignée 

cellulaire testée. Par la suite, nous avons corrélé ce changement à une variation 

d’expression des gènes responsables de la transition épithélio-mésenchymateuse (TEM), 

qui varient en fonction de la lignée cellulaire utilisée, en acquérant soit un génotype plus 

épithélial, soit un génotype plus mésenchymateux, suite au knockdown d’EPHB2. 

Dans l’ensemble, ces résultats soulignent l’importance de l’hétérogénéité inter-tumorale 

du SE et nous montrent des directions à explorer, afin de développer de nouvelles 

thérapies qui puissent cibler les cellules les plus agressives et diminuer idéalement le poids 

de la mortalité liée aux SE métastatiques.  
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Summary 

 

Ewing sarcoma (EwS), the second most frequent bone and soft tissue cancer in children 

and young adults, is a rare but highly aggressive malignancy. Local disease is currently 

associated with a five-year survival rate of more than 70%, but this percentage drops to 

less than 25% when metastases are present. For this reason, there is the necessity to find 

new therapies targeting the most aggressive and invasive cells. 

 

In recent work (Keskin et al., 2021, attached at page 59), we identified the Ephrin type-B 

receptor 2 (EPHB2), a member of receptor tyrosine kinase (RTK) family, as a poor 

prognostic biomarker in EwS patients and as a strong pro-metastatic factor in primary EwS 

cells. In the present follow-up work, we explore the pathways that EPHB2 exploits to 

increase the invasiveness and metastatic proclivity of EwS cells.  

 

Using EwS cell lines in order to rely on a well-established and stable model, we observed 

that, upon EPHB2 depletion, EwS cells lose their ability to attach to substrate and form 

clumps and spheres in suspension. In light of these observations, we explored FAK and AKT 

pathways and observed marked changes following EPHB2 knockdown, with the emergence 

of different phenotypes according to the used cell line. 

 

We then assessed the invasive capability of the cells in vitro and observed decreased 

spreading in each EPHB2 knockdown model. This change correlated with a shift in the 

expression of genes implicated in epithelial to mesenchymal transition (EMT), which also 

varied according to the cell line, by adopting a predominantly epithelial or mesenchymal 

profile upon EPHB2 depletion. 

 

Taken together, these results underline the importance of inter-tumor heterogeneity in 

EwS and point to relevant landscapes to be explored toward developing more specific 

therapies that could target the most aggressive and invasive cells and ideally lower the 

burden of metastatic EwS mortality. 
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Introduction 

 

1. Ewing sarcoma (EwS) 

 

1.1 Background 

 

Pediatric cancer mortality is constantly decreasing thanks to improvements in therapeutic 

regimens and strategies. Nevertheless, tumors remain the most common cause of disease-

related death in children and young adults in developed countries (1,2). These 

malignancies, similar to their adult counterparts, are driven by genetic mutations that 

transform cells and provide them with the capacity to divide indefinitely and deregulate 

their own biological properties. However, in contrast to adult malignancies, which are 

defined by multiple different mutations that accumulate over years, pediatric cancers are 

characterized by a small number of mutations that suffice to orchestrate cell functions 

required for transformation and subsequent tumor growth (3,4).  

 

In Ewing sarcoma (EwS), the second most frequent bone and soft tissue cancer in children 

and young adults, the pathognomonic mutation is represented by a unique reciprocal 

chromosomal translocation, which in 85-90% of cases is t(11;22)(q24;q12) and leads to the 

fusion of EWSR1 and FLI1 genes. The resulting chimeric protein, EWS-FLI-1, leads to 

transformation of permissive cells, primarily by modifying their epigenetic status, which, in 

turn, activates a series of events, explained in the following sections, that promote tumor 

maintenance, growth and progression (5). 

 

1.2 Pathogenesis and intra-tumor heterogeneity 

 

As mentioned above, the mutational burden in EwS is among the lowest in all malignancies. 

A few mutations, including STAG2 and TP53 occur at late stages in a minority of tumors 

(6,7), but in as many as a third of EwS, the translocation leading to the EWSR1-FLI1 fusion 

is the only detectable genetic event. The fusion itself may display several alternative forms, 

as both EWSR1 and FLI1 have several genomic breakpoints. Among them, the type 1 
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translocation, composed of the first seven exons of EWSR1 and exons 6-9 of FLI1, is the 

most common. The second most prevalent translocation, type 2, includes exon 5 of FLI1. 

The type 3 translocation, which has a minimal prevalence, comprises the first ten exons of 

EWSR1 fused to exons 6-9 of FLI1 (Fig. 1) (8–10). 

 

 
 

Figure 1: The three main translocation types in EwS 

The three most prevalent possibilities of translocation are shown. EWSR1 exons are presented in red, FLI1 

exons are presented in blue. 

 

Although the majority of Ewing sarcomas are generated by the EWSR1-FLI1 fusion gene, a 

minority of tumors arise as a result of other translocations. The elemental structure of 

these translocations is the union between a TET gene family member and a gene coding 

for an ETS transcription factor. TET gene family products, among which EWS is the best 

characterized, are implicated in both physiological and pathological events by playing an 

important role in cell self-renewal and meiosis (11). They are also RNA-binding proteins 

(RBPs), suggesting a direct implication in the regulation of RNA metabolism (12,13) that 

includes stability, transport and splicing. In Ewing sarcoma, the most frequently implicated 

TET gene family member is EWSR1 but the FUS RNA-binding protein can be observed in 

less than 1% of cases (Fig. 2) (14). 

 

Whereas the TET gene family is almost always represented by EWSR1 within the fusion 

gene, the ETS factor-encoding partners are more variable. The ETS family is composed of a 

large number of transcription factors implicated in numerous functions, differentiation and 

cell cycle control being among the most prominent. Not surprisingly, their action has been 

associated with the development of a variety of cancers, including acute pre-B  
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lymphoblastic leukemia and prostate cancer (15,16). The most prevalent ETS factor in 

Ewing sarcoma is FLI1 (85%), followed by ERG (10%) and in a minor percentage, ETV1-4, 

E1AF and FEV (Fig. 2) (17–21).  

 

 
 

Figure 2: TET and ETS fusion proteins in EwS - adapted from reference (5) 

TET and ETS family members that generate the aberrant fusion protein are shown with their respective 

relative frequency. 

 

As foretold, the aberrant fusion protein is the primary driving force in EwS pathogenesis. 

Because of its prevalence, we will focus on the mechanisms of action of EWS-FLI-1. It has 

been shown that the EWS-FLI-1 fusion protein can directly activate and repress DNA 

transcription by modifying the chromatin state (22). To better understand such 

mechanisms, we need to take a step back to summarize key concepts of epigenetics. 

 

Epigenetic regulation constitutes a powerful mechanism of transcriptional control, based 

on modifications that adjust chromatin structure, DNA accessibility and therefore gene 

expression, without changing any element in the nucleotide sequence (23). This higher-
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order structure regulation justifiably attracted a great deal of scientific attention during the 

past few decades, as it is heritable, influenced by the environment and exploited by cancer 

cells. Its importance therefore cannot be overstated (24,25). Epigenetic events can lead to 

transcriptional changes by at least three different mechanisms: DNA methylation, histone 

modification (with consequent nucleosome structure adjustment), and regulatory control 

by non-coding RNAs (ncRNAs) (Fig. 3).  

 

 
 

Figure 3: Epigenetic regulation of gene expression 

Epigenetic regulation controls gene expression by alterations of histone modifications, DNA methylation and 

noncoding RNA expression.  

 

In Ewing sarcoma, EWS-FLI-1 has been shown to alter the epigenetic status of permissive 

cells by using each of the above-mentioned strategies (22,26–29). EWS-FLI-1 recognizes 

the core GGAA motif but has markedly divergent effects according to whether it binds 

GGAA microsatellite repeats or single GGAA sites. Upon binding to GGAA repeats, the 

aberrant protein relaxes chromatin in transcriptionally silent regions of the genome to 

induce de novo enhancers that stimulate expression of oncogenes. Conversely, upon 
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recognizing single GGAA sequences, EWS-FLI-1 displaces wild-type resident ETS factors and 

closes the local chromatin structure, preventing enhancer access and leading to the 

silencing of the corresponding genes (22). In addition to altering chromatin structure, EWS-

FLI-1 can reduce DNA methylation at the promoters of selected genes, resulting in their 

activation (26–28). EWS-FLI-1 also represses miRNAs implicated in cell differentiation, 

including miRNA-145 (29), influencing cell pluripotency. The resulting reconfiguration of a 

portion of the genome leads to the establishment of an oncogenic gene expression profile 

whose overall effect is to transform permissive cells and lead to the full-blown phenotype 

of EwS.  

 

To orchestrate these major modifications of the epigenetic landscape, EWS-FLI-1 requires 

permissive cellular environment. Mesenchymal stem/stromal cells (MSCs) provide such a 

permissive context, in which the aberrant protein can successfully exert its biological 

properties to achieve transformation (30,31). These cells originate in the mesenchyme, the 

mesodermal part of the embryo that evolves into connective and skeletal tissues (32). It 

has been shown that MSCs harbor a loose chromatin structure at repetitive GGAA regions, 

which can be exploited by EWS-FLI-1. In most differentiated cells, these regions are 

associated with heterochromatin and are thereby inaccessible to transcription factors. In 

such conditions, EWS-FLI-1 cannot find an available binding site to fulfill its oncogenic role 

(33).  

 

Because EWS-FLI-1-mediated modification of chromatin spreads across a sizeable portion 

of the genome, the expression of hundreds of genes is affected and it appears to be clear 

that no single EWS-FLI-1 target gene alone bears responsibility for the emergence of EwS. 

Instead, the transcriptome resulting from the structural reconfiguration of parts of the 

genome in permissive cells initiates the oncogenic program. Nevertheless, the contribution 

of several Individual genes toward EWS-FLI-1-mediated tumorigenesis has been elucidated 

(34). Thus, SOX-2, which plays a prominent role in the maintenance of pluripotency in 

normal stem cells, has been shown to participate in the transformation of MSCs toward 

EwS. More specifically, SOX-2 at least partially reiterates its physiological function by 

providing the transformed cells with a degree of pluripotency that gives them attributes of 

cancer stem cells (CSCs). Expression of SOX2 in transformed MSCs is induced by at least 
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two mechanisms: directly by EWS-FLI-1 and by the repression of mi-RNA145 (29). The 

transformed MSC-derived CSCs give rise to a heterogeneous tumor mass composed of cells 

with diverse properties and varying degrees of differentiation most of which no longer 

display tumorigenic properties. The CSCs, however, express high levels of OCT4 and 

NANOG, allowing them to maintain pluripotency as well as to initiate and sustain tumor 

growth. In EwS, these cells express the CD133-Prominin-1 marker, and represent 4-15% of 

the tumor cell mass (31).  

 

1.3 Clinical features 

 

Children and young adults affected by EwS may present a painful local swelling, often 

initiated by minor trauma. The level of pain varies depending on patients - it can be mild, 

increased at night or by exercise whereas some patients don’t even experience pain at all. 

In such patients, the only sign may be the discovery of a firm mass, often surrounded by 

erythema (5,35). This mass can occur in any part of the skeleton but has a predilection for 

the pelvis and proximal long bones. Although primary soft tissue localization is limited to a 

small fraction of the tumors (20%), Ewing sarcoma has been documented in numerous 

organs (Fig. 4). In advanced disease, local symptoms may be accompanied by constitutional 

signs, such as fever, fatigue and weight loss (5,35). Biological tests may show elevated levels 

of non-specific inflammation markers, including serum lactate dehydrogenase (36). 

Stronger hints leading to the diagnosis include three typical radiologic findings in the 

involved bone: the “moth-eaten” appearance, constituted by multiple lytic and confluent 

lesions; Codman’s triangle and the onion peel image, representing respectively the 

displaced periosteum and its consequent regenerative reaction due to the sub-periosteal 

tumor growth (Fig. 4). Moreover, a pathologic fracture can be observed in 10-15% of cases 

(5,35). 

 

Definitive diagnosis is provided by histological and molecular examination of tissue 

specimens obtained by biopsy or following surgery. Ewing sarcoma morphology is 

characterized by sheaths of poorly differentiated small round blue cells with a prominent 

nucleus and scant cytoplasm that sometimes led to misdiagnosis as lymphoma prior to the 

discovery of the chromosomal translocations that are unique to Ewing sarcoma (Fig. 4). It 
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is the detection of these pathognomonic translocations (EWSR1-FLI1 and others, discussed 

above) by fluorescence in situ hybridization (FISH) of by polymerase chain reaction (PCR) 

that allows the definitive diagnosis (5,11). 

 

Several factors influence prognosis. Among them, presence of metastases at the time of 

diagnosis plays the most important role: local disease treated by multimodal therapy 

currently has a five-year survival rate of more than 70%. In contrast, when metastasis is 

present, this percentage drops to less than 25%. Metastases occur most frequently in the 

lungs, bone and bone marrow (5,37). Novel treatment strategies should therefore focus on 

targeting cells that are more prone to spread and metastasize.  

 

 

 

Figure 4: Clinical features of EwS - adapted from reference (5) 

Most common primary and metastatic EwS sites are shown, along with radiologic patterns and histologic 

features (hematoxylin and eosin). 

 

Multidisciplinary treatment for Ewing sarcoma currently involves surgery, chemotherapy 

and radiotherapy. Despite the fact that most patients present local disease at the time of 



17 

diagnosis, the majority present recurrence. These tumors are always considered to have 

subclinical metastasis, for which neoadjuvant and adjuvant chemotherapy is given. 

Regimens include doxorubicin, etoposide, cyclophosphamide, vincristine and ifosfamide, 

with different doses, combinations and schedules, according to a variety of protocols. Local 

treatment is based on surgery and/or radiotherapy, according to feasibility (5,38). 

 

Frontline therapy is then limited and although local disease has largely taken advantage of 

improved strategies, treatment for relapsing and metastatic cases clearly remains 

unsatisfactory. Several potential targeted therapies have been studied during last 50 years, 

including the attempt to directly target the fusion protein, the use of PARP inhibitors, 

insulin-like growth factor 1 receptor (IGF-1R) antibodies and mechanistic target of 

rapamycin (mTOR) pathway blockade. No striking results have been observed with any of 

these approaches. Arguably, the most disappointing observation is that the fusion protein 

itself cannot be targeted with current means because of its structural features (39). 

Immunotherapy, also appears not to be a relevant option based on the observation that 

EwS is poorly immunogenic (5,40). 

 

The lack of success of targeted therapies thus far and the unresponsiveness of relapsed 

and metastatic tumors to conventional therapy call for a revision of our perspective and 

our approach. A potentially important lead is the discovery of intra-tumor heterogeneity, 

dictated, at least in part by CSCs. As only a fraction of cells in EwS appears to harbor tumor 

initiating properties, a seemingly rational approach would be to identify the biological 

features of these cells that are amenable to neutralizing therapy.   

 

2. A reporter system to identify the most relevant cells in terms of tumor initiation 

and maintenance 

 

To identify the cells that have tumor initiating and disseminating properties and thereby 

constitute the driving force of the tumor, we designed a functional live cell reporter system. 

Current identification of CSC in most tumors relies on the expression of single or a 

combination of cell surface markers (CD133 in EwS, colon carcinoma, glioblastoma; 

CD44high/CD24low in breast carcinoma, etc.) none of which are specific. Moreover, cell 
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populations expressing these markers are typically only enriched in CSCs but most likely do 

not encompass all of the cells with tumor initiating properties. Furthermore, marker 

expression may change during in vitro culture. Robust identification of the most relevant 

cells in any tumor should therefore rely on a functional attribute that reflects their 

behavior, independent of any loosely associated cell surface marker. To this end we 

developed a functional live cell reporter system based on the expression of miRNA-145, 

which my lab has previously shown to be implicated in the maintenance of EwS tumor 

initiating cells (29). MiRNA-145 is repressed in normal stem cells and its expression 

increases with differentiation, to which it contributes by repressing genes associated with 

pluripotency (29). We therefore expressed in primary EwS cells a green fluorescent protein 

(GFP) sequence with a 3’ untranslated region (UTR) designed to contain 5 miRNA-145 

recognition motifs. In cells expressing miRNA-145, the GFP should be silenced whereas it 

should be fully expressed in cells with very low on no miRNA-145 expression. The reporter 

should therefore allow relatively straightforward separation of pluripotent tumor initiating 

cells expressing GFP from more differentiated and poorly tumorigenic “dark” (GFP-

negative) cells. Indeed, this turned out to be the case and we could readily characterize the 

biological properties and the transcriptome of the GFP positive cells. Details of this work 

can be found in the attached publication (page 59). Importantly, characterization of GFP 

positive cells led to the identification of the EphrinB2 receptor expressed on their surface, 

which we then showed to play a pivotal role in the ability of these cells to disseminate and 

form metastases. In the follow-up of this work, which constitutes my MD thesis, I addressed 

the mechanisms by which EphrinB2 expression might facilitate EwS metastasis.         
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3. EPHB2 receptor 

 

3.1 Eph receptors biology and their role in cancer 

 

Eph receptors belong to the receptor tyrosine kinase (RTK) family. This large family is 

composed of heterogeneous cell surface receptors most of which bind soluble cytokines, 

growth factors and hormones with high affinity although some RTKs recognize other cell 

surface receptors as ligands. 

 

In essence, when the ligand binds to the extracellular region of the RTK, it induces receptor 

oligomerization that initiates kinase activity. The downstream signals triggered by this 

interaction regulate diverse physiological processes, including the cell cycle, metabolism, 

differentiation, adhesion and migration (41). It is therefore not surprising that RTKs play an 

important role in cancer development. Mutations in the kinase but also the extracellular 

domain can cause them to become constitutively active and promote cell proliferation, 

migration, invasion but also drug resistance in a ligand-independent manner (42). 

 

The role of several RTKs in EwS development has been widely interrogated. Several studies 

have shown that IGF-1R activation is required for transformation of permissive cells and 

confers to EwS cells the capacity to withstand anticancer drug toxicity. Not surprisingly, 

IGF-1R is upregulated in the large majority of EwS (43–45), in addition to fibroblast growth 

factor receptors (FGFRs), human epidermal growth factor receptor (EGFR) and platelet-

derived growth factor receptors (PDGFRs). All these receptors have been targeted in pre-

clinical and clinical studies but only partial and transient responses were observed (46). 

 

Eph receptors are the largest and arguably the most convoluted sub-group of the RTK 

family and their complexity may be one reason why they have not been extensively 

explored in the context of EwS pathogenesis. The first property that confers their intricacy 

to Eph receptors is their ability to orchestrate bidirectional signaling: an Ephrin ligand-

expressing cell provides a forward signal to an Eph receptor-expressing cell, which depends 

on Eph kinase activity; in parallel, the latter provides a reverse signal, which takes 

advantage of Src family kinase action (47). Once these signals are initiated, downstream 
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changes in the activity of small GTPases trigger cytoskeletal rearrangements and promote 

cell-cell adhesion or repulsion. For these reasons, Eph receptor signaling is critical for 

physiological neuron migration, vascular remodeling and bone development. Because 

many cell types require adhesion to substrate in order to grow, regulation of their 

adhesiveness is one mechanism by which Eph receptors signaling controls cell proliferation 

and survival (48). 

 

Their capability to control cell adhesion makes Eph receptors ideal candidate executors of 

tumor cell needs. In fact, numerous Eph receptors are expressed in most cancer cells but 

their presence has been linked to both cancer progression and quiescence (Fig. 5) (49). 

Moreover, both increased and decreased Eph receptor expression has been associated 

with tumor aggressiveness (49). Thus, EPHA2 expression correlates with increased 

aggressiveness and poor clinical outcome in diverse cancer types (50) and EPHB4 

expression is linked to tumor progression (51). Conversely, poor survival in colorectal 

cancers is associated with downregulation of EPHA1 (52) and metastatic lung tumors 

express less EPHB6 than non-metastatic counterparts (53). Moreover, Eph receptor 

expression seems to decrease in late tumor stages, as if the malignancy calibrates Eph 

receptor use up to a critical point of necessity (49). Several studies exploring the 

relationship between tumorigenicity and Eph receptor signals underline the importance 

not only of their expression in malignant cells, but also in the tumor microenvironment 

(54). For example, EPHA2 signaling in endothelial cells has been shown to improve VEGF-

mediated angiogenesis (55), whereas EPHA3 inhibition leads to stromal microenvironment 

disruption with consequent tumor growth inhibition (56). 
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Figure 5: Tumor suppression (a) and tumor promotion (b) through EPH receptor bidirectional signaling – from 

reference (49) 

The complexity of bidirectional pathways is shown for both cancer progression and suppression. 
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3.2 EPHB2  

 

EPHB2 is a transmembrane receptor that has been largely studied in neural 

pathophysiology. Its significance in cancer development remains relatively obscure, with 

several contradictory observations, according to cancer type. For example, in colon cancer, 

EPHB2 cytoplasmic signaling has been shown to promote proliferation by inducing cyclin 

D1 activity via c-Abl, while repressing migration through an independent pathway (57). 

EPHB2 expression has also been directly correlated with cell proliferation in ependymoma 

(58). In contrast, EPHB2 decreases proliferation but promotes invasiveness in 

cholangiocarcinoma (59). Similarly, invasion seems to be increased by EPHB2 expression in 

cervical cancer (60), medulloblastoma (61) and glioblastoma (62,63), whereas in skin 

squamous cell carcinoma, EPHB2 knockdown does not seem to change cell viability or 

migration, but leads to increased Epithelial to Mesenchymal Transition (EMT) (64). This 

tumor type-dependent dichotomy in EPHB2 behavior underlines the necessity for a deeper 

understanding of its physiopathology in cancer as well as of the landscape in which the 

receptor is operating. Downstream pathways of EPHB2 signaling in cancer that are relevant 

to tumor cell migration, adhesion and invasion include focal adhesion kinase (FAK) 

activation (59,62), which will be introduced in the next section.  

 

4 Integrin mediated cell adhesion: the central role of FAK 

 

4.1 Integrins and FAK biology  

 

To fulfill their physiological needs, cells need to communicate with the extracellular matrix 

(ECM), a substrate composed of a multitude of elements, including collagens, and a host 

of diverse glycoproteins and enzymes that provide structural and nutritional support to 

cells (65). Cell interaction with the ECM is mediated primarily by integrins, a large family of 

cell surface adhesion receptors. 

 

Integrins are heterodimeric transmembrane receptors that grant, as their name suggests, 

the integration between extracellular ligand-initiated signals and cytoskeletal adaptor 

protein effector functions (66). Once they are stimulated by external signals, integrins 
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activate several intracellular pathways that support cell-matrix adhesion, actin filament 

polymerization and guanine-exchange factor (GEF) as well as GTPase activating protein 

(GAP) activity (65). 

 

A major player in the coordination of integrin-mediated signals is Focal Adhesion Kinase 

(FAK), a large cytoplasmic tyrosine kinase that orchestrates the establishment and 

implementation of a complex signaling platform (Fig. 6). Once integrins are activated by 

their ligands, the adaptor proteins paxillin and talin are instructed to recruit FAK to the cell 

membrane, with the help of vinculin (67). FAK activation is reflected by the phosphorylation 

of multiple residues, the key being Tyr397 autophosphorylation, which recruits Src family 

kinases and initiates phospholipase C (PLC) and phosphatidylinositol 3-kinase (PI3K) 

activity; and Tyr576/577 phosphorylation that guarantees maximal catalytic activation. At 

least two more residues that undergo phosphorylation deserve to be mentioned: Tyr925, 

responsible for the activation of the Grb2/Ras/MAPK pathway and Tyr861, which allows 

p130Cas binding to proline-rich regions (68).  

 

 

 

Figure 6: FAK signals that regulate cell’s migration –  from reference (67) 

A schematic view of FAK interactions and main phosphorylation sites. 
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The activation of this complex machinery is essential for several key intracellular 

physiologic events, including microtubule stabilization that maintains cell polarity and 

appropriate turnover of membrane components that ensure its integrity (67). Arguably, 

the most relevant aspect of FAK downstream signaling in cancer development lies in its role 

in cell adhesion and motility, but possibly also in survival (67,69).  

 

4.2 Cancer cell adhesion and the role of FAK  

 

The balance between adhesion and detachment needs to be finely regulated in cancer 

cells. On the one hand tumor cells require attachment to the ECM for proliferation and 

invasion, whereas on the other they must be able to detach from the substrate to 

disseminate. The importance of FAK in tumor development and progression therefore 

cannot be overstated. 

 

Cancer cells have been widely shown to take advantage of the FAK signaling hub for 

adhesion and migration. Initially, FAK expression was shown to be increased in invasive 

epithelial neoplasms (70) and in high grade and metastatic sarcomas (71). Several studies 

in various malignancies showed a direct correlation between FAK expression and poor 

prognosis (72). Subsequently, research focused on Tyr397 autophosphorylation and on 

how its disruption might inhibit tumor growth (73–77).  

 

FAK phosphorylation and activity have been addressed in EwS pathogenesis and it has been 

shown that different EwS cell lines display divergent FAK phosphorylation levels (78). 

Moreover, in recent years, FAK has been shown to confer pro-migratory and antiapoptotic 

properties in both EwS cell lines and primary tumors (79) that can be thwarted by FAK 

inhibitors (80–82). Taken together, these results point to a potentially interesting pathway 

to target in EwS therapy.  

 

 

 

 

 



25 

4.3 FAK and PI3K/AKT/mTOR pathway 

 

Among the cardinal pathways that lead to cell survival, in both physiological and malignant 

conditions, a central role is played by PI3K/AKT/mTOR signaling, which is also key in the 

regulation of cell growth, metabolism, and cytoskeletal structure organization (83). Under 

physiological conditions, FAK and AKT cooperate in the regulation of adhesion mechanisms 

and mechanical signals in cells from all tissues, including bone (84,85). In tumor cells, they 

have been shown to collaborate for promoting migration and invasion (86–88) . This 

cooperation has been studied in EwS cell lines, where inhibition of the FAK pathway led to 

the loss of AKT phosphorylation and induced both cell cycle arrest and inhibition of invasion 

(81). The AKT pathway is therefore activated downstream of the FAK machinery and may 

constitute a potentially attractive target in EwS cells. Exploration of the downstream effects 

of FAK/AKT activation revealed an association with Epithelial to Mesenchymal Transition 

(EMT) (89,90), which will be treated in the following chapter. 

 

5 EMT: an important step for metastatic spread 

 

5.1 EMT 

 

When studying tumor dissemination and metastasis, it is essential to mention EMT and its 

importance in the context of tumor cell migration and invasion. In order to detach from 

the primary mass and spread to the circulation and distant organs, the cancer cell needs to 

orchestrate structural and functional changes that allow its passage through blood and 

lymphatic vessels. A tumor cell of epithelial origin first needs to lose its static epithelial 

features and adopt more motile properties that are typically associated with mesenchymal 

cells. This means decreasing intercellular adhesion and expressing receptors and 

intracellular machinery related to migratory properties, which together facilitate 

detachment from the primary site and penetration of as well as survival within the systemic 

circulation. At a later time, when the cell extravasates into a secondary site following 

immobilization on capillary endothelium, these mesenchymal features must be 

reconverted into epithelial ones to allow the cell to divide and create its own new colony. 

The latter mechanism is known as Mesenchymal to Epithelial Transition (MET) and 
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illustrates the transience and reversibility of EMT, which plays an essential role in normal 

development and wound healing. 

 

The complex phenotypic changes that constitute EMT are driven by a cluster of 

transcription factors, including SNAIL, SLUG, TWIST, ZEB and several others (91). Activity of 

these factors ensures appropriate gene expression changes that repress epithelial features, 

including expression of E-cadherin and cytokeratins and apico-basal polarity, while 

inducing expression of vimentin, N-cadherin, migration-promoting integrins and a variety 

of proteolytic enzymes, including MMP-2, MMP-9 and several other. 

 

5.2 EMT in EwS 

 

EMT-related phenomena have been widely studied and understood in adult epithelial 

neoplasms but also in pediatric malignancies (91,92). However, the relevance of EMT in 

sarcomas may be subject to scrutiny. Because the origin of these malignancies is by 

definition mesenchymal, it seems surprising that such cells might adopt an even more 

marked mesenchymal state. This field of study is evolving and results are suggesting that 

sarcoma cells show bi-phenotypic morphology within the epithelial/mesenchymal 

spectrum, which depends, in part, on the degree of tumor progression, particularly as 

related to metastases (92–94).  

 

In Ewing sarcoma, single cell transcriptome analysis has suggested that the EWSR1-FLI1 

expression level may be directly related to the EMT/MET balance. High EWSR1-FLI1 

expression has been linked to a more epithelial phenotype, induced when high 

proliferation is needed. Conversely, low EWSR1-FLI1 expressing cells adopt a more 

mesenchymal phenotype that provides for increased motility and invasion (95). Moreover, 

inter-tumoral heterogeneity has been shown among different EwS patient samples 

regarding epithelial and mesenchymal gene expression, with contrasting prognostic value 

(96). 
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Because tumor invasiveness seems to be the main obstacle toward EwS patient survival, 

the downregulation of genes associated with the mesenchymal phenotype in EwS cells may 

appear as a possible strategy to decrease cell migration and improve outcome. Among 

encouraging pre-clinical results, Zeb2 depletion led to a reduced metastatic potential of 

EwS cell lines injected into mice (97). In the same direction, in EwS tumor xenografts in 

mice, TWIST1 knockdown promoted metastasis suppression, while its overexpression 

activated invasion. In this study, TWIST 1 expression was directly linked to metastatic 

capability, without affecting primary tumor growth (98). 

 

6. Aim of study 

 

In the present project, which stemmed from our recent work briefly introduced above 

(Keskin et al., 2021), we aimed to explore the abovementioned pathways in the relation to 

EPHB2 expression in EwS pathogenesis. In the publication, to which I contributed as 2nd 

author and generated data that are depicted in Figures 6 and 7, we reported a direct 

correlation between EPHB2 expression and poor prognosis of EwS, as well as a functional 

implication of EPHB2 in inducing a pro-metastatic state in primary EwS cells. Here, we 

investigated the mechanisms by which EPHB2 contributes to the biology of EwS and show 

that its expression may lead to increased invasiveness. We believe that the discovery of 

EPHB2 signaling as a means to promote EwS metastasis provides a significant contribution 

to the EwS field by identifying a potentially important therapeutically targetable 

mechanism of tumor aggressiveness.  
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Results 

 

1. EPHB2 expression in EwS 

 

As discussed in the introduction, metastatic cases of EwS have a 5-year survival rate of less 

than 25%, which underlines the necessity to find functionally relevant pro-metastatic 

markers that could be targeted to inhibit or prevent malignant spread. Therefore, we 

addressed the possible correlation between EPHB2 expression and survival of EwS patients. 

We found that patients with higher EPHB2 expression have poorer prognosis for both 

event-free and overall survival (Fig. 7). 

a                                                                        b 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: EPHB2 expression correlation with survival in EwS patients 

Event-free (a) and overall survival (b) probability according to EPHB2 expression are shown. 

 

In our recent work (Keskin et al., 2021), we discovered that EPHB2 is an independent 

marker of tumor cell aggressiveness in EwS and showed that its expression strongly 

promotes their metastatic capability. Once we observed the impressive difference in 

metastatic proclivity between high and low EPHB2 expressing cells, we assessed the 

function of primary EwS cells depleted of and overexpressing EPHB2. We observed an 

impaired ability of EPHB2-depleted cells to initiate tumor growth in vivo and the capability 

to form macro-metastasis de novo of EPHB2 overexpressing cells. 
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In the present work, we therefore interrogated the mechanisms by which EPHB2 confers 

pro-metastatic power to cells and explored a panel of available EwS cell lines to establish a 

stable model to help define such mechanisms. We first assessed EPHB2 expression in 

several EwS cell lines (Fig. 8). We found that among different tested cell lines, TC71 have 

the highest EPHB2 expression level, followed by RDES, A673 and SK-N-MC (Fig. 8). We 

proceeded with the study of EPHB2 function in TC71 cells. 

 

 

Figure 8: EPHB2 relative expression in EwS cell lines 

EPHB2 relative expression was assessed by qPCR, GAPDH expression was used as internal control. Error bars 

indicate standard deviations. 

 

2. EPHB2 knockdown leads to phenotypic and protein changes in TC71 cells 

 

First, we succeeded at obtaining partial EPHB2 depletion using lentiviral vectors carrying 2 

different EPHB2-specific short hairpin RNAs (shRNAs, sh1 and sh2) in TC71 cells, and we 

confirmed the knockdown at both the RNA and protein levels (Fig. 9 a, b). Compared to 

controls, cells depleted of EPHB2 showed decreased capability to adhere to culture dishes 

and began growing in suspension by forming clumps and spheres (Fig. 9 c). 
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Figure 9: Knockdown confirmation and phenotypic changes upon EPHB2 depletion in TC71 cells 

9a: Knockdown confirmation at the transcription level by qPCR, GAPDH expression was used as an internal 

control. Error bars indicate standard deviations. 9b: Knockdown confirmation at the protein level by FACS. 

9c: TC71 cells detach from the culture plate surface and form spheres upon EPHB2 depletion. Images taken 

at 10x magnification on day 7 (Day 7, top) and day 26 (Day 26, bottom) after infection. 
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Considering the key role of integrins in adhesion and the consequent FAK activation, we 

hypothesized that EPHB2 activity, like that of other RTKs, may lead to FAK activation and 

therefore provide for increased adhesiveness. We therefore analyzed the FAK 

phosphorylation profile in TC71 cells and found that FAK Tyr397phosphorylation was 

completely lost upon EPHB2 depletion, whereas the total FAK content was only slightly 

decreased (Fig. 10 a). To verify that the loss of phosphorylation was due to EPHB2 depletion 

and not merely to the suspended state of cells, we cultured TC71 cells in suspension and 

used them as a control sample. Control cells grown in suspension showed decreased FAK 

phosphorylation, but not the complete loss observed upon EPB2 depletion (Fig. 10 a).  

 

Next, we assessed the activation of the AKT pathway. The interactions between FAK and 

AKT have been shown to increase upon cell adhesion (81). We found decreased 

phosphorylation of AKT Ser473 (a marker of AKT activation) upon EPHB2 depletion (Fig. 10 

b), whereas suspension growth conditions did not affect AKT Ser473 phosphorylation (Fig. 

10 b). Therefore, we can conclude that the dramatic reduction in AKT Ser473 

phosphorylation level is due to EPHB2 depletion in TC71 cells. 

 

a                                                                 b 

 

 

 

 

 

 
 
 
 
Figure 10: FAK and AKT pathways changes following EPHB2 depletion in TC71 cells 

10a: Total FAK protein (totFAK) and its phosphorylation at tyrosine 397, as tested by Western Blot. 10b: Total 

AKT protein (totAKt) and its phosphorylation at serine 473, as tested by Western Blot. 
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3. From adhesion to invasion: EPHB2 depletion decreases migration of TC71 cells and 

leads to Mesenchymal to Epithelial Transition (MET) 

 

In light of the decreased adhesion observed upon EPHB2 depletion, as well as of decreased 

activation of FAK and AKT pathways, we investigated whether EPHB2 depletion affects the 

invasion capacity of the cells. We cultured TC71 cells in serum-free medium in the upper 

chamber of a Matrigelâ invasion device while the lower chamber contained serum-

supplemented medium, in which the serum serves as a chemoattractant. After 44hr, cells 

that had migrated to lower chamber through Matrigelâ membrane were counted (Fig. 11 

a). We found that Ephb2 depletion markedly impaired the invasion capacity of TC71 cells 

(Fig. 11 b). 
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Figure 11: EPHB2 depletion reduces invasion capability of TC71 cells 

11a: Matrigelâ invasion chambers before (top) and after (bottom) staining at 4x magnification. 11b: Relative 

invasion capability for knocked-down cells with both shRNAs compared to control. Error bars indicate 

standard deviations. 
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We further investigated the mechanisms by which EPHB2 may confer an invasive 

phenotype to cells and found striking differences between EPHB2-depleted and control 

cells in terms of EMT gene expression. EPHB2 knockdown decreased the expression of N-

cadherin, Snail1, MMP2, Zeb1, Zeb2, while increasing the expression of E-cadherin (Fig. 12). 

To exclude the possibility that the expression of these genes changed merely as a result of 

growth in suspension of EPHB2-depleted cells, we grew wild type TC71 cells (wt TC71) in 

two different conditions (adherent plate and suspension flask) and assessed the expression 

of the EMT gene panel. Both growth conditions showed similar profiles for each tested EMT 

gene (Fig. 13).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: EPHB2 knockdown changes EMT gene profile in TC71 cells 
TC71 cells show a MET upon EPHB2 depletion with both shRNAs (decreased N-cadherin, Snail1, MMP2, as 
well as Zeb1 and Zeb2, whereas E-cadherin is increased). GAPDH expression was used as an internal 
control. Error bars indicate standard deviations. 
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Figure 13: EMT gene expression in suspended and adherent conditions 
EMT genes expression doesn’t change according to growing conditions in wt TC71 cells (adherent versus 
suspended). A slight modification is observed for ZEB1 and MMP2 but in the opposite direction. GAPDH 
expression was used as internal control. Error bars indicate standard deviations. 
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4. EWSR1-FLI1 expression and its trouble-shooting clue: the pathognomonic 

translocation 

 

As the EWS-FLI1 protein plays the central role in EwS pathogenesis, we asked whether 

EPHB2 could have an impact on EWSR1-FLI1 expression. Surprisingly, we observed that wild 

type (wt) TC71, as well as TC71 control cells displayed a double-peaked melting curve for 

EWSR1-FLI1 gene amplification in qPCR analyses (Fig. 14 a). We assumed that two products 

of two different sizes were amplified and tested our hypothesis by running qPCR products 

on agarose gel (Fig. 14 b). As expected, two distinct products appeared on the gel; 

moreover, the larger product (corresponding to the higher temperature peak) was almost 

completely abrogated in TC71 cells depleted of EPHB2 (Fig. 14 a, b).  
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Figure 14: Our trouble-shooting clue: the pathognomonic translocation 

14a: EWSR1-FLI1 amplification gives two different melting curves for TC71 control and EPHB2 knockdown (x 

and y). The larger product (y) is prevalent in TC71 control, while the smaller one (x) becomes dominant in 

EPHB2-depleted cells. 14b: Amplification product run on agarose gel; according to calculations based on the 

primers used, the larger product (y) corresponds to type 3 EWSR1-FLI1 translocation (380 bp length).  
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To investigate whether these two different EWSR1-FLI1 products were translated, we 

assessed the presence of the EWS-FLI-1 protein by Western Blot. We observed two bands 

of different size corresponding to type 1 and type 3 EWSR1-FLI1 translocation (Fig. 15). 

 

 

 

 

 

 

Figure 15: EWS-FLI-1 protein in EwS cell lines 

EWS-FLI-1 protein tested by Western Blot. While the other tested cell lines show a unique product, TC71 cells 

show two different proteins, corresponding to type 1 and type 3 translocation fusion proteins. 

 

A plausible explanation for these observations is that we were dealing with a mix of cell 

lines. By troubleshooting our data, we realized that in all probability we were using a batch 

composed of two different EwS cell lines that displayed different sensitivity to EPHB2 

depletion: whereas “type 1 translocation cells” resisted EPHB2 depletion, “type 3 

translocation population” disappeared upon EPHB2 knockdown. We sent our TC71 cell 

samples for cell authentication and a mixed population of two distinct EwS cell lines was 

indeed confirmed. The source of the cells was laboratory in the USA, where TC71 cells were 

inadvertently mixed with another EwS cell line bearing a type 3 translocation.  

 

This mixed population was nevertheless instructive by revealing marked inter-tumor 

heterogeneity with respect to sensitivity to EPHB2 depletion. Whereas the type 3 

translocation cells were dependent on EPHB2 expression and could not survive in its 

absence, the type 1 translocation cells, which were confirmed to be TC71, underwent a 

phenotypic change but survived. Because TC71 cells are adherent, the observed 

phenotypic change could not be explained by the simple selection of one cell line over the 

other as a result of EPHB2 depletion. TC71 cells clearly lost adhesiveness and appeared to 

undergo a MET. However, we could not rely on a mixed cell population to pursue our 

studies and keeping our hypothesis regarding the mechanism by which EPHB2 regulates 

EwS cell aggressiveness in mind, we sought other cell lines in which to test it (Fig. 16 a). We 
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interrogated EPHB2 expression results using DepMap online tool generated data (Fig. 16 

b) and selected two cell lines with an adherent phenotype and clearly detectable EPHB2 

expression: RDES and A673.  

 

 

 
 
 a 
 
 
 
 
 
 
 
               
 
 
 
 
 b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16: EPHB2 relative expression in EwS cell lines (II) 

16a: EPHB2 relative expression assessed by qPCR, GAPDH expression was used as an internal control. Error 

bars indicate standard deviations. “Mixed cell line” is representing the above-called “TC71”, while “TC71” is 

the authentic cell line that we reordered from commercial source. 16b: Graph showing EPHB2 expression in 

several EwS cell lines, generated by online tool DepMap. 
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5. EPHB2 knockdown in A673 and RDES cell lines: two different paths leading to the 

same outcome 

 

Before proceeding with experiments, we confirmed EPHB2 knockdown at RNA and protein 

levels (Fig. 17 a, b).   
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Figure 17: EPHB2 knockdown confirmation in A673 and RDES cell lines 

17a: RNA levels were tested by qPCR, GAPDH expression is used as internal control. Error bars show standard 

deviations. 17b: Protein levels were tested by FACS. 

 

We observed phenotypic changes in both cell lines upon EPHB2 depletion: A673 cells 

showed detachment upon EPHB2 depletion, with evident sphere formation (Fig. 18 a), 

whereas RDES cells display slower growth and clump-forming propensity (Fig. 18 b). 
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Figure 18: Cell phenotype upon EPHB2 depletion 

18a: A673 phenotype after EPHB2 knockdown (images taken on day 7 after infection). 18b: RDES phenotype 

after EPHB2 knockdown (images taken on day 7 after infection).  

 

As both detachment and slow growth are linked to FAK and AKT activity, we assessed 

protein phosphorylation: A673 displayed decrease in both FAK Tyr397 and AKT Ser473 

phosphorylation (Fig. 19 a), whereas RDES displayed an unchanged FAK profile and 

increased AKT Ser473 phosphorylation (Fig. 19 b). 
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Figure 19: FAK and AKT pathways changes following EPHB2 depletion in A673 and RDES cells 

19a: FAK protein and its phosphorylation at tyrosine 397 as well as AKT protein and its phosphorylation at 

serine 473 as tested by Western Blot in A673. 19b: FAK protein and its phosphorylation at tyrosine 397 as 

well as AKT protein and its phosphorylation at serine 473 as tested by Western Blot in RDES. 

 

This divergent behavior was also observed in EMT gene analysis: A673 showed a decreased 

EMT gene profile (MMP2 and N-cadherin reduction and E-cadherin gain) in EPHB2-

depleted cells (Fig. 20 a), contrary to RDES, which presented a striking increment of N-

cadherin and a decrease in E-cadherin in EPHB2 knocked-down cells (Fig. 20 b). 
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Figure 20: EPHB2 knockdown changes EMT gene profile in A673 and RDES cells 
20a: A673 are going to a MET upon EPHB2 depletion. RNA levels are tested by qPCR, GAPDH expression is 
used as internal control. Error bars show standard deviations. 20b: RDES are going to a EMT upon EPHB2 
depletion. RNA levels are tested by qPCR, GAPDH expression is used as internal control. Error bars show 
standard deviations. 
 

 

An intriguing result is that, despite the fact that these two cell lines displayed mirror-image 

behavior at both the gene and protein expression levels, invasive capability of both was 

decreased upon EPHB2 depletion (Fig. 21 a-d). 
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Figure 21: EPHB2 expression is directly correlated to invasion capability in A673 and RDES cells 

21a: Matrigelâ invasion chambers before (top) and after (bottom) staining in A673 cells at 4x magnification. 

21b: Relative invasion capability for knocked-down cells with both shRNAs compared to control in A673 cells. 

Error bars indicate standard deviations. 21c: Matrigelâ invasion chambers before (top) and after (bottom) 

staining in RDES cells at 4x magnification. 21d: Relative invasion capability for knocked-down cells with both 

shRNAs compared to control in RDES cells. Error bars indicate standard deviations. 
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Discussion and perspectives  

 

Our quest to determine how EPHB2 might contribute to EwS metastasis revealed that the 

receptor promotes EwS cell invasion but that the mechanisms by which it does so differ 

among tumor cell lines. Sensitivity of EwS cell lines to loss of EPHB2 expression also 

appeared to be widely divergent, with at least one cell line appearing to depend on EPHB2 

for survival.  

 

The mixed cell culture, composed of two distinct EwS cell lines that could be distinguished 

by virtue of a different chromosomal translocation (type 1 versus the rare type 3), was 

highly instructive and provided unbiased insight into the scope of EPHB2-dependent effects 

on EwS cell behavior. Depletion of EPHB2 led to cell detachment from the culture plate and 

formation of spheroids in suspension that could be attributed to FAK inactivation, a 

decrease in AKT activity and MET. However, these features appeared to affect only the type 

1 translocation-bearing cell line (TC71) because the type 3 translocation bearing cells were 

no longer detectable, as evidenced by the disappearance of the corresponding fusion gene 

in qRT-PCR assays. This observation suggests that at one end of the spectrum, EwS cells, or 

subpopulations thereof, may depend on EPHB2 signaling for survival, possibly because 

EPHB2 in these particular cells may play a dominant role in maintaining AKT activity with 

its corresponding survival promoting functions.  

 

Other EwS cells (exemplified by the type 1 translocation-bearing TC71 cells in the mixed 

culture) can survive upon EPHB2 depletion but display a marked MET that alters their 

functions with respect to adhesion and migration resulting in decreased invasiveness. We 

confirmed our initial observations on the mixed cell culture using A673 cells, which 

displayed a similar, albeit slightly less marked effect of EPHB2 depletion.  

 

An unexpected observation was made using RDES cells. Depletion of EPHB2 in these cells 

had an opposite effect to that in TC71 and A673 cells in that it promoted EMT. However, 

despite accentuating EMT, EPHB2 depletion decreased RDES invasion. Although it may 

appear paradoxical that increased EMT translates into reduced invasiveness, it must be 
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remembered that EMT is important for normal and malignant epithelial cell migration and 

invasion. As discussed in the introduction, the importance of EMT in mesenchymal tumor 

invasion remains to be defined. What appears clear from our observations in RDES cells is 

that invasiveness is not directly linked to EMT and that EPHB2 may control RDES cell 

invasion by other mechanisms. Taken together, our observations suggest that EPHB2 is 

implicated in controlling EwS cell invasion and/or survival but that it may do so by cell 

context-dependent mechanisms.    

 

EPHB2 has been shown to play a role in tumor cell adhesion and has been suggested to 

interact with FAK (62). Its activation may lead to paxillin and FAK phosphorylation (99), 

which are linked to EMT. However, the role of EPHB2 in EMT remains to be fully elucidated.  

 

In our work on the miRNA reporter system (Keskin et al., 2021), we observed widely varying 

EPHB2 expression levels among EwS patient samples, which could possibly explain the 

different responses to EPHB2 depletion that we found in the present study. However, the 

relationship between these different responses and the EPHB2 expression level does not 

appear to straightforward. The mixed cell culture expressed the highest level of the gene, 

namely 17 times more than A673, but this was most likely due to the type 3 translocation-

bearing cell line, as TC71 expresses less EPHB2 that A673 (Fig.16). It is possible that high 

expression of EPHB2 reflects cell dependence on its signaling for survival, as was the case 

for the type 3 translocation-bearing cells, but additional highly expressing cell lines or 

populations would need to be tested to provide support for this notion. A673, which 

appears to express 3 times more EPHB2 than TC71 behaves in same way as the latter, with 

marked detachment, MET, and downregulation of both FAK and AKT pathways upon EPHB2 

depletion. In contrast, RDES cells, which express an intermediate level of EPHB2 (6 times 

more than A673), display decreased proliferation, EMT, and AKT pathway activation upon 

EPHB2 depletion. In the absence of a direct correlation between the EPHB2 expression 

level and cell behavior in response to its depletion, it would appear that other factors 

influence the behavior of different tumor cell populations. One possibility that we did not 

test is that the different cells that we used as well as their microenvironment may express 

different repertoires of EPH receptors and Ephrin ligands. As different EPH receptors and 

their ligands expressed in the same cells may modulate each other’s function (49,54), 
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depending on the inherent tumor cell autonomous or microenvironmental EPH receptor 

and Ephrin ligand expression, the response to EPHB2 depletion may indeed be highly 

divergent. Thus cells with different Ephrin receptor-ligand repertoires may display 

markedly different behavior in the same microenvironment. Conversely, cells placed in two 

different habitats could employ different EPHB2 signaling pathways to promote invasion 

and dissemination. Given the importance of bidirectional signaling of Ephrin/Eph receptors 

coupled to our observations on the role of EPHB2 in EwS cell invasion and metastasis, 

exploring Ephrin expression repertoires in EwS cells should be a worthwhile endeavor.  

 

As with any potential therapeutic target, the question arises as to the possible effectiveness 

of EPHB2 neutralization in EwS cells. First, not all EwS cells express EPHB2, such that the 

putative tumor inhibitory effect of EPHB2 targeting may be limited to only a fraction of 

EwS. Consistent with this notion, our laboratory has recently discovered that about 10% of 

EwS are exquisitely dependent on the RNA binding protein LIN28B (100). Depletion of 

LIN28B in these tumors leads to their deconstruction and complete loss of oncogenic 

properties. However, only 10% of EwS fall within that category. Furthermore, is the 

observed inhibition of invasiveness in response to EPHB2 depletion a lasting or a transient 

effect? Because of the marked plasticity that constitutes a hallmark of most malignant cells, 

it is possible that, over time, cells depleted of EPHB2 adapt and restore their initial 

invasiveness by relying on other mechanisms. Bearing these potential caveats in mind, the 

discovery of any candidate therapeutic target in a pediatric cancer whose relapsed and 

metastatic forms have no effective therapy should be explored to the point of determining 

its potential in the clinic even if it may benefit only a fraction of patients. The current work, 

in extension of the attached study (Keskin et al., 2021), places EPHB2 in the spotlight as a 

candidate therapeutic target to investigate in EwS and sets the stage to address a series of 

key questions that will determine its potential utility.     
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Future directions 

 

As discussed above, our study has led to the point of designing a set of experiments to 

dissect the mechanisms by which EPHB2 regulates EwS cell invasiveness and determine 

under what conditions its targeting may be beneficial. 

 

The first set of experiments should elucidate the relationship between EPHB2 expression 

and the response to its depletion, which, as discussed above, does not appear 

straightforward based on the limited number of cell lines that we have tested.  A larger 

panel of cell lines with a range of naturally occurring EPHB2 expression levels should be 

assessed for their response to EPHB2 depletion. If a pattern emerges – for example, 

dependence on high EPHB2 expression levels for survival and on lower levels for invasion 

– the observations should be conformed in primary samples grown as organoids.  

 

The next set of experiments should assess the repertoire of EPH receptors and Ephrin 

ligands in cells lines with divergent responses to EPHB2 depletion. Once the repertoire of 

each cell line is known, it can be modulated and the effect of EPHB2 depletion determined. 

For example, a cell line may express EPHB2 and EPHA4. Abrogation of EPHA4 expression 

may alter the response to EPHB2 depletion. Systematic assessment of the EPH/Ephrin 

ligand repertoire in EwS cell lines and the effects of its modulation should help predict 

which constellation will benefit most from EPHB2 depletion. This can then be transposed 

to primary samples grown as organoids.     

 

Additional pathways to explore include FAK and AKT inhibitors, which could provide 

powerful tools to test our findings upon EPHB2 depletion. These experiments could be 

done in combination with reconstruction strategies, which would help determine 

whether the phenotypic, transcriptomic and protein changes are reversible upon EPHB2 

overexpression. To test such putative reversibility, UTR targeting shRNAs are needed. We 

generated two different shRNAs (sh3, sh4) and tested their efficiency (Fig. 22), which was 

found to be comparable to our previously used shRNAs (Fig. 10 a). 
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Figure 22: EPHB2 knockdown confirmation with UTR targeting shRNAs in A673 and RDES cells 

EPHB2 relative expression is assessed by qPCR, GAPDH expression is used as internal control. Error bars show 

standard deviations. 

 

Finally, the relationship between EPHB2 and EMT should be further explored and as a first 

step, the effect of EPHB2 depletion of EMT transcription factor expression should be 

assessed.  

If EPHB2 is confirmed to be an attractive candidate therapeutic target, even for a fraction 

of EwS patient, small molecule inhibitors can be screened for and/or designed and tested 

in vitro and in vivo.  
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Materials and methods 

 

Cell culture 

 

We cultured HEK 293T cells (from ATCC) in DMEM (Gibco), supplemented with 10% FBS 

(PAN, Biotec), 1% penicillin-streptomycin (Gibco) and 1% MEM NEAA (Gibco). We cultured 

A673 cells (from ATCC) in DMEM (Gibco), and RDES cells in RPMI (Gibco), both 

supplemented with 10% FBS (PAN, Biotec) and 1% penicillin-streptomycin (Gibco). TC71 

mixed cells from our lab batch, as well as pure TC71 cells (from DSMZ), were cultured in 

IMDM (Gibco) supplemented with 10% FBS (PAN, Biotec) and 1% penicillin-streptomycin 

(Gibco). We used humified culture chambers, at 37C, with 5% CO2. 

 

Lentiviral transduction 

 

We provided for lentiviral production by using HEK 293T cells (from ATCC), which were 

transfected using FuGENEâ 6 Transfection Reagent (Promega). We used envelope plasmid 

pMD2G (from ADDGENE, # 12259) and packaging plasmid pCMVDR8.74 (from ADDGENE, 

# 12263). We harvested lentivirus using Lenti-X Concentrator (from TAKARA). We provided 

for EPHB2 knockdown by using two different shRNAs from RNAi Consortium (sh1 ref: 

TRCN0000006423; sh2 ref: TRCN0000006425). We also tested two UTR targeting shRNAs 

(sh3 ref: TRCN0000425463; sh4 ref: TRCN0000422938). We selected transduced cells with 

puromycin, 1 mg/ml and 0.5 mg/ml for A673 and RDES respectively, for 48 hours. 

 

RNA Isolation, Reverse Transcriptase PCR and Real Time qPCR 

 

We performed RNA extraction with RNeasy Mini Kit (from QIAGEN, # 74106). cDNA 

samples were subsequently amplified with M-MLV Reverse Transcriptase (from Promega). 

We used Power SYBRâ Green PCR Master Mix (from Applied Biosystems) for qPCR 

amplification, by using QuantStudioÔ 5 System (from Thermo Fischer). 
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PCR steps were: 

- 50° for 2 min (initial step) 

- 95° 10 min, 95° for 15 sec, 60° C for 1 min (40 cycles) 

GAPDH amplification was used as endogenous control. We used the 2-DDCt method for 

quantifying gene relative expression. 

 

Following primer sequences were selected according to PrimerBank 

(http://pga.mgh.harvard.edu/primerbank):  

EPHB2 (PrimerBank ID: 111118977c1) 

 Forward: 5’-AGAAACGCTAATGGACTCCACT-3’ 

 Reverse: 5’-GTGCGGATCGTGTTCATGTT-3’ 

N-cadherin (PrimerBank ID: 215422305c2) 

Forward: 5’-AGCCAACCTTAACTGAGGAGT-3’ 

Reverse: 5’-GGCAAGTTGATTGGAGGGATG-3’ 

E-cadherin (PrimerBank ID: 169790842c2) 

 Forward: 5’-ATTTTTCCCTCGACACCCGAT-3’ 

 Reverse: 5’-TCCCAGGCGTAGACCAAGA-3’ 

 

Following primer sequences were selected according to literature: 

MMP2 from reference (99) 

Forward: 5’-CGGCCGCAGTGACGGAAA-3’ 

Reverse: 5’-CATCCTGGGACAGACGGAAG-3’ 

Snail1 from reference (100) 

 Forward: 5’-GCTGCAGGACTCTAATCCAGA-3’ 

 Reverse: 5’-ATCTCCGGAGGTGGGATG-3’ 

Zeb1 from reference (100) 

 Forward: 5’-GGGAGGAGCAGTGAAAGAGA-3’ 

 Reverse: 5’-TTTCTTGCCCTTCCTTTCTG-3’ 

Zeb2 from reference (100) 

 Forward: 5’-AAGCCAGGGACAGATCAGC-3’ 

 Reverse: 5’-CCACACTCTGTGCATTTGAACT-3’ 
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EWSR1-FLI1 from reference (101) 

 Forward: 5’-AGCAGCCTCCCACTAGTTAC-3’ 

 Reverse: 5’-CCAAGCTCCTCTTCTGACTG-3’ 

GAPDH from reference (101) 

Forward: 5’-GGTCTCCTCTGACTTCAACA-3’ 

Reverse: 5’-GTGAGGGTCTCTCTCTTCCT-3’ 

 

Fluorescence-Activated Cell Sorting (FACS) 

 

EPHB2 levels were assessed by labeling cells with APC Mouse Anti-Human EPHB2 (from BD 

Parmingen). We labeled control cells with APC Mouse IgG1, K isotype antibody (from BD 

Parmingen). We detected alive cells with Calcein violet 450 AM (from Thermofisher) 

labeling dye. We acquired APC and AM intensity with Gallios cytometer (B43618, Beckman 

Coulter), with FL6 and FL9, respectively.  

 

Immunoblotting 

 

Western Blot analyses were performed according to standard procedures, with some 

shrewdness to avoid phosphorylation’s loss: adherent cells were collected by directly 

pouring liquid nitrogen on washed plate, while suspension cells were collected by a gentle 

centrifuge at 800 rpm for 3 min of washed cells. Phosphatase inhibitors Cocktail 2 and 

Cocktail 3 (Sigma) were added to lysis buffer, blocking buffer, primary and secondary 

antibody solutions. Images were collected with FusionCapt Advance FX7 software. We used 

anti-FAK and anti-phosphoFAK(Tyr397) antibodies from Cell Signaling Technology (# 9330), 

anti-AKT and anti-phosphoAKT(Ser397) antibodies from BioConcept (# 4691S and # 4060S, 

respectively), anti-GAPDH antibody from Sigma-Aldrich (# G9295), anti-tubulin antibody 

from Calbiochem (# CP06), anti-FLI1 antibody from Abcam (ab133485) and anti-rabbit 

secondary antibody from Dako (# P0448).   
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Invasion assay 

 

We followed Corningâ BioCoatÔ Matrigelâ Invasion Chamber Protocol (Corning, 

#354480), optimized with the following modifications: cells number was increased to 

50’000 and incubation time was expanded to 44 hours.  

 

Statistical analysis and used software 

 

Kaplan-Meier survival curves were created with https://hgserver1.amc.nl/cgi-

bin/r2/main.cgi. We created graphs and performed one-way ANOVA and Student’s T test 

analyses with Graphad Prism program (version 7). qPCRs and invasion assays were 

performed by using three replicates per each condition. P values less than 0.0001 are 

shown with four asterisks (****), P values less than 0.001 are shown with three asterisks 

(***), P values less than 0.01 are shown with two asterisks (**), P values less than 0.05 are 

shown with one asterisk (*), P values higher than 0.05 are shown as non-significant (ns). 

We collected qPCR results with QuantStudio Design and Analysis software (v1.4.2) and 

analyzed them with Excel program. We used FlowJo program (v10) for FACS data analyses. 

We analyzed Matrigelâ Invasion Chamber images with AperioImageScope (v12.1.0.5029). 

Figures were created with BioRender.com.   
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A live single-cell reporter assay links intratumor 
heterogeneity to metastatic proclivity in Ewing sarcoma
Tugba Keskin1, Beatrice Rucci1, Sandrine Cornaz-Buros1, Patricia Martin1, Carlo Fusco1, 
Liliane Broye1, Katarina Cisarova2, Elizabeth M. Perez3,4,5, Igor Letovanec6,7, Stefano La Rosa7, 
Stephane Cherix8, Manuel Diezi9, Raffaele Renella9, Paolo Provero10, Mario L. Suvà3,4, 
Ivan Stamenkovic1*†, Nicolò Riggi1†

Targeting of the most aggressive tumor cell subpopulations is key for effective management of most solid 
malignancies. However, the metastable nature of tumor heterogeneity, which allows cells to transition between 
strong and weak tumorigenic phenotypes, and the lack of reliable markers of tumor-promoting properties hamper 
identification of the most relevant cells. To overcome these obstacles, we designed a functional microRNA (miR)–
based live-cell reporter assay to identify highly tumorigenic cells in xenotransplants of primary Ewing sarcoma 
(EwS) 3D cultures. Leveraging the inverse relationship between cell pluripotency and miR-145 expression, we 
successfully separated highly tumorigenic, metastasis-prone (miR-145low) cells from poorly tumorigenic, non-
metastatic (miR-145high) counterparts. Gene expression and functional studies of the two cell populations identified 
the EPHB2 receptor as a prognostic biomarker in patients with EwS and a major promoter of metastasis. Our study 
provides a simple and powerful means to identify and isolate tumor cells that display aggressive behavior.

INTRODUCTION
One of the greatest challenges to cancer therapy is the effective 
targeting of cells that provide the driving force to the growth and 
progression of any given tumor. Despite the long-standing notion 
that solid tumors are heterogeneous, most of the conventional cyto-
toxic drug–based strategies, which still dominate anticancer treat-
ment, do not account for target cell heterogeneity and have reached 
their limit in terms of efficacy. Identification and detailed molecular 
characterization of tumor-driving cells along with in-depth under-
standing of the dynamics that govern their phenotype therefore 
appear to be inescapable requirements for the design of effective 
anticancer treatment.

Several mechanisms underlie the heterogeneity that characterizes 
solid malignancies, most prominent among which are clonal selec-
tion and hierarchical organization of tumor cells along with the 
effects of microenvironmental cues (1–3). Tumor cell plasticity 
renders the heterogeneity dynamic by allowing cells that drive tumor 
growth to differentiate and lose their tumorigenic properties in 
addition to providing the means for nontumorigenic cells to regain 
tumor-initiating capability (2–4). It is also key to tumor cell adaptation 
and resistance to treatment (2, 4, 5). Comprehensive identification 
of individual cells and cell subpopulations endowed with the ability 
to initiate and maintain tumor growth and progression is hampered 

by their lack of reliable biological markers. Although some cell 
surface receptors have been useful in isolating cell populations en-
riched in tumor-initiating cells (1, 6), their ability to identify the full 
spectrum of cells that drive any given tumor remains limited. More-
over, because cancer cells, at least in some tumor types, may transi-
tion between tumorigenic and nontumorigenic phenotypes (1, 7), it 
stands to reason that any unbiased approach designed to capture 
them in their tumorigenic state should exploit mechanisms under-
lying their plasticity in the most appropriate models available.

The recent development of three-dimensional (3D) culture tech-
nologies has facilitated assessment of tumor heterogeneity and drug 
sensitivity in a relevant preclinical setting. Under appropriate culture 
conditions, tumor-derived primary cells can generate spheroids that 
retain the native tissue heterogeneity or, as observed in a variety of 
carcinomas, organoids, which recapitulate both the heterogeneity 
and architecture of the tissue of origin (8–10). Primary 3D cultures 
derived from a variety of cancer types have helped identify major 
determinants of tumor heterogeneity and uncover therapeutic 
vulnerabilities that went unrecognized in standard 2D models (10, 11). 
Moreover, patient-derived tumor 3D culture xenografts (PDXs) 
currently provide the closest in vivo mimics of the corresponding 
native tumors (12) and are particularly valuable for the study of 
cancers that lack genetically engineered mouse models. A case in 
point is Ewing sarcoma (EwS), the second most common bone 
malignancy in children and young adults (13).

EwS is a highly aggressive tumor with a marked tendency to 
relapse following therapy as well as high metastatic proclivity (14). 
Although multimodal therapy has improved survival of patients with 
localized disease, metastatic lesions at diagnosis markedly worsen 
prognosis, reducing the 5-year survival to 25%. EwS is caused by 
one of several reciprocal chromosomal translocations leading to the 
formation of a fusion a gene that encodes an aberrant transcription 
factor, the most common, found in 85 to 90% of tumors, being 
EWS-FLI1 (15). The chromosomal translocation is the only detect-
able genetic event in about 25% of EwS, suggesting that the resulting 
fusion protein bears dominant, if not sole, responsibility for their 
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pathogenesis. EWS-FLI1 behaves as an aberrant transcriptional reg-
ulator that orchestrates major chromatin remodeling and functions 
as a pioneer factor to establish de novo active enhancers at GGAA 
microsatellite repeats (16). It promotes cell plasticity by deregulating 
microRNA (miRNA) maturation (17) and by directly decreasing 
miR-145 expression, which plays a prominent role in limiting cell 
pluripotency in both normal development and cancer (18, 19). 
Repression of miR-145 contributes to the emergence and maintenance 
of poorly differentiated cells, which not only initiate primary and 
metastatic tumor growth but also differentiate into nontumorigenic 
progeny, thereby fueling tumor heterogeneity (17–19).

Here, we devised an experimental approach combining the power 
of miRNA reporter technology with primary 3D models of EwS to 
identify tumor cell subpopulations endowed with high tumorigenic 
and prometastatic properties. We leveraged the relationship between 
down-regulation of miR-145 and increased tumor cell pluripotency 
in EwS (18) to generate an inducible reporter system and isolate live 
primary miR-145high and miR-145low tumor cells in vivo. Functional 
analyses showed miR-145low cells to be far more tumorigenic than 
their miR-145high counterparts and to display a distinct gene expression 
signature comprising several oncogenes, including the receptor tyro-
sine kinase (RTK) EPHB2 (Ephrin type-B receptor 2). Current databases 
show EPHB2 expression to be associated with poor survival among 
patients with EwS, and our functional assays revealed that EPHB2 plays 
a critical role in promoting metastasis in EwS. On the basis of the role 
played by miR-145 in the emergence of undifferentiated and aggressive 
cells in other tumors, we anticipate our inducible in vivo reporter assay 
to be widely applicable to diverse cancer types and to facilitate the de-
sign of mechanism-based strategies to defeat tumor heterogeneity.

RESULTS
Detection of miR-145 activity in primary EwS cells
Our working strategy is summarized in Fig. 1A. Briefly, primary 3D 
tumor cell cultures from EwS removed at surgery were engineered 
to express the miR-145 reporter. Following validation of reporter 
activity in vitro, the 3D culture–derived tumor cells were trans-
planted into immunocompromised mice, the resulting tumors were 
removed, and cells were sorted based on reporter activity. Cells with 
high and low miR-145 expression could then be assessed for gene 
expression, clonogenicity, and tumor-initiating capacity following 
reinjection into mice.

To develop an inducible miR-145 responsive reporter (mirRep145), 
we engineered a green fluorescent protein (GFP)–encoding se-
quence containing five consecutive miR-145 recognition motifs 
in its 3´ untranslated region (3´UTR) and inserted it into the 
pINDUCER20 plasmid, downstream of the TRE2 promoter (Fig. 1A 
and fig. S1A) (20). An inducible, tetracycline-activated (Tet-On) 
expression system was chosen to minimize the potential sponge 
effect of exogenous miRNA binding site overexpression. Adminis-
tration of doxycycline (Dox) to the cells harboring mirRep145 
induced transcription of the GFP reporter sequence, and GFP ex-
pression levels were directly dependent on the intrinsic miR-145 
activity (by binding to its target sequences, miR-145 suppresses the 
translation or transcription of the corresponding gene), providing 
an unbiased means to identify miR-145low (GFP+) and miR-145high 
(GFP−) cells (Fig. 1A). miR-145 target sequences were substituted 
by an unrelated DNA sequence to generate a mirReporter-Control 
vector (mirRepC) (fig. S1B).

mirRep145 was tested in HeLa cells, which express low levels of 
miR-145. Induction of GFP expression in cells harboring mirRep145 
occurred within 48 hours of treatment with Dox, as assessed by con-
focal microscopy (Fig. 1B and fig. S1C, bottom), and neither 
mirRep145- nor mirRepC-containing cells expressed GFP in the 
absence of Dox (Fig. 1B and fig. S1C, top). To validate the specific 
dependency of our reporter system on miR-145 activity, we tested 
the effect of unrelated miRNAs on HeLa cells bearing mirRep145 
using expression plasmids containing the red fluorescent protein 
(RFP)–puromycin resistance fusion protein (rPuro), which allows 
simultaneous assessment of infection efficiency by RFP expression 
and selecting for puromycin resistance (Fig. 1C, middle). Immuno-
fluorescence microscopy of Dox-treated HeLa mirRep145 cells 
infected with a mock miRNA sequence (an unrelated sequence 
matching miR-145 length), let7a-, or miR-145–containing vectors 
revealed reduced GFP expression only in cells expressing miR-145 
(Fig. 1C, right), indicating specific targeting of the reporter GFP 
construct by miR-145.

We then assessed mirRep145 function in two EwS 3D cultures, 
EwS1 and EwS2 (21–23), derived, respectively, from a metastatic lung 
lesion removed after chemotherapy and an untreated primary tumor 
(table S1). Both 3D cultures, which appeared as spheroids, retained 
the hierarchical cellular organization of the primary tumors from 
which they were derived (21, 22). EwS1 and EwS2 cells infected with 
a lentivirus containing the mirRep145 were maintained as 3D cul-
tures in medium supplemented with Dox for 48 hours and assessed 
for GFP expression by flow cytometry and fluorescence microscopy 
2 (D2), 5 (D5), and 10 (D10) days following Dox removal (fig. S1, 
D to G). Fluorescence-activated cell sorting (FACS) revealed that 
47 and 38% of the EwS1- and EwS2-mirRep145 cell populations, 
respectively, were GFP+ after Dox-mediated induction (fig. S1, D 
and F). GFP expression decreased rapidly following Dox removal and 
was undetectable after 10 days of Dox-free culture. Neither Dox nor its 
removal affected 3D spheroid formation in vitro (fig. S1, E and G).

Purification of primary EwS cell subpopulations based 
on miR-145 expression
We previously showed that EwS cells with low miR-145 expression 
have clonogenic and tumor-initiating capacity, giving rise to tumors 
that phenocopy the original tumor, whereas cells with high miR-145 
expression from the same tumor were poorly tumorigenic (17, 18). 
To address the properties of miR-145low EwS cells and identify can-
didate predictive markers of tumor aggressiveness, we transplanted 
mirRep145-expressing EwS1 and EwS2 3D culture–derived cells into 
the subcapsular renal compartment of nonobese diabetic severe com-
bined immunodeficient g (NSG) mice whose diet was supplemented 
with appropriate doses of Dox. Upon reaching 1 cm3, the tumors 
were removed at autopsy and dissociated, and GFP expression of the 
cells was assessed by flow cytometry. Both EwS 3D culture–derived 
tumors displayed induction of GFP expression in vivo, with approxi-
mately 21% of EwS1 and 15% of EwS2 cells being GFP+ (Fig. 1D).

Next, we verified that mirRep145 allows separation of tumor cells 
based on their intrinsic miR-145 expression by quantitative poly-
merase chain reaction (qPCR) assessment of miR-145 transcripts in 
sorted GFP− and GFP+ subpopulations. Consistent with its mecha-
nism of action, expression of miR-145 was almost threefold lower in 
GFP+ than in GFP− cells (Fig. 1E). Immunohistochemistry (IHC) 
using anti-GFP antibody on tumor tissue sections revealed no GFP 
signal in control tumors but strong expression in a fraction of cells 
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Fig. 1. In vitro and in vivo implementation of the mirReporter assay. (A) Schematic overview of the experimental design (Dox, doxycycline; GFP, green fluorescent 
protein; IRES, internal ribosome entry site; LTR, long terminal repeat; Neo, neomycin; rtTA3, reverse tetracycline-controlled transactivator 3; PDX, patient-derived xenograft; 
TRE2, Tet response element 2; UBC, ubiquitin C promoter; 5′cap = ●—). (B) Representative confocal microscopy images of induced GFP (green) expression in HeLa- 
mirRep145 cells treated with Dox (1 mg/ml, 48 hours) (bottom) compared to phosphate-buffered saline (PBS)–treated control cells (Dox−) (top) (40× objective; scale bar, 
50 mm). (C) Representative confocal microscopy images showing decreased GFP expression (green) in Dox-treated HeLa-mirRep145 cells overexpressing miR-145 com-
pared to HeLa-mirRep145 cells overexpressing mock miRNA and let7a [middle: red fluorescent protein (RFP) expression (red); right: GFP expression (green); 40× objective; 
scale bar, 50 mm]. (D) Fluorescence-activated cell sorting (FACS) based on GFP expression in mirRep145-bearing EwS1-PDX (top) and EwS2-PDX (bottom) cells. (E) Quan-
titative real-time polymerase chain reaction (qRT-PCR) assessment of mature miR-145 expression in GFP+ and GFP− subpopulations of EwS1-PDX carrying mirRep145 after 
in vivo induction, tumor dissociation, and cell sorting. (Mean ± SD values of three technical replicates are shown. Statistical analysis was done by unpaired t test; 
***P ≤ 0.001.) (F) Immunohistochemical assessment of GFP expression in tumor tissues of a EwS1-PDX-mirRep145–injected control mouse (Dox−) and a Dox-treated mouse 
(Dox+) (scale bars, 40 mm; inset scale bar, 20 mm).
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in tumors from Dox-fed mice (Fig. 1F and fig. S1H). Dox penetra-
tion of the tumor tissue appeared to be adequate, as GFP+ cells were 
observed throughout the tumor and not merely around blood vessels. 
miR-145 expression was significantly higher in both EwS1- and 
EwS2-derived PDXs compared to their corresponding in vitro cul-
ture models, confirming the ability of primary 3D culture–derived 
cells to generate more differentiated progeny in vivo (fig. S1I). On 
the basis of our earlier observations that miR-145 regulates the plu-
ripotency-associated gene SOX2 in EwS cells (18), we compared 
SOX2 expression between bulk EwS1 cells and their GFP+ and GFP− 
fractions. Consistent with our previous results, GFP+ cells expressed 
higher levels of SOX2 than their GFP− counterparts (fig. S1J).

Low miR-145 activity as a marker of primary EwS cells 
in a highly tumorigenic state
We then assessed miR-145high and miR-145low cell tumorigenicity 
in vivo. MirRep145-infected EwS1 and EwS2 3D culture–derived cells 
were transplanted beneath the kidney capsule of NSG mice, and 
tumor growth was monitored by ultrasonography weekly. Mice 
bearing tumors of about 1 cm3 were given Dox for 96 hours, after 
which they were euthanized and tumors were removed. Following 
dissociation and mouse cell depletion, tumor cells were sorted into 
GFP− and GFP+ subpopulations, which were then retransplanted 
beneath the kidney capsule of NSG mice. Unsorted bulk tumor cells 
(induced bulk, IB) from Dox-treated animals were transplanted into 
a third group of mice and tumor growth in all animals was moni-
tored by ultrasonography (Fig. 2A).

Self-renewal of GFP−, GFP+, and bulk cells from Dox-treated (IB) 
and untreated (control bulk) mice was assessed by clonogenic assays 
in which sphere formation was scored after 4 weeks of culture. Both 
EwS1 and EwS2 PDX–derived GFP+ cells displayed higher self- 
renewal than either batch of bulk or GFP− cells (Fig. 2B). Consistent 
with their higher self-renewal, EwS1 and EwS2 GFP+ cells were more 
tumorigenic than their GFP− counterparts (Fig. 2, C to G).

To verify mirRep145 stability, aliquots of cells derived from 
first-round xenografts, including IB, GFP+, and GFP− cells, were 
cultured in vitro in the presence of geneticin and Dox. The three cell 
populations retained resistance to neomycin, whereas only GFP+ and 
IB tumor–derived populations expressed GFP in response to Dox 
(fig. S2). MirRep145 therefore remained stably expressed and func-
tional throughout in vivo tumor growth, demonstrating the feasibility 
of using miR-145 expression as a functional reporter to isolate sub-
populations of cells with divergent tumorigenic capacity from a 
heterogeneous tumor cell population.

A dual-color mirReporter to monitor the evenness 
of cell infection
To ensure that GFP− and GFP+ subpopulations reflect endogenous 
differences in miR-145 expression rather than uneven cell infection, 
we generated a second mirReporter to monitor infection homogeneity. 
The RFP-puromycin vector (rPuro, described above) provides both 
an antibiotic selection marker and the means to track infected cells 
by monitoring RFP expression. We thus established a miR-145–
responsive dual-color reporter assay (Dual mirRep145) in which 
green fluorescence indicates miR-145 expression and red fluores-
cence reflects infection homogeneity (Fig. 3A).

Dual mirRep145 expression in HeLa cells (Fig. 3B) revealed that 
RFP expression was independent of Dox treatment, confirming suc-
cessful cell infection, and that GFP expression was induced upon 

Dox administration. Similarly, EwS1 and EwS2 cells harboring Dual 
mirRep145 expressed RFP and, upon treatment with Dox for 48 hours, 
initiated GFP while maintaining RFP expression (fig. S3A). Following 
removal of Dox, EwS1 and EwS2 cells lost GFP expression within 
10 days but retained RFP expression, indicating reporter stability.

EwS1 and EwS2 cells carrying Dual mirRep145 were sorted based 
on their RFP expression (fig. S3B) to select the most homogeneously 
infected cell population for in vivo tumor initiation assays (Fig. 3C). 
The selected Dual mirRep145–bearing EwS1 and EwS2 cells were 
transplanted beneath the kidney capsule of NSG mice, and follow-
ing tumor formation, mice were administered Dox as before. After 
tumor dissociation at autopsy, cells were assessed for GFP and RFP 
expression by flow cytometry (Fig. 3, D and E). EwS1 and EwS2 cells 
with comparable RFP expression were then sorted based on their 
GFP levels. The clonogenic and tumorigenic properties of sorted GFP− 
and GFP+ cells were assessed in vitro and in vivo, respectively. GFP+ 
cells displayed higher clonogenicity than their GFP− counterparts 
(Fig. 3F and fig. S3C), as well as greater tumor-initiating ability 
(Fig. 3G and fig S3, D to F). Our observations using Dual mirRep145 
were therefore consistent with those obtained using the single-color 
mirRep145.

Identification of candidate genes that underlie EwS 
aggressiveness and bear potential prognostic value
To gain insight into the mechanisms underlying the difference in 
GFP+ (miR-145low) and GFP− (miR-145high) EwS cell subpopulation 
behavior, we compared the transcriptome of primary GFP+ and 
GFP− cells derived from freshly dissociated EwS1-PDX and EwS2-
PDX carrying mirRep145 or Dual mirRep145. All cells sorted ac-
cording to GFP expression were included into a single statistical 
mode in which the covariate of interest was GFP expression, denoted 
as GFP+ and GFP−. The other covariates used for adjustment were the 
tumor origin (EwS1 or EwS2) and the type of reporter (mirRep145 
or Dual mirRep145). DEseq2 was used to fit the model and differen-
tially expressed genes were defined by |logFC| > 1 and a nominal 
P <0.01. Using these parameters, we found 55 and 29 significantly 
up- and down-regulated genes, respectively, in GFP+ compared to 
GFP− cells (tables S2 and S3). To address a possible link between 
miR-145 and EWS-FLI-1 expression levels, we compared differen-
tially expressed genes between GFP+ and GFP− EwS1 cells to those 
that displayed a change in expression upon EWSR1-FLI1 depletion 
by short hairpin RNA (shRNA) in the same model (23). However, 
the observation that the same EWS-FLI-1–dependent gene expres-
sion signature was enriched in both GFP+ and GFP− populations 
(fig. S4A) does not support the notion of variable EWS-FLI-1 ex-
pression between GFP+ and GFP− cells. In addition, expression of 
106 previously described EWS-FLI-1 direct target genes (23) was not 
found to be significantly different between GFP+ and GFP− cells 
(fig. S4B), indicating that their distinct behavior was not related to 
differences in EWSR1-FLI1 expression or function. Last, no signifi-
cant enrichment for direct miR-145 targets was identified among 
differentially expressed genes between GFP+ and GFP− cells (fig. S4, 
C and D), suggesting that the signatures distinguishing GFP+ from 
GFP− subpopulations are not merely the effect of miR-145 ex-
pression but the result of complex transcriptional programs that 
may define different cell phenotypes.

To determine whether these gene expression signatures may bear 
any prognostic value, we asked whether the significantly up- and 
down-regulated genes in the GFP+ subpopulation (miR-145low) are 
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predictive of survival for patients with EwS. We combined five dif-
ferent primary EwS microarray datasets into a single dataset con-
taining survival details of 129 patients. To assess putative predictive 
values of significantly down- and up-regulated genes in GFP+ cells on 
overall EwS patient survival, we performed univariate Cox analysis 
of the correlation between the gene expression level and survival 
duration. Such analysis produces a z value, which indicates the strength 
and sign of the correlation for significantly up- and down-regulated 
genes in the highly tumorigenic miR-145low EwS cells. We found 
that up-regulated genes had mostly positive z values (Fig. 4A), indi-
cating correlation between their expression and adverse prognosis, 
whereas the opposite was true of down-regulated genes. To validate 
these observations, Kaplan-Meier survival analysis was performed 
in the same cohort by comparing two clusters of patients with 
individual gene expression below (n = 65) and above (n = 64) the 
median value. A significant negative correlation was observed be-
tween expression of the up-regulated gene EPHB2 (P = 0.00191) and 
survival (Fig. 4B).

EPHB2 encodes a transmembrane RTK that binds ephrin ligands 
and mediates intercellular communication through bidirectional 
signaling (24). Several arguments support its functional implication 
in promoting EwS cell aggressiveness. First, its expression in GFP+ 
cells was about four times higher than in GFP− cells (table S2). 
Second, EwS patients bearing tumors with high EPHB2 expression 
levels have worse overall survival rates (Cox z = 4.102, Cox P = 4.09 × 
10−5, Kaplan Meier P = 0.00191) than patients with tumors expressing 
low levels of the gene (Fig. 4, A and B). Third, EPHB2 plays a 
well-established role in both maintaining cell pluripotency and pro-
moting carcinogenesis (25) and is implicated in tumor metastasis (26).

We therefore assessed EPHB2 expression in EwS1 and EwS2 
PDX-derived cell fractions and observed significantly higher ex-
pression of EPHB2 in GFP+ than in GFP− and IB cells in both 3D 
culture models (Fig. 4C). RNA in situ hybridization (ISH) analysis 
of EwS1 and EwS2 xenografts showed a marked difference in their 
EPHB2 expression pattern, with relatively diffuse expression in EwS1 
xenografts versus paucicellular expression in EwS2 (Fig. 4D). These 
observations reflect EPHB2 expression heterogeneity in EwS, in terms 
of both level and cell percentage, as illustrated by EPHB2 RNA ISH 
analysis of a cohort of 16 primary EwS patient samples (Fig. 4E 
and fig. S4E).

On the basis of the prognostic value of EPHB2 in patients with 
EwS and the notion that the major clinical determinant of EwS 
patient survival is their metastatic burden, we reasoned that EPHB2 
may be involved in EwS dissemination. Consistent with our hypoth-
esis, we observed a notable difference in metastatic spread among 
sorted cell populations. Following the second round of injection, 
tumors developed in all mice injected with GFP+ and IB cells from 
EwS1 PDX and in 75% of the mice injected with GFP− cells (Fig. 4F). 
However, whereas large liver metastases formed in 80 and 83.33% 
of mice injected with IB and GFP+ cells, respectively, none of the 
mice injected with GFP− cells developed visible metastases (Fig. 4F). 
This discrepancy did not appear to be due to differences in tumor 
growth at the site of injection because one EwS1 GFP+ tumor whose 
size was comparable to those of GFP− tumors was associated with 
large liver metastases (Figs. 4, G and H, and 2C). Expression of 
EPHB2 was elevated in the liver metastases derived from both IB 
and GFP+ tumors, as well as in GFP+ tumors at the site of injection. 
By contrast, it was low in IB tumors at the injection site and un-
detectable in GFP− tumors (Fig. 4I).

EPHB2, a candidate marker of EwS cells with self-renewing 
and metastatic properties
To determine its functional role in EwS self-renewal and tumor ini-
tiation, we partially depleted EwS1 cells of EPHB2 using lentiviral 
vectors bearing two different EPHB2-specific shRNAs (Fig. 5, A and B). 
Compared to controls, cells depleted of EPHB2 exhibited a dramatic 
decrease in spheroid formation in vitro (Fig. 5C) and a correspond-
ingly impaired ability to initiate tumor growth in vivo (Fig. 5, D to F). 
ISH and qPCR assessment of tumors that emerged from EPHB2- 
depleted cell xenografts revealed their expression of EPHB2 at levels 
comparable to those of control cells, suggesting that they originated 
from cells that had evaded EPHB2 depletion (Fig. 5, G and H). To 
circumvent the technical limitations inherent to shRNAs, we gener-
ated CRISPR-mediated EPHB2 knockout (KO) EwS1 cells using 
three different single guide RNAs (sgRNAs) targeting EPHB2. The 
resulting EPHB2-depleted EwS1 cells displayed markedly reduced 
clonogenicity (Fig. 6, A to C). To address the possible involvement 
of EPHB2 in pro-metastatic properties of GFP+ EwS1 cells, we 
addressed the invasiveness of EPHB2 KO cells in vitro, as assessed 
by Matrigel transwell assays. We observed that invasiveness was 
strongly impaired in the absence of EPHB2 (Fig. 6D).

To determine whether our functional observations reflect a 
general property of EwS, we interrogated the Cancer Cell Line 
Encyclopedia for EPHB2 expression levels in EwS cell lines and 
selected two, A673 and RD-ES, for further investigation based on 
their robust expression of the receptor. Both cell lines were grown 
as spheroids in ultralow attachment plates to mimic the primary 
models. After validation of its expression by FACS analysis (fig. S5, 
A and B), we depleted EPHB2 from both lines by shRNA and 
measured the ensuing changes in their clonogenicity and invasive-
ness in vitro. We observed a significant decrease in the clonogenicity 
and invasiveness of both cell lines upon EPHB2 depletion, support-
ing our findings in the primary EwS1 model (Fig. 6, E to H, and 
fig. S5, C to F).

In contrast to EwS1, EwS2 bulk and GFP+ cells formed only mi-
croscopic metastases (fig. S6, A to C). A possible explanation for the 
difference in behavior between EwS1 and EwS2 cells may lie in their 
origin: Unlike EwS1 cells, which were derived from a metastatic 
tumor to the lung following chemotherapy, EwS2 cells originated 
from a primary, untreated tumor and only few expressed EPHB2 
(Fig. 4D and table S1). We reasoned that if EPHB2 is involved in 
fueling the metastatic properties of EwS cells, enhancement of its 
expression in weakly metastatic primary tumor cells may promote 
their dissemination, similar to EwS1. Exogenous overexpression of 
EPHB2 in EwS2 cells (Fig. 7, A and B, and fig. S6D) did not alter 
their self-renewal or tumor-initiating ability (Fig. 7, C to F, and fig. 
S6E). In contrast, whereas EwS2 control cells did not form macro-
scopic metastases, EwS2 cells expressing exogenous EPHB2 formed 
multiple large metastases in several organs, particularly the liver, 
lung, contralateral kidney, and peritoneum (Fig. 7, G to J, and 
fig. S6, F and G). Careful histological examination revealed that 
control EwS2 cells were able to form a small number of micro-
metastases in the lung and kidney, often centered by blood vessels 
(Fig. 7J, left). However, in the absence of EPHB2 overexpression, no 
macro-metastases arose for the duration of the experiments. Together, 
our results indicate that EPHB2 promotes the metastatic properties 
of primary EwS cells, raising the possibility that pharmacological 
targeting of its signaling pathway may provide a candidate strategy 
to blunt EwS dissemination.
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Fig. 5. EPHB2 depletion impairs tumor growth in vivo. (A) Relative EPHB2 expression of EwS1 3D culture infected with EPHB2-targeting shRNAs (sh1 EPHB2 and sh2 
EPHB2) compared to those in EwS1 control cells transduced with GFP-targeting shRNA (shCnt) as measured by qRT-PCR (mean ± SD, n = 3). (B) EPHB2 expression, as 
assessed by flow cytometry, in EwS1 3D cultures following shRNA-mediated EPHB2 depletion compared to EwS1 control cells (shCnt). (C) Clonogenic assay of EwS1 3D 
cultures depleted of EPHB2 (mean ± SD, n = 5). (D) Survival of mice injected with EwS1 3D cultures depleted of EPHB2 compared to mice injected with EwS1 control 3D 
culture (shCnt) (shCnt, n = 12; sh1 EPHB2, n = 11; sh2 EPHB2, n = 10). (E) EPHB2 depletion reduces the tumorigenic capacity of EwS1 3D culture (corresponding mouse 
numbers in each group are indicated in the graph bars). (F) Representative 3D ultrasonography reconstruction images of tumors at week 7 with corresponding tumor 
volumes (in cubic millimeters) below. (G) RNA ISH and (H) qRT-PCR assessment of EPHB2 transcript expression in tumors derived from EwS1-shCnt and EwS1-sh2 EPHB2 
xenografts indicate that the tumors initially depleted of EPHB2 regain its expression (scale bars, 50 mm; arrows indicate ISH signals. qRT-PCR: mean ± SD, n = 3). [One-way 
ANOVA test was used to perform the statistical analysis of (A), (C), and (H); log-rank (Mantel-Cox) was used for (D); and chi-square (Fisher’s exact test) was used for 
(E). ns, not significant; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.]
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Fig. 6. EPHB2 depletion reduces clonogenicity and invasiveness of EwS cells. (A) Relative EPHB2 expression of EwS1 3D culture infected with EPHB2-targeting sgRNAs 
(CR-E1, CR-E2, and CR-E3) compared to EwS1 control cells (CR-Cnt) as measured by qRT-PCR (mean ± SD values of three technical replicates are shown). (B) EPHB2 expres-
sion, as assessed by flow cytometry, in EwS1 3D cultures following sgRNA-mediated EPHB2 depletion in (A). (C) Clonogenic and (D) transwell-invasion assays for EwS1 
tumor 3D cultures depleted of EPHB2 (CR-E1, CR-E2, and CR-E3) compared to control cells (CR-Cnt) (mean ± SD values of four and three technical replicates are shown for 
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Fig. 7. EPHB2 overexpression increases EwS2 3D culture invasiveness. (A) qRT-PCR and (B) FACS assessment of EPHB2 expression in EwS2 cells overexpressing EPHB2 
(EPHB2 OE) compared to control cells (Cnt). (C) Clonogenic assay of EwS2 EPHB2 OE and Cnt cells (mean ± SD values of five technical replicates are shown). (D) Survival of 
mice injected with EwS2 EPHB2 OE or EwS2 control 3D cultures (Cnt) (Cnt, n = 7; EPHB2 OE, n = 8). (E) Percentage of mice developing tumors following injection with the 
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pression of EPHB2 significantly increased metastasis of EwS2 cells (Cnt, n = 7; EPHB2 OE, n = 8). (H) The total area of EwS2 metastases per mouse increased as a result of 
EPHB2 overexpression (mean ± SD. Cnt, n = 7; EPHB2 OE, n = 8). (I) Mice injected with EwS2 EPHB2 OE had a significantly higher metastatic burden than mice injected with 
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statistical analysis of (A), (C), and (H); log-rank (Mantel-Cox) was used for (D); and chi-square (Fisher’s exact test) was used for (E), (G), and (I). ns, not significant; *P ≤ 0.05, 
**P ≤ 0.01, ****P ≤ 0.0001.]
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DISCUSSION
Elucidation of the biological properties of cells responsible for tumor 
initiation, maintenance, and progression is key for the development 
of effective cancer therapies. However, in most cancer types, identi-
fication of these cells has been limited by reliance on predefined, 
largely nonspecific cell surface markers (27). Although helpful in 
uncovering subpopulations of cells enriched in those endowed with 
pluripotency and tumor-initiating ability, currently used markers 
fall short of accurately identifying the cells that actually display such 
properties. To overcome these limitations and isolate cells that rep-
resent the driving force of tumorigenesis, we developed a functional 
reporter assay, using as a model, EwS, in which a small fraction of 
cells display pluripotency and hold at least part of the responsibility 
for tumor initiation and phenotypic heterogeneity (21, 22).

In EwS (16–18), and probably most pediatric cancers (28–32), 
cellular heterogeneity is generated primarily by epigenetic forces, 
which include histone modifications, DNA methylation, and miRNA 
expression. Because they are key players in the fine-tuning of cancer 
cell phenotypes by regulating pluripotency and differentiation, 
miRNAs are well suited to generate powerful candidate reporter 
systems. The level of their expression may not only be a reliable re-
flection of cell phenotypes that are pertinent to aggressive or indolent 
tumor behavior but also associate with gene expression networks 
that contribute to that behavior and help identify the relevant genes. 
On the basis of the dynamics of its expression according to the 
degree of tumor cell pluripotency or differentiation, we selected 
miR-145 to generate a reporter designed to reflect a spectrum of 
cancer cell phenotypes and identify those of interest. Using the re-
porter to target cells with low miR-145 expression in EwS, we identi-
fied highly tumorigenic subpopulations with metastatic properties.

Of the small number of deregulated genes shared by miR-145low 
cell subpopulations from two independent primary tumors, EPHB2 
appeared immediately relevant, as its expression is associated with 
poor prognosis in EwS according to existing databases. The expres-
sion pattern was divergent between our two 3D culture models, being 
relatively diffuse in EwS1, which was derived from a metastatic tumor, 
but limited to only a small number of cells in EwS2, obtained from a 
primary tumor. Reminiscent of their tumors of origin, EwS1 formed 
macroscopic metastases following subcapsular renal injection of 
NSG mice, whereas EwS2 formed micrometastases composed of 
only a small number of cells, preferentially located around blood 
vessels in the lung and contralateral kidney in a fraction of mice. 
Overexpression of EPHB2 in EwS2 cells drove them to form macro-
metastases in several organs, providing a clear indication that EPHB2 
expression participates in driving EwS metastatic proclivity.

EPHB2 expression is associated with the development and pro-
gression of diverse tumor types (33–35) and may facilitate metastasis 
by enhancing angiogenesis (36), modifying tumor cell adhesion and 
migration (35, 37) and promoting invasion (38). Our present obser-
vations raise the possibility that the level of EPHB2 expression among 
metastatic tumor cells may determine their emergence from dorman-
cy and/or adaption to the newly colonized microenvironment.

Our study suggests that diverse and complementary approaches 
may be required to dissect tumor heterogeneity at a functional level. 
Single-cell studies of EwS suggested that fluctuations in EWSR1-FLI1 
expression levels might underlie diverse biological properties among 
tumor cell subpopulations, including proliferation and metastatic 
proclivity (39, 40). These observations, coupled to the notion that 
EWSR1-FLI1 is a miR-145 target (18), would be consistent with 

variable EWS-FLI-1 expression levels as an explanation for the dif-
ferences in tumorigenic behavior of GFP+ and GFP− populations 
within our primary models. However, our comparative gene expres-
sion analysis of EWS-FLI-1 targets and GFP+/GFP− signatures did 
not support this hypothesis. The absence of a clear miR-145 target 
gene signature in the differential transcriptional profile between 
GFP+ and GFP− cells suggests that complex transcriptional programs, 
to which miR-145 expression is associated, govern the biological 
properties of these subpopulations and underlie their phenotypes. 
In support of this notion, expression of the miR-145 target 
SOX2, an important player in cell pluripotency, was elevated in 
GFP+ cells. EPHB2, on the other hand, is not a miR-145 target but 
rather an effector component of the expression profile of EwS cells 
with low miR-145 levels, which in turn reflects a cellular phenotype 
associated with high metastatic proclivity.

A potential limitation of the present study is the use of only two 
primary tumor-derived EwS 3D cultures. Generation of primary 3D 
cultures from sarcomas, and EwS in particular, has been challenging, 
which explains the small number of currently available 3D EwS cul-
tures. However, we confirmed our observations using two established 
cell lines grown as spheroids. Another limitation is the current lack 
of pharmacological inhibitors of the EPHB2 receptor, which re-
stricted our assessment of the effect of its inhibition to observations 
based on its shRNA-mediated depletion. Given that EPHB2 is an 
RTK, however, development of pharmacological inhibitors should 
be possible.

These limitations notwithstanding, we have shown that combin-
ing a miRNA-based functional reporter system with primary tumor 
3D culture technology provides a powerful and reliable method to 
isolate and characterize tumor cells that display aggressive behavior, 
including the formation of metastasis. MirRep145 allowed us to 
identify EPHB2 as a mediator of EwS metastasis that can be used 
both as a predictor of tumor behavior and as a potential therapeutic 
target to eliminate the most aggressive cells. The instructive role of 
miR-145 in cell fate transitions during cancer initiation and pro-
gression supports our strategy as an unbiased approach to explore 
and target tumor heterogeneity in diverse cancer types without the 
requirement of a predefined marker.

MATERIALS AND METHODS
Plasmid construction
Tet-On inducible mirReporter expression vectors were constructed 
using the Gateway LR Clonase II Enzyme Mix (Thermo Fisher 
Scientific). pINDUCER20 (Addgene, #44012) and pENTR/D- 
TOPO (Thermo Fisher Scientific) were the destination and entry 
vectors, respectively.

The coding sequence of enhanced GFP (EGFP) was amplified by 
PCR using pcDNA3-EGFP (Addgene, #13031) as template and 
EGFP-F and EGFP-R primers. The amplified EGFP cDNA sequence, 
which included a 3´UTR containing three miR-145 recognition sites, 
was cloned into the Bst BI and Mlu I restriction sites of the pLIV 
lentiviral vector (23). An EGFP cDNA containing five miR-145 rec-
ognition sites was subsequently generated by inserting two more 
miR-145 target sequences (oligo DNA A and oligo DNA B; table S4) 
into the Mlu I and Bam HI cloning site in the pLIV-EGFP vector 
containing the three miR-145 target sequence repeats. The resulting 
sequence was PCR-amplified using the primer pairs TOPO-F 
and TOPO-R (table S4), and the PCR product was cloned into the 
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pENTR/D-TOPO plasmid for subsequent pInducer20 gateway 
cloning. The target sequence of hs-mir-145-5p was obtained from 
the online tool mirbase.org (MIMAT0000437). MirReporter-Control 
was created by replacing the hs-mir-145-5p target sequence with the 
3´UTR sequence of glyceraldehyde-3-phosphate dehydrogenase 
[National Center for Biotechnology Information (NCBI) Reference 
Sequence: NM_001256799.3; sequence position: 1186-1313].

The dual-color mirReporter–miR-145 vector was obtained by 
replacing the neomycin cassette and the internal ribosome entry site 
sequence with the coding sequence of rPuro and the EF (elongation 
factor)-1a promoter, respectively. The double-stranded synthetic 
DNA fragment (IDT) containing the rPuro coding sequence taken 
from the pLV-mir-control plasmid (catalog no. mir-p000, Biosettia) 
was inserted into the Nde I and Ssp I cloning site of mirReporter-145. 
Next, a DNA synthetic fragment (IDT) bearing the EF-1a promoter 
sequence was cloned into the Nde I and Spf I site. The synthetic DNA 
fragment sequences are available upon request.

Establishment of primary tumor 3D cultures and cell culture
EwS tumor samples were obtained from consenting patients with the 
approval of the ethics committee of the Canton de Vaud (Authori-
zation No. 260/15). Primary tumor 3D cultures were established 
following immediate mechanical and enzymatic dissociation of the 
tumor samples. Red blood cells (RBCs) were removed using RBC 
lysis buffer (Miltenyi Biotec), and tumor cells were resuspended in 
Iscove's modified Dulbecco's medium (Gibco) containing KO serum 
(20%; Gibco), recombinant human EGF (10 ng/ml; Invitrogen), 
recombinant human FGF (10 ng/ml; Invitrogen), and penicillin- 
streptomycin (1%; Gibco) in ultralow attachment flasks (Corning). 
Once established, tumor cell 3D cultures were disrupted into single- 
cell suspensions manually with a P1000 pipette, and early passages 
were cryopreserved. EwS1 and EwS2 cultures were passaged every 7 
and 4 days, respectively. In this study, EwS1 and EwS2 3D cultures 
ranged between passages 4 to 15 and 15 to 30, respectively.

HeLa cells [American Type Culture Collection (ATCC)] and 
A673 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco) whereas RD-ES cells (ATCC) were grown 
in RPMI (Gibco) supplemented with fetal bovine serum (FBS) 
(10%, PAN-Biotech) and penicillin-streptomycin (1%; Gibco). 
Human embryonic kidney (HEK) 293T cells (ATCC) were cultured 
in DMEM (Gibco) supplemented with FBS (10%; PAN-Biotech), 
MEM nonessential amino acid (Gibco), and penicillin-streptomycin 
(1%; Gibco). Cell cultures were maintained at 37°C in humidified, 
5% CO2 chambers. Spheroids of A673 and RD-ES cells were grown 
in ultralow attachment plates (Corning) and used in clonogenic and 
Matrigel-invasion assays.

Lentiviral infection and in vitro induction
For lentiviral production, HEK 293T cells (ATCC) were transfected 
using FuGENE 6 Transfection Reagent (Promega). pMD2G (Addgene, 
#12259) and pCMV∆R8.74 (Addgene, #12263) vectors were used as 
envelope and packaging plasmids, respectively. Lentiviral harvest 
was performed using Lenti-X Concentrator (TAKARA). Single-cell 
suspensions from primary EwS 3D cultures were infected with lenti-
virus expressing mirReporter-Control, mirReporter–miR-145, or 
dual-color mirReporter–mir-145. HeLa cells were infected for over-
expression of mock-miRNA-rPuro (catalog no. mir-p000, Biosettia), 
mir-let7a-rPuro (catalog no. mir-p001, Biosettia), and mir-145-rPuro 
(catalog no. mir-p116, Biosettia). Transduced cells were selected by 

geneticin (1 mg/ml; Gibco) and puromycin (1 mg/ml; Invivogen) for 
7 and 3 days, respectively, before further analysis.

EPHB2 depletion was achieved using pLKO.1 lentiviral shRNAs 
purchased from the RNAi Consortium (sh1 ref.: TRCN0000006423; 
sh2 ref.: TRCN0000006425), and sgRNAs targeting EPHB2 (CR-E1, 
CR-E2, and CR-E3) were designed using the online CRISPR tool box 
CHOPCHOP (41) and cloned into the lentiCRISPRv2 vector. sgRNA 
target sequences were as follows: CR-E1: ACCAAGTTTATCCGG-
CGCCGTGG; CR-E2: AGAAGACACGCACGGCGATGAGG; and 
CR-E3: GTCCGGCTGGGACCACGACA-GGG. In EPHB2 knock-
down studies, control cells were infected with shRNA or sgRNA 
sequences targeting the GFP transcript (GCAAGCTGACCCT-
GAAGTTCAT). For EPHB2 overexpression, a plasmid carrying 
EPHB2 cDNA sequence under the EF-1a promoter (catalog no. 
EX-E2379-Lv156) and its control plasmid expressing EGFP cDNA 
(catalog no. EX-EGFP-Lv156) were purchased from GeneCopoeia.

Light and fluorescent microscopy
Primary EwS 3D cultures were treated with Dox (100 ng/ml) 
(Sigma-Aldrich) for 48 hours and cultured for 10 days. Represent-
ative images were acquired using a Nikon Eclipse TS100 inverted 
epifluorescence microscope with ultraviolet lamp and filters set 
to 488 and 561 nm to detect GFP and RFP, respectively. HeLa 
cells seeded on coverslips (10 mm, VWR) were treated with Dox 
(1 mg/ml) for 48 hours. After fixation (4% formaldehyde, 10 min at 
room temperature) and mounting, slides were imaged by Zeiss 
Confocal Fluorescent Microscope LSM710 at 40×/1.30 numerical 
aperture oil immersion.

RNA extraction and real-time PCR
Total RNA extraction was performed using a miRCURYTM RNA 
Isaltion Kit (Exiqon). Five hundred nanograms of RNA template was 
used for cDNA synthesis (miRCURYTM LNA Universal RT miRNA 
PCR, Universal cDNA Synthesis Kit II, Exiqon).

Real-time PCR amplification was done using Power SYBR Green 
PCR Master Mix (Applied Biosystems) in a QuantStudio 5 System 
instrument (Thermo Fisher Scientific). PCR conditions included an 
initial holding period at 50°C for 2 min and 95°C for 10 min fol-
lowed by 95°C for 15 s and 60°C for 1 min for 40 cycles. RNA LNA 
(Exiqon) primer sets were used for hsa-mir-145-5p and endogenous 
control Snord49a amplification. The EPHB2 primer pair was selected 
according to PrimerBank (http://pga.mgh.harvard.edu/primerbank) 
(PrimerBank ID: 111118977c1; table S4). Ribosomal protein lateral 
stalk subunit P0 transcript expression was used as the endogenous 
control (table S4). Relative quantitation of gene expression data was 
conducted according to the 2−DDCt method.

Flow cytometry
After 48 hours of Dox treatment, the culture medium of the induced 
cells was replaced with fresh medium and cells were kept in culture 
for 10 days [after 48-hour induction, halting Dox treatment at D0 
(Day 0) and verifying GFP expression at D2, D5, and D10]. To assess 
EPHB2 levels, cells were labeled with APC (AlloPhycoCyanin) Mouse 
Anti-Human EPHB2 (BD Pharmingen). APC Mouse Immuno-
globulin G1 (IgG1), K isotype antibody was used for control cell la-
beling. Calcein violet 450  acetoxymethyl (AM) (Thermo Fisher 
Scientific) labeling dye was used to detect live cells. The fluorescence 
intensity of GFP, violet AM, and APC was acquired by a Gallios 
(B43618, Beckman Coulter) cytometer with FL1, FL9, and FL6.
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In vivo experiments, cell sorting, and tumor monitoring
All animal experiments were approved by the Animal Experimentation 
Ethics Committee of the Veterinary Service of the Canton of Vaud 
(Etat de Vaud, Service Vétérinaire), under authorization number 
VD2488.1. Ten thousand cells derived from dissociated EwS1 and 
EwS2 3D cultures in 20 ml of medium were injected beneath the renal 
capsule of 4- to 8-week-old, female NSG-KO mice. Tumor growth 
was monitored by ultrasound imaging using a 40-MHz probe and 
the Vevo 2100 ultrasound machine (VisualSonics). Tumor volumes 
were calculated by V = 4/3 p(Dd × Ds × Dt)/8 (Dd: tumor height; 
Ds: tumor length in long axis; Dt: tumor length in short axis), and 
animals were euthanized when the tumor volume reached 1 cm3. 
Mice received Dox (2 mg/ml) (Sigma-Aldrich) and 5% sucrose 
(Sigma-Aldrich) in drinking water starting 96 hours before sacrifice. 
After dissection, tumor fragments removed from each tumor bulk 
were fixed in 4% paraformaldehyde and processed for hematoxylin 
and eosin (H&E) staining and RNA ISH. The remaining tumor tis-
sue was dissociated using a tumor dissociation kit (Miltenyi Biotec) by 
gentleMACS dissociator (Miltenyi Biotec). RBCs were removed by 
RBC lysis buffer (Miltenyi Biotec), and human tumor cells were en-
riched by depletion of mouse cells using a mouse cell depletion kit 
(Miltenyi Biotec). Before sorting GFP+ and GFP− cell populations by 
a Moflo Astrios EQ cell sorter (Beckman Coulter), dissociated tu-
mor cells were treated with Calcein AM (Thermo Fisher Scientific) 
live-cell labeling dye and 4′,6-diamidino-2-phenylindole (DAPI) 
(Biotium) to remove dead cells. The sorted GFP+ and GFP− cell 
populations were injected beneath the renal capsule of NSG mice, 
and tumor growth was monitored by ultrasonography weekly.

Clonogenic and invasion assay
Spheroids generated from freshly dissociated patient-derived xeno-
grafts (PDX) and EwS cell lines A673 and RD-ES were sorted as 
single cells into 96-well plates (ultralow attachment; Corning) at 
one cell per well using a Moflo Astrios EQ cell sorter (Beckman 
Coulter). Calcein AM (Thermo Fisher Scientific) and DAPI 
(BIOTIUM) were used for live-cell detection. Sphere formation was 
monitored and scored 4 weeks after sorting.

Invasion assays were done according to the manufacturer's in-
structions (Corning Biocoat Matrigel Invasion Chamber). Briefly, 
50,000 single cells were cultured in serum-free medium in the upper 
chamber of the transwell, whereas the lower chamber was filled 
with medium supplemented in KO serum. After 48 hours of cul-
ture, the cells in the upper chamber were removed and those in 
the lower layer of insert membranes were stained, and the mem-
branes were mounted onto glass slides. Cells were counted using a 
Fiji-ImageJ program.

IHC and RNA ISH
Formalin-fixed, paraffin-embedded PDX tumors and mouse or-
gans were sliced into 5-mm sections and subjected to standard H&E 
staining or IHC to detect GFP expression. RNAscope technology 
[Advanced Cell Diagnostics (ACD)] was used for RNA ISH accord-
ing to the manufacturer’s instructions as described previously (42). 
Briefly, tissue sections on slides were baked for 1 hour at 60°C, 
deparaffinized, and dehydrated. The tissues were pretreated with 
hydrogen peroxide for 10 min at room temperature and with target 
retrieval reagent for 15 min at 98°C. Protease Plus was then applied 
for 30 min at 40°C. EPHB2 probe (ACD) was hybridized for 2 hours 
at 40°C, followed by signal amplification. Tissue was counterstained 

with Gill’s hematoxylin followed by mounting with VectaMount 
mounting media (Vector Laboratories). Images were taken with 
a Hamamatsu NanoZoomer S60 Digital slide scanner, at ×40 
magnification.

Analysis of RNA sequencing data and relevance to survival
RNA sequencing (RNA-seq) library preparation was performed 
according to the Illumina TruSeq protocol by IGE3 genomic plat-
form of University of Geneva. RNA-Seq was performed using 
HiSeq 4000 Illumina.

Reads were aligned to the human genome (NCBI-hg38) using 
hisat2 with default parameters. Gene-level counts for each sample 
were obtained with featureCounts against the hg38 RefSeq tran-
scriptome. DeSeq2 was used to determine genes differentially ex-
pressed between GFP+ and GFP− cells, correcting for tumor 3D 
culture of origin and type of reporter. Differentially expressed genes 
were defined by |logFC| > 1 and nominal P value < 0.01.

Five microarray datasets of primary EwS [GEO accession num-
bers: GSE12102 (43), GSE17618 (44), GSE34620 (45), and GSE63155 
and GSE63156 (46)] were combined into a single dataset using the 
brainarray CDFs (Chip Definition Files) and ComBat from the sva 
package to remove batch effects. Normalization was performed with 
the SCAN.UPC package that provides a convenient interface for nor-
malization with alternative CDFs and batch correction with ComBat.

For the differentially expressed genes for which expression data 
from the integrated dataset were available, we performed two types 
of survival analysis: Cox univariate analysis using expression as a 
continuous variable and Kaplan-Meier analysis after dividing the 
samples in two groups. [The median expression of EPHB2 was used 
as the cutoff to divide the patients (n = 129) into high (n = 64) and 
low (n = 65) expressors.]

The heatmap in Fig. 4A shows, for all differentially expressed 
genes for which Cox univariate analysis was performed, the loga-
rithmic fold change in the two primary tumor 3D cultures [differ-
ence in log2(RPKM + 1) between GFP+ and GFP− cells, averaged 
over all experiments on each tumor 3D culture] and the Cox z value. 
Up-regulated (down-regulated) genes are ordered by decreasing 
(increasing) Cox z.

Overlaps of differentially expressed genes with gene lists obtained 
from the literature or databases were statistically assessed using 
Fisher’s exact test, with all genes analyzed by DeSeq2 as the universe. 
The list of direct EWS-FLI1 targets was obtained from (42), while 
predicted targets of miRNAs were obtained from TargetScan through 
the targetscan.Hs.eg.db Bioconductor package. For miRNA targets, 
no overlap was significant after correcting for multiple testing 
(Benjamini-Hochberg false discovery rate).

Statistical analysis and software used
GraphPad Prism (version 7) program was used to generate graphs 
and to perform one-way analysis of variance (ANOVA), Student’s 
t test, two-way ANOVA, and log-rank (Mantel-Cox) test analyses. 
Analyses of flow cytometry acquisition data were done by FlowJo 
(version 10) program. qRT-PCR data were collected by QuantStudio 
design and analyses software (version 1.4.2). IHC and RNA ISH im-
ages were analyzed by AperioImageScope (v12.1.0.5029) and NDP.
View2 Viewing software (U12388-01). biorender.com and Adobe 
illustrator (2020) programs were used to create the figures. Bio-
informatic analysis was performed with R and its packages “survival,” 
“SCAN.upc” (47), “sva,” “Rsubread” (48), and “DESeq2” (49).
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabf9394/DC1
View/request a protocol for this paper from Bio-protocol.
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