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[…]

CLARA.- (Piensa:) ¿Cómo es posible que alguien quiera dormir cuando hay tanta hermosura en el 

aire, en las rocas, en los árboles? Yo no quiero dormir nunca, nunca; no quiero perder ni un segundo 

de vida, por que ahora que he visto la maravilla de esta noche, me figuro que siempre deben estar su-

cediendo cosas maravillosas. Y si sucede una que no pueda ocurrir más que una vez y yo, por estarme 

durmiendo, no la veo, no me consolaré en mi vida entera.

Una risita suave responde a los exaltados pensamientos de Clara.

CLARA.- (Un poco avergonzada, pregunta:) ¿Quién se ríe de mí?

[…]

Viajes de una gota de agua

María de la O Lejárraga





A mis padres,
a mis hermanos,

 a Pablo





SUMMARY

SUMMARY

Neuroblastoma (NB) is a devastating paediatric cancer that originates in the developing sympa-

thetic nervous system. These tumours account for 40% of the cases of cancer diagnosed during the 

first year of life and 8% of the cases detected overall during childhood. They show a striking clinical di-

versity, ranging from spontaneous remission to fatal metastatic dissemination. To optimize therapeu-

tic approaches, NB patients have been stratified into risk groups. For the high risk (HR) patients, the 

5 years overall survival probability remains below 30-40%. The failure to successfully treat these HR 

patients mainly results from the therapy-resistance and metastatic potential harboured by these tu-

mours. The large intra-tumour heterogeneity of the HR tumours seems to be a key factor contributing 

to tumour progression. Thereby, there is an urgent need to understand the biological diversity of the 

HR-NBs in order to develop efficient therapies for these patients. Interestingly, NBs show a marked 

scarcity of recurrent genetic changes even during relapse, pointing towards a relevant role of non-ge-

netic sources of tumour heterogeneity. Compelling evidences suggest the existence of cells possess-

ing a tumour-propagating capacity, called cancer stem cells or tumour-propagating cells (CSCs/TPCs), 

in these HR-NB tumours. Defining the heterogeneity of NBs and their stemness potential is thus fun-

damental to design new therapies targeting the driving force of the CSCs: their self-renewal ability.

The general aim of this doctoral thesis was to identify a genetic signature for neuroblastoma can-

cer stem cells (NBcsc), with the ultimate goal of providing new specific molecular markers of these 

NBcsc and candidate genes that might be useful for the development of future therapeutic strategies 

targeting the NBcsc in HR-NBs. It is assumed that NBcsc share many similarities with their normal 

stem cells counterparts, the neural crest cells (NCCs), which represent a transient embryonic popula-

tion of pluripotent stem cells that give rise to the peripheral nervous system. Therefore, we compared 

the transcriptomic signature of NCCs with the transcriptomic profiles established for clinically rel-

evant groups of NB patients. Among the candidates identified by our double screening, we retrieved 

Neurexophilin 1 (NXPH1): an extracellular glycoprotein known to bind to the transmembrane recep-

tors of the alpha-Neurexin (α-NRXN) family. To determine whether NXPH1/α–NRXNs activity is effec-

tively related to NBcsc, we analysed their expression in a panel of human NB cell lines in conditions 

of stem cell enrichment. The marked induction of α-NRXN1/2 mRNA levels in the stem cell-enriched 

fraction suggested that they might be NBcsc markers. We identified the existence of a low subpopu-

lation of α-NRXN1+ cells in samples from human NB cell lines and patient-derived xenografts. We 

further established that these α-NRXN1+ cells represent a functionally discrete subpopulation of NB 

cells characterized by: 1) an active cycling behaviour, 2) an increased self-renewal capacity, and 3) a 

higher probability to survive upon chemotherapeutic insult. Our data suggest that these α-NRXN1+ 

NB cells are endowed with a tumour-propagating capacity and that they are required to sustain tu-
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mour growth in vivo. In parallel, we investigated whether NXPH1 is implicated in NB malignancy. Our 

data revealed that NXPH1 promotes NB growth, possibly by stimulating the proliferation of actively 

dividing NB cells and by increasing the proportion of NB cells expressing the NCC stem cell marker 

p75NTR. Finally, we showed that inhibiting NXPH1 or α-NRXN1 activity abrogates NB tumour growth 

in xenograft models.

Our work provides the first experimental evidence that NXPH1, probably acting through its re-

ceptor α-NRXN1, exerts a functional role in NB progression. We suggest that NXPH1, present in the 

tumour microenvironment, controls the tumour-propagating capacity of NBcsc and that its reduced 

activity might facilitate the malignant progression of these tumours by enabling NBcsc to acquire a 

metastatic capacity.
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RESUMEN

El neuroblastoma (NB) es un tumor pediátrico del sistema nervioso simpático en desarrollo. La 

probabilidad de supervivencia de los pacientes de alto riesgo no supera el 30-40%. El estudio de la 

heterogeneidad celular del NB revela la probable existencia de células con capacidad de propagación 

tumoral (en inglés cancer stem cells, CSCs). Su identificación y caracterización es fundamental en la 

búsqueda de nuevos fármacos para dichos pacientes. 

El objeto de esta tesis doctoral ha sido la identificación de la huella genética de las CSCs en el NB 

con la finalidad de identificar marcadores moleculares específicos y nuevas dianas terapéuticas. Para 

ello, partimos de la premisa de que las CSCs de los NBs deben de compartir ciertas características con 

sus equivalentes en el tejido sano, las células de la cresta neural (en inglés neural crest cells, NCCs), 

una población embrionaria de células madre que origina el sistema nervioso periférico. Al comparar 

el transcriptoma de las NCCs con el extraído de una comparación entre grupos de pacientes con rel-

evancia clínica, seleccionamos la Neurexofilina 1 (NXPH1), un ligando extracelular de las Neurexinas 

alfa (α-NRXN). Para determinar si ambos están relacionados con el fenotipo de CSCs, analizamos su 

expresión en una colección de líneas celulares en condiciones de enriquecimiento para dicho feno-

tipo. El marcado aumento en los niveles de RNA mensajero de α-NRXN1/2 sugirió que podrían fun-

cionar como marcadores de las CSCs. Hemos confirmado la existencia de una población α-NRXN1+ 

caracterizada por una mayor capacidad de proliferación, de replicación y de pervivencia a quimiotera-

pia. Las células α-NRXN1+ presentan características de CSCs y son requeridas para el crecimiento tu-

moral. En paralelo vemos que NXPH1 promueve el crecimiento tumoral estimulando la proliferación 

y la presencia de células p75NTR+, marcador asociado a las NCCs. Además, la inhibición de NXPH1 o 

α-NRXN1 impide el crecimiento tumoral en modelos experimentales.

Este trabajo constituye la primera evidencia funcional del papel de NXPH1 en la progresión del NB. 

Sugerimos que NXPH1, probablemente a través de α-NRXN1, participa en la regulación de la capaci-

dad de propagación tumoral y que su pérdida favorece la adquisición de rasgos asociados a pacientes 

de alto riesgo. 
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1. The neural crest 

The neural crest cells (NCCs) represent a transient embryonic population unique to vertebrates. 

They were first identified by Willheim His (1868) in the chick embryo as a “strip of cells lying between 

the presumptive epidermis and the neural tube”, but it was Arthur Milner Marshall in 1880 who 

named them neural crest, as a more anatomically relevant description of their origins (Figure 1A) 

(Hall, 1999). The NCCs have fascinated developmental biologists for the last 150 years mainly for 

three reasons:

 ᴏ They represent a vertebrate specificity: the emergence of NCCs is considered to be a milestone 

in chordate evolution since their presence gave rise to changes in the body plan and to the re-or-

ganization of the rostral head characteristic of all craniates (Gans and Northcutt, 1983; Northcutt, 

2005; Simoes-Costa and Bronner, 2015).

 ᴏ They are multipotent: NCCs generate more than 20 different cell types, thereby contributing par-

tially or entirely to the formation of more than 20 different tissues or organs (Crane and Trainor, 

2006; Hall, 1999; Simoes-Costa and Bronner, 2015). 

 ᴏ They are migratory: NCCs delaminate from the developing neural tube (NT) after undergoing an 

epithelial-to-mesenchymal transition (EMT), they then migrate to the surrounding tissues and 

colonize distant regions of the embryo where they differentiate into distinct derivatives (Gammill 

and Bronner-Fraser, 2003; Theveneau and Mayor, 2012). 

B.K. Hall called the NCCs the fourth germ layer, given the vast number of different cell identities 

that they are able to generate and their invaluable contribution to head diversification throughout 

vertebrate evolution (Hall, 1999).

1.1. Induction, specification, delamination and migration.

The formation of the NCCs is a tightly regulated multi-step process that can be subdivided into 3 

sequential events with defined regulatory modules: induction, specification and delamination (Figure 

1B) (Bronner and LeDouarin, 2012; Simoes-Costa and Bronner, 2015).

The NCCs are induced at the gastrula stage during neurulation, at the border between the neural 

ectoderm and the adjacent non-neural ectoderm. Cells at this border are co-opted with the compe-

tence to give rise to either migratory NCCs, neuroepithelial cells (the primary neural stem cells of the 

early developing NT) or epithelial cells of the presumptive epidermis. The induction of border cells 

requires the spatiotemporal integration of three different environmental signals coming from three 
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different developing tissues: members of the BMP family that are secreted from the neural plate, 

WNT family members secreted from the ectoderm and ligands of the FGF family released by the par-

axial mesoderm. The WNT signalling activity is necessary and sufficient to induce the expression of 

the NCC border specifiers, while intermediate levels of BMP and FGF signalling are mainly required 

for maintaining the border between neural and non-neural tissues (Simoes-Costa and Bronner, 2015). 

Collectively, WNTs, BMPs and FGFs trigger the sequential expression of transcription factors (TFs) that 

will control the specification, delamination, migration and differentiation of the NCCs. These neural 

plate border specifiers correspond to TFs belonging to the DLX (DLX5/6), MSX (MSX1/2), ZIC (ZIC1) 

and PAX (PAX3/7) families. 

The precise integration of the transcriptional activities of the NCCs border specifiers drives the 

expression of the NCCs specifiers (also known as NCCs markers): SOX9/10, FOXD3, SNAIL1/SLUG and 

MYC (also known as C-MYCN). Expressed in pre-migratory and/or migratory NCCs, these NCCs speci-

fiers confer to the NCCs the ability to undergo EMT, delaminate, migrate and subsequently differenti-

ate into diverse derivatives. Mechanistically, the NCC specifiers repress the expression of the neural 

progenitor marker SOX2, while activating the expression of final effector genes such as CDH11, CDH7 

and different Rho GTPases, which promote the changes in cell adhesion and polarity that are required 

for EMT (Bronner and LeDouarin, 2012; Sauka-Spengler and Bronner-Fraser, 2008; Simoes-Costa and 

Figure-01. The neural crest cells are a transient, migratory, pluripotent population specified at the 
neural plate border

(A) Cajal’s original drawing showing neural crest specification and early migration in a vertebrate 
embryo. Cajal’s Legacy, Instituto Cajal (CSIC), Madrid. (B) Timeline showing different stages in neu-
ral crest formation and the gene regulatory network (GRN) that control each stage and endow this 
cell population with its unique features. The GRN is composed of different modules arranged hierar-
chically, which control each step of neural crest development. Adapted from (Green et al., 2015). 
a: ectoderm/presumptive epidermis; b: neural tube; c: somites; G: Neural crest cells.
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Bronner, 2015). The molecular changes promoting delamination include a switch in the expression 

of type I cadherins (CDH2, N-cadherin), which mediate strong cell-cell adhesion, to the expression of 

type II cadherins (CDH7 and CDH11) that favour weak cell-cell adhesion. They also induce the expres-

sion of β1-integrin (Simoes-Costa and Bronner, 2015; Theveneau and Mayor, 2012). Importantly, the 

NCCs represent a paradigmatic example of cells undergoing an EMT, during which presumptive NCCs 

convert from tightly adherent cells integrated in the neuroepithelium to motile mesenchymal cells 

that delaminate from the NT. Notably, NCCs can be morphologically identified only after EMT (Bron-

ner & LeDouarin, 2013; Simoes-Costa & Bronner, 2015).

After delamination, the NCCs migrate towards their destinations following stereotypical pathways. 

Different migratory behaviours have been described at distinct axial levels and in different species, 

ranging from individual migratory cells using only focal adhesions to compact migratory chains. Hence, 

several questions remain open regarding the molecular control of the different behaviours observed 

during the migration of NCCs, making of this event an area of intense research (Gammill and Roffers-

Agarwal, 2010; Theveneau and Mayor, 2012).

Remarkably, most of the molecular machinery implicated in NCC formation has been conserved 

throughout vertebrate evolution (at least in the animal models studied so far). However, some dif-

ferences have been identified in the case of the mouse embryo, and the underlying reasons of these 

differences between the mouse and the other species remain elusive (Barriga et al., 2015; Theveneau 

and Mayor, 2012).

1.2. NCCs derivatives 

Studies that performed clonal analyses (Bronner-Fraser and Fraser, 1988), and more recently ex-

periments conducted with an elegant confetti-mouse model (Baggiolini et al., 2015), showed that 

early migratory NCCs are multipotent progenitors. Cell-cell interactions and environmental signals 

progressively restrain the lineage potential of NCCs until they settle in diverse and distant destinations 

where they differentiate into numerous lineages. How and when the NCCs multipotentiality is initially 

determined is a matter of debate. Two opposed models exist: either the NCCs “gain” their potential 

during or prior to EMT, or they retain it from early embryonic stages. Although the two hypotheses 

are not exclusive, recent data in Xenopus suggest that the NCCs potential shows substantial similari-

ties to that of the blastula-stage animal pole cells (Buitrago-Delgado et al., 2015). Nevertheless, early 

inter-species grafts and fate mapping analyses demonstrated that the cell fates derived from NCCs 

arising at different axial levels are regionalized (Bronner and LeDouarin, 2012). Based on the findings 

obtained using the chick embryo as a model organism, the NCCs have been subdivided into four main 

axial groups that contribute to different anatomical territories and cell lineages along the antero-
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posterior axis (Figure 2A)(Hall, 1999):

 ᴏ Cranial NCCs: committed NCCs arising from the anterior region of the NT to the otic vesicle. These 

NCCs give rise to the ciliary and cranial sensory ganglia, the thymic stroma, the odontoblasts of 

the tooth primordia, the bone of the middle ear and jaw and also contribute to the craniofacial 

mesenchyme.

 ᴏ Cardiac NCCs: committed NCCs arising from the otic vesicle to the 3rd somite. These NCCs give 

rise to melanocytes, neurons, the cartilage and connective tissue of the 3rd, 4th and 6th pharyngeal 

arches and to the muscular connective tissue of the outflow tracks of the heart and to the cardiac 

septum.

 ᴏ Vagal and lumbosacral NCCs: committed NCCs arising from the somites 1 to 7 and those from the 

region posterior to somite 28. They give rise to the enteric nervous system.

 ᴏ Trunk NCCs: committed NCCs arising between the somites 8 and 28. These NCCs give rise to the 

peripheral nervous system, the medulla of the adrenal gland, the sympathetic extra-adrenal para-

ganglia and melanocytes.

1.3. Differentiation of the sympathoadrenal lineages

In the classical model of development of the sympathoadrenal (SA) lineage, p75NTR+/HNK1+/

SOX10+ trunk NCCs migrate ventrally to para-aortic positions to form the sympathetic primordia. 

BMPs (mainly BMP2/4) , secreted from the dorsal aorta and the para-aortic mesenchyme, instruct 

the expression of the TFs MASH1/ASCL1 and PHOX2B in the sympathetic primordia, together with 

the concomitant upregulation of PHOX2A, dHAND and GATA2/3. These TFs constitute the core regu-

latory unit that instructs the NCCs present at the sympathetic primordia to become SA progenitors. 

MASH1 and PHOX2B activate a gene regulatory network that induces the expression of tyrosine hy-

doxylase (TH) and dopamine β-hydroxylase (DBH), two key enzymes involved in the synthesis of cat-

echolamines (Huber, 2006; Simoes-Costa and Bronner, 2015). Interestingly, a detailed spatiotemporal 

dissection of the early murine neural crest development carried out using lineage tracing and single 

cell RNA-seq, recently demonstrated that PHOX2B is the master transcriptional regulator that drives 

the segregation of the NCCs committed to the autonomic nervous system lineage (Soldatov et al., 

2019). The specification of SA progenitors occurs in parallel to the aggregation of the sympathetic 

primordia into primary sympathetic ganglion. Then, a second wave of migration splits SA progenitors 

into the ones that will give rise to the sympathetic ganglia dorsally and those committed to form the 

adrenal medulla more ventrally (Figure 2B, left panel)(Bolande, 1974; Turkel and Itabashi, 1974). The 

generation of the neurons forming the sympathetic ganglia depends on their active differentiation in 
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response to FGF signalling and their selective survival which is controlled by neurotrophic signalling 

through the family of TRK receptors (Huber et al., 2009; Mora and Gerald, 2004). By contrast, the 

nature and origin of the signal controlling the differentiation of SA progenitors into the chromaffin 

cells of the adrenal medulla remains unknown. These chromaffin cells produce and secrete catechol-

amines, and are characterized by the expression of TH, CHGA, DLK1, B2M and PNMT (Huber, 2006; 

Unsicker et al., 2013). 

This classical model of development of the SA lineage has been challenged by recent studies that 

propose an alternative origin for the chromaffin cells (Figure 2B, right panel)(Furlan et al., 2017). By 

combining lineage tracing and cell ablation techniques in different transgenic models, these studies 

revealed for the first time that NCC-derived Schwann cell precursors (SCPs) migrating along the pre-

ganglionic sympathetic nerve fibres into the adrenal gland constitute the main source of chromaffin 

cells in the mouse embryo. After colonizing the adrenal medulla and the paraganglia, SCPs (SOX10+, 

S100β+) transit through an intermediate state, the bridge cells (SOX10-, PHOX2B+, TH-), to give rise to 

chromaffin cells (SOX10-, PHOX2B+, TH+, CHGB+). Thereby, this model proposes that the diversifica-

Figure-02. Regions of the neural crests and embryonic origin of the sympathoadrenal lineage

(A) Regions of the neural crest along the anterior-posterior axis of the chick embryo. Each region 
contributes to different lineages. Adapted from (Gilbert, 2000). (B) Distinct embryonic origins of the 
sympathoadrenal lineage.  (Left panel) Early NCC migratory cells following chemotactic cues, con-
tribute to the presumptive DRG and the SP. A second migratory wave lead SP cells towards their 
final locations at the presumptive SG (most part) and the medulla of the AG (few). (Right panel) 
The majority of the adrenal gland cells (around 80%) are derived from late-migratory neural crest 
cells (called Schwann Cell Precursors) that migrate along the preganglionic nerves innervating the 
presumptive adrenal gland. Adapted from (Tsubota & Kadomatsu, 2018). AG: adrenal gland; c: 
cortex; DA: dorsal aorta; dm: dermomiotome; DRG: dorsal root ganglia; E: epidermis; m: medulla; N: 
notochord; NCCs: neural crest cells; NT: neural tube; PSG: primary sympathetic ganglion; S: somite; 
scl: sclerotome; SCPs: Schwann cell precursors; SP: sympathetic primordia.
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tion of the SA lineage between sympathetic neurons and chromaffin cells occurs soon after comple-

tion of NCC migration (Furlan et al., 2017; Kastriti et al., 2019). Importantly, these new findings sug-

gest an unexpected cellular origin for developmental disorders derived from malformations of the 

adrenergic system, such as neuroblastoma (NB) and pheocromocytoma.

1.4. NCC-associated pathologies

Errors occurring during NCCs development can result in a plethora of heterogenic developmental 

disorders known generally as neurocristopathies (Bolande, 1974). Neurocristopathies can originate 

from perturbations that affect NCCs at different axial levels and during distinct events such as NCC 

induction, specification, migration and/or differentiation. Neurocristhopaties comprise neoplasms or 

malformations presented as simple or syndromic disorders (Etchevers et al., 2006; Vega-Lopez et al., 

2018; Watt, 2014). For instance, errors occurring during the development of the SA lineage can result 

in neuroblastic tumours, a highly heterogeneous group of paediatric tumours among which NB is the 

most frequent and aggressive form (Mora and Gerald, 2004).

2.  Neuroblastoma: a paediatric tumour deriving from 
the embryonic sympathoadrenal lineage

NB is a devastating paediatric cancer that originates in the developing sympathetic nervous system. 

The first reference to NB tumours dates from 1864, when the physician Dr. Rudolf Virchow described 

the presence of an abdominal solid tumour that he called “glioma” (Virchow, 1864,1865). More than 

40 years later, the pathologist Dr. James Wright recapped clinical information from other colleagues 

and came up with the term “neuroblastoma” based on the similarities that these tumour cells share 

with immature cells from the adrenal medulla and sympathetic neuroblasts (Wright, 1910).

2.1. Prevalence

NB is the most common extracranial solid tumour diagnosed during childhood and is responsible 

for almost 15% of cancer-related paediatric deaths. The incidence rates are age-dependent, with 40% 

of the cases detected during the first year of life and 95% before the age of 10. Strikingly, NB is the 

most common cancer among infants younger than 12 months, with an incidence rate of 55 per mil-

lion infants while leukaemia accounts for 44 per million infants (Linabery and Ross, 2008; Program, 

2019). It is also slightly more frequent in boys than girls (Goodman, 1999). Approximately 80 cases are 
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diagnosed each year in Spain in children under 14, accounting for 8.4% of the total childhood tumours 

(Pardo Romaguera, 2018). The age at the time of diagnosis is related with prognosis and is used as 

a staging criterion. The median age at diagnosis is 17.3 months and patients diagnosed under 18 

months show generally a better outcome (London et al., 2005). The clinical presentation and progno-

sis of these tumours are extremely heterogeneous: they can range from a tumour that will undergo a 

spontaneous regression to an aggressive metastatic tumour refractory to multimodal chemotherapy 

and that can lead to death. This clinical diversity correlates with numerous clinical and biological fac-

tors, including the age of the patient, the stage of the disease and a variety of cellular, molecular and 

genetic traits and reflects the “embryonic/immature” environment in which NBs arise (Brodeur, 2003; 

Maris and Denny, 2002).

2.2. Origin

The primary localisation of NB tumours, the expression of cellular markers associated to SA de-

velopment and the role of PHOX2B, MYCN and ALK in the process of malignant transformation alto-

gether support the notion that neuroblastic tumours arise  consequently to errors occurring during 

SA development (Mora and Gerald, 2004; Tolbert et al., 2017; Tsubota and Kadomatsu, 2018). As 

explained above, cells of the SA lineage derive from trunk NCCs. The trunk NCCs get progressively 

restricted towards the SA lineage while migrating and colonizing ventral territories close to the foetal 

dorsal aorta. Later on during development, the NCC-derived SCPs migrate along the nerve fibres and 

colonize the adrenal medulla and the paraganglia to become the major source of chromaffin cells 

(see section 1 for further detailed) (Furlan et al., 2017; Kastriti et al., 2019). In the light of recent dis-

coveries that revealed the early segregation between the sympathetic and chromaffin lineages, the 

malignant transformation leading to NB formation could be initiated at different steps of the normal 

development, early within the migratory SA progenitors to late in the nerve-dependent migratory 

SCPs (Delloye-Bourgeois and Castellani, 2019; Furlan and Adameyko, 2018). Hence, more work is still 

needed to clearly identify the cell of origin of NBs.

2.3. Clinical presentation

Nearly 50% of the primary NBs arise in the adrenal medulla, while the remaining 50% appear in the 

sympathetic ganglia of the abdomen (24%), thorax (15%), pelvis (3%) or neck (3%). In approximately 

1% of the cases, the primary location cannot be identified. Interestingly, the location of the primary 

tumour is related with prognosis and might reflect distinct cellular origins (Tsubota and Kadomatsu, 

2018; Vo et al., 2014). The clinical symptoms identified at diagnosis reflect the location of the primary 

tumour, the extent of the metastatic spreading (if present) and the presence of paraneoplastic syn-
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dromes (Maris et al., 2007). In rare cases NB patients presenting a local or metastatic disease develop 

paraneoplastic syndromes such as intractable watery diarrhoea (due to the autonomous secretion of 

vasoactive intestinal peptide by NB cells) and opsoclonus-myoclonus syndrome (rapid eye movement, 

ataxia and irregular muscle movement)(Maris et al., 2007; Matthay et al., 2016). Thereby, the clinical 

presentation can range from asymptomatic to systemic affectations.

2.3.1. Localised neuroblastoma

Around 40% of the newly diagnosed patients present a localized tumour. Localised NBs are most 

frequent in patients under 18 months and are generally associated with an excellent outcome, es-

pecially when they do not present MYCN amplification. The 5 years event-free survival (EFS) rate is 

over 75% and the 5 years overall survival (OS) rate is 90-100% (Maris et al., 2007; Nakagawara et al., 

2018). Better outcomes are associated with patients presenting thoracic or neck tumours, whereas 

the poorest outcomes to those presenting adrenal tumours, independently of their age, the tumour 

classification and the status of MYCN gene (Vo et al., 2014). Distinct clinical symptoms are associ-

ated with the location of the tumour mass. Large abdominal tumours can result in bowel or bladder 

compression and hamper venous and lymphatic drainage. Thoracic tumours can cause a deviation or 

narrowing of the trachea and Horner syndrome1. Paraspinal tumours in the thorax, abdomen or pelvis 

are observed in 5-15% of the patients. These tumours can grow along the spinal nerves and invade 

the neural foramina, causing symptoms related to the compression of nerve roots and spinal cord 

such as motor weakness, pain and sensory loss (Maris et al., 2007; Matthay et al., 2016). 

A subset of patients presenting a localised NB frequently shows a spontaneous. In that case, the 

patients only require clinical surveillance without major interventions (Brodeur, 2018; Tolbert and 

Matthay, 2018). Although localized tumours can be very large and locally invasive, most are success-

fully treated with surgery alone and metastatic recurrences are rare (Tolbert and Matthay, 2018).

2.3.2. Metastatic neuroblastoma

NB metastatic spreading is detected in nearly 60% of the cases of NB and differs according to the 

patient age and the primary tumour site (DuBois et al., 1999; Park et al., 2017; Vo et al., 2014). NB 

metastasizes through lymphatic and haematogenous routes, invading the bone marrow (74-70%), 

the bones (61-56%), the lymph nodes (34-31%), the liver (30%-18%), intracranial or orbital locations 

(18%), and less frequently the skin (4-3%), the lungs (3%) and the central nervous system (3-0.6%). 

The presence of metastases in the lungs and central nervous system is symptomatic of an end-stage 

1  Among the most frequent clinical symptoms that characterise the Horner syndrome are: ptosis (the drooping of 
the upper eyelid), miosis (a persistently small pupil), anisocoria (an evident difference in pupil size between the two eyes) 
and anhidrosis (little or no sweating)
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disease (DuBois et al., 1999; Vo et al., 2014). The prognosis depends on whether the patient presents 

metastases at distant sites or a locoregional spreading to adjacent lymph nodes (Maris et al., 2007). 

The adrenal primary tumours show higher proportions of metastases in the bone marrow (77%), 

bones (65%) and liver (20%), whereas patients with neck, pelvic or thoracic primary tumours present 

lower rates of bone metastasis (45-50%) (Vo et al., 2014).

The metastatic dissemination usually causes broad symptoms such as bone pain, fever, weight loss 

or pallor from anaemia and thrombocytopenia. The infiltration of the tumour in the periorbital bones 

can cause ptosis, proptosis and periorbital ecchymosis (the latter is also known as “raccoon eyes” and 

is described in 15% of NB patients). Finally, a frequent and visual manifestation of the NB metastatic 

spreading to the skin is the appearance of firm bluish-red subcutaneous nodules that can be distrib-

uted over the entire body. These lesions appear in 30% of the children presenting a congenital NB 

(Maris et al., 2007; Matthay et al., 2016).

2.3.3. Special metastatic NB (4S disease)

The clinical phenotype called stage 4S (S standing for special) refers to infants up to 18 months 

presenting small localized primary tumours with extensive metastasis in the liver and skin but no or 

minimal spreading to the bone marrow. It corresponds to 5-10% of the cases of NB (D’Angio et al., 

1971; Evans et al., 1971; Monclair et al., 2009). The 4S NB spontaneously regresses with minimal or 

no treatment (D’Angio et al., 1971; Evans et al., 1971). Most of these patients are near-triploid, do not 

show segmental chromosomal aberrations or MYCN amplification and present a favourable histology 

(Lavarino et al., 2009; Maris et al., 2007). They also present a specific transcriptomic signature and 

a distinct DNA methylome compared to stage 4 NBs (Benard et al., 2008; Gomez et al., 2015). Their 

5year-EFS rate is over 75% and the 5year-OS rate is 90-100% (Nakagawara et al., 2018). Spontaneous 

regression seems to occur due to massive cell death however, the underlying reasons are uncertain 

and suggest the contribution of different mechanisms. A TRKA-mediated apoptosis, a shortening of 

the telomeres, an immune response and/or an epigenetic regulation are seen as solid candidates that 

might mediate spontaneous NB regression (Brodeur, 2018; Brodeur and Bagatell, 2014).

The distinctive multifocal spreading of 4S NBs has been a matter of intense debate among the 

scientific community. Two hypotheses still persist on whether they derive from genetically identical 

malignant cells that metastasize or if they are instead truly multifocal tumours coming simultaneously 

from different malignant populations (van Noesel, 2012). Interestingly, NCC-derived SOX10+/p75NTR+ 

precursors of the glial and melanocyte lineages are naturally found in the liver, skin and bone marrow 

(Nagoshi et al., 2008; Wong et al., 2006), thereby supporting the hypothesis of a multifocal origin for 

4S NBs. 
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2.4. Diagnosis

The differential diagnosis of NB requires a range of tests that includes biochemical and genetic 

laboratory tests and imaging and histological analyses (Table-01). 

2.4.1. Laboratory tests: urine catecholamines

NBs are neuroendocrine tumours and as such, NB cells produce catecholamines (dopamine, epi-

nephrine and norepinephrine). Both catecholamines and their metabolites (homovanilic acid and 

vanillylmandelic acid) can be detected in the serum and urine and are used for diagnosis and disease 

monitoring over time (Matthay et al., 2016).

2.4.2. Imaging techniques

Ultrasonography, computed tomography, magnetic resonance or 123I-MIBG scan2 are used to de-

termine the primary tumour location and the presence of tumour infiltration and metastatic spread-

ing. A complete evaluation by imaging is required for optimal staging and risk classification of NB 

patients (Matthay et al., 2016).

2.4.3. Histopathological evaluation

The histological evaluation is required to establish a definitive diagnosis. The histophatological fea-

tures of the tumour correlate with patient’s prognosis. The possible spreading to the bone marrow is 

2  123I-MIBG scan refers to a radiographic scanning technique based on the administration of the norepinephrine 
analogue 123I-Meta-iodobenzylguanidine to the patients. This molecule binds to the norepinephrine transporter expressed 
by sympathetic nervous tissues and NB cells, and allows the evaluation of metastatic bone disease (Vik et al., 2009).

Table-01.  The procedures used for the diagnosis and staging of NB. CT: Computed tomography; 
MRI: Magnetic resonance Imaging; 123I-MIBG: 123I-Meta-iodobenzylguanidine; 18F-PET: 18-Fluorodeox-
yglucose-Positron emission tomography. Adapted from (Matthay et al., 2016).



INTRODUCTION: Neuroblastoma

13

additionally confirmed through a bilateral bone marrow biopsy and /or aspirate (Matthay et al., 2016).

2.4.4. Genetic and genomic characterization

The samples from the tumour tissue and/or NB-positive bone marrow are then subjected to a ge-

netic screening (evaluation of the MYCN status, presence of segmental chromosomal aberrations and 

DNA ploidy)(Matthay et al., 2016).

2.5. Histology of neuroblastic tumours

The heterogenic nature of the neuroblastic tumours is also reflected at the cellular level. Neuro-

blastic tumours present 2 distinct cellular types: the neuronal (N) cells and the Schwann (S) cells. Cells 

from the N-type resemble primitive or maturing neuroblasts or even ganglionic cells, whereas S-type 

cells resemble immature Schwann precursors or mature Schwann cells. The balance between N-type 

and S-type components and their degree of differentiation are used to further classify neuroblastic 

tumours and are predictive of the patient’s outcome (Figure 3)(Shimada et al., 1999).

2.5.1. Neuroblastoma

NBs correspond to the neuroblastic tumours that present a poor Schwannian stroma that never 

exceeds 50% of the tumour tissue. 97% of the neuroblastic tumours are NBs (Shimada et al., 1999). 

Based on the degree of differentiation of the tumour cells, NBs are further sub-classified as:

o Undifferentiated: all the neuroblasts show an immature morphology characterized by a round 

shape with a rounded-to-elongated nucleus and nearly indiscernible cytoplasmic borders. Ro-

settes or neuropils (thin neuritic processes) cannot be identified. They present a minimal or no 

stromal component (Shimada et al., 1999).

o Poorly differentiated: no more than 5% of the neuroblasts show cytomorphological features of 

differentiation toward ganglionic cells such as neuropils or rosettes. They present a minimal or no 

stromal component (Figure 3A)(Shimada et al., 1999).

o Differentiating: at least 5% of the tumour cells show synchronous cytomorphological features 

of differentiation toward ganglion cells, including an enlarged and eccentric nucleus with a single 

nucleolus and a conspicuous cytoplasm. In these tumours, the neuroblasts usually have abundant 

neuropils. The schwannian stromal component is commonly present in the septa between con-

tiguous lobules of neuroblastic cells, but still represents less than 50% of the tumour (Shimada et 

al., 1999).
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2.5.2. Ganglioneuroblastoma

Ganglioneuroblastoma (GNB) are neuroblastic tumours presenting a rich Schwannian stroma, al-

though the proportion of the stromal component does not exceed 50% of the total tumour area. In 

these tumours, the neuroblasts appear at various stages of differentiation and are clustered together 

as nests or nodules intermixed with the Schwannian stroma. Neuropils are easily identified. The GNB 

generally present an intermediate level of malignancy (Shimada et al., 1999).

GNBs are classified as the nodular subtype when the neuroblastic component is detected as dis-

tinct macroscopic haemorrhagic nodules in stroma-poor areas coexisting with stroma-rich areas (Fig-

ure 3B). By contrast, when the neuroblastic nests are scattered through the tumour area as multiple 

foci, GNBs are classified as the intermixed subtype (Figure 3C)(Shimada et al., 1999).

2.5.3. Ganglioneuroma

Ganglioneuroma (GN) correspond to the neuroblastic tumours in which the Schwannian stroma 

is dominant, with maturing and fully mature ganglion cells individually scattered. These tumours are 

more frequently detected in patients around 5 to 7 years of age. GNs can metastasize, although they 

are considered to be benign and hence show an excellent prognosis (Figure 3D)(Shimada et al., 1999).

Figure-03. Haematoxylin/eosin histologic prepa-
rations of neuroblastic tumours

(A) Poorly differentiated neuroblastoma, with nest 
of neuroblasts in a background of light pink fibril-
lary neuropil (magnification x100). (B) Nodular 
ganglioneuroblastoma, defined by the presence 
of a grossly visible haemorrhagic nodule (inset). 
Histologic examination reveals an expansive 
haemorrhagic nodule of neuroblastoma (lower 
left) in a background of Schwannian stroma (right 
side of the image) (magnification ×40). (C) Inter-
mixed ganglioneuroblastoma, defined by the ab-
sence of ‘gross’ nodularity and an homogenous 
appearance (inset). Histologic examination re-
veals microscopic nests of neuroblastoma (ar-
row), embedded in Schwannian stroma (magnifi-
cation ×100). (D) Ganglioneuroma, composed of 
Schwannian stroma and scattered maturing gan-
glion cells (arrow) (magnification ×200). Adapted 
from https://oncohemakey.com/neuroblasto-
ma-5/.
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2.6. Risk factors and pathogenesis

The causative factors for NB formation are not well defined. Environmental risk factors seem un-

likely, while genetic or genomic changes are frequent but show a low recurrence rate (Cheung and 

Dyer, 2013; Tolbert et al., 2017). Familial NBs account for 1-2% of the cases and appear to be inher-

ited in an autosomal-dominant pattern, although the penetrance is variable (Cheung and Dyer, 2013; 

Tolbert et al., 2017). Germline mutations in ALK and PHOX2B are found in 80% and 10% of the familial 

cases, respectively (Mosse et al., 2004; Mosse et al., 2008; Trochet et al., 2004). Interestingly, muta-

tions causing a loss of function of PHOX2B predispose to the majority of the syndromic NB cases, in 

which the formation of NB is accompanied by a central congenital hypoventilation syndrome and/or a 

Hirschsprung disease (Bachetti and Ceccherini, 2019). Germline mutations in other loci such as TP53, 

SDHB, PTPN11, APC and NF1 have also been reported in a few cases. Thus, the familial predisposition 

to NB formation remains only partially understood (Tolbert et al., 2017). Familial cases are usually 

diagnosed earlier (the mean age at diagnoses is 9 months) and a large proportion of the patients pres-

ent bilateral adrenal tumours or multifocal tumour presentation (Kushner et al., 1986).

The vast majority of NBs are sporadic and do not correlate with any specific germline mutation. 

The sequential accumulation of multiple genetic/genomic alterations occurring before the terminal 

differentiation of the SA derivatives can cooperate and contribute to NB tumorigenesis. However, 

different MYCN-driven transgenic models have shown that the temporal window during which an 

oncogenic-driving event such as MYCN amplification can induce malignant transformation might be 

incredibly narrow and mainly restricted to pre-natal development (Hansford et al., 2004; Mobley et 

al., 2015; Weiss et al., 1997). Although several genetic alterations are recurrently found in NB pa-

tients, the penetrance of the phenotypes and their recurrence rate are low and variable. Therefore, a 

plausible explanation of the sequence of events that led to the malignant transformation is still lack-

ing for most of the patients.

2.6.1. Recurrent genomic abnormalities 

2.6.1.1. DNA Ploidy

The total DNA content (DNA ploidy or index) is used as a prognostic indicator. NBs tumours with 

a DNA index >1 correspond to hyperdiploid or near-triploid NBs that present altered numbers of 

chromosomes (ranging from 58 to 80 chromosomes). These tumours are usually of low stage and are 

associated with good prognosis. By contrast, NB tumours harbouring a DNA index =1 (44 to 57 chro-

mosomes) correspond to diploid or nearly diploid tumours that present structural chromosomal gains 

or losses. These tumours are usually of high stage and are associated with bad prognosis (Lavarino et 
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al., 2008; Mora et al., 2001; Mora et al., 2007). Alterations in the total DNA content presumably result 

in mitotic dysfunction. However, it is not known whether the DNA ploidy could also be related to the 

process of maturation of the NB cells (Matthay et al., 2016; Nakagawara et al., 2018).

2.6.1.2. Amplification of the oncogene MYCN 

MYCN (v-myc myelocytomatosis related oncogene, neuroblastoma derived) belongs to the family 

of MYC oncogenes, together with L-MYC and C-MYC. It encodes a basic helix-loop-helix (bHLH) tran-

scription factor that possesses a bi-modal (activator/repressor) activity. Unlike C-MYC, N-MYC is spe-

cifically expressed during embryonic development, mainly in the developing central nervous system. 

It acts as a transducer of multiple signalling pathways and regulates cell proliferation, differentiation 

and survival (Huang and Weiss, 2013). 

MYCN is mapped to the short arm of chromosome 2, at the position 2p24-23. The amplification of 

this region results in persistently high levels of MYCN protein. MYCN amplification occurs in 25% of 

all NB patients and in 50% of the patients showing metastasis (Figure 04). MYCN amplified-tumours 

usually consist of undifferentiated or poorly differentiated neuroblasts and present an aggressive be-

haviour. Indeed, MYCN amplification is the only factor that classifies a NB tumour as high risk indepen-

dently of the age of the patient and the tumour clinical stage (Brodeur et al., 1988; Cohn et al., 2009; 

Matthay et al., 2016). The transgenic overexpression of MYCN in SA precursors (under the control of 

the tyrosine hydroxylase promoter) in zebrafish or mouse causes NB formation. However, it does not 

recapitulate the metastatic spreading (Weiss et al., 1997; Zhu et al., 2012). 

Figure-04. Representative FISH images of human neuroblastoma cells displaying MYCN status

(A) Neuroblastoma cells without MYCN amplification.  (B) Neuroblastoma cells with amplified MYCN. 
MYCN probe (green). Centromeric CEP2 probe (red). Nuclei are counterstained with DAPI (magni-
fication x1000). Adapted from (Wang et al., 2013).



INTRODUCTION: Neuroblastoma

17

The molecular mechanisms underlying MYCN amplification remain poorly understood. The most 

plausible explanation suggests an initial aberrant amplification of the MYCN locus as extra-chromo-

somal elements of different sizes (double minutes), that are then linearly integrated as reiterated am-

plicons within its chromosomal site (Amler and Schwab, 1989; Brodeur and Seeger, 1986; Yoshimoto 

et al., 1999).

Interestingly the human MYCN locus encodes a cis-antisense transcript, MYCNOS. MYCNOS en-

codes the N-CYM protein, which promotes MYCN protein stabilization by inhibiting GSK3-β activity. 

MYCNOS is always amplified together with MYCN in human NBs. Importantly, a double transgenic 

mouse model for MYCN and MYCNOS presents frequent metastases (Suenaga et al., 2014).

2.6.1.3. Loss of chromosome 1p (1p36)

The loss of the chromosomal region 1p36 is detected in one third of the primary NBs. This abnor-

mality is positively correlated with MYCN amplification and is associated with poor prognosis (Attiyeh 

et al., 2005). 

Several candidate tumour suppressor genes are located in 1p36 such as CHD5, CAMTA1, KIF1B, 

CASZ1 and mir-34A, suggesting that the deletion of 1p36 might acts as a tumour driver (Bagchi et 

al., 2007; Henrich et al., 2012). Recently, the clonal selection of CHD5 mutant alleles was reported by 

whole-exome sequencing as the first proof of concept that CHD5 acts as an haploinsufficient tumour 

suppressor in NB (Schramm et al., 2015).

2.6.1.4. Gain of chromosome 17

The numerical or segmental gain of chromosome 17 is the most frequent genomic aberration 

found in NBs and is detected in 70% of the NBs at diagnosis (Plantaz et al., 1997). The segmental 

gain of 17q is detected in 50% of the NB patients and is associated with poor prognosis (Bown et al., 

1999). At least 3 candidate oncogenes are located in 17q: BIRC5 (Survivin), NM23A and PPM1D. These 

candidates might be responsible for the selective advantages brought by unbalanced copies of 17q 

(Godfried et al., 2002; Islam et al., 2000).

Loss of 1p and gain of 17q correlate with MYCN amplification and poor prognosis (Bown et al., 

1999).

2.6.1.5. Loss of chromosome 11q

The loss of chromosome 11q is present in one third of high risk NB patients. It is inversely corre-

lated with MYCN amplification and the loss of 1p36 and it is associated with an aggressive phenotype 
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(Attiyeh et al., 2005). Together with MYCN amplification, it is the only genetic alteration that is consis-

tently assessed for risk stratification of NB patients (Cohn et al., 2009). The putative tumour suppres-

sor gene TSCL1 is located in 11q23 (Ando et al., 2008).

2.6.1.6. Others

Other segmental chromosomal aberrations commonly found in NB patients include the gains of 1q 

and 2p and the loss of 3p, 4p and 14q. However, their association with patients’ prognosis is less clear 

(Jiang et al., 2011; Matthay et al., 2016; Nakagawara et al., 2018).

TERT re-arrangements are present in 25% of high risk NBs and strongly associate with bad prog-

nosis. They are usually found in MYCN non-amplified tumours carrying ATRX mutations (Peifer et al., 

2015; Valentijn et al., 2015).

Finally, chromothripsis (a local shredding of the chromosomes) has also been detected in nearly 

20% of high risk NBs. Its putative clinical meaning is however still unknown (Boeva et al., 2013; Mo-

lenaar et al., 2012).

2.6.2. Recurrent genetic abnormalities

2.6.2.1. ALK (Anaplastic lymphoma kinase)

The ALK oncogene encodes an orphan tyrosine kinase (TK) receptor expressed in the develop-

ing nervous system. Germline mutations in ALK are present in nearly 80% of the familial NBs, while 

somatically acquired mutations are found in 10% of the sporadic NBs (Chen et al., 2008; George et 

al., 2008; Janoueix-Lerosey et al., 2008; Mosse et al., 2008). The frequency of activating mutations in 

ALK is increased in relapses (Schleiermacher et al., 2014). Point mutations usually affect the catalytic 

domain of ALK, increasing its kinase activity by autophosphorylation. The hyperactivation of ALK leads 

to an increased signalling through PI3K, RAS/MAPK and RET pathways and contributes to oncogenic 

transformation (Chen et al., 2008; George et al., 2008; Janoueix-Lerosey et al., 2008; Mosse et al., 

2008) . In addition, ALK is located at 2p23 and is thus co-amplified with MYCN in some cases (Chen et 

al., 2008; Janoueix-Lerosey et al., 2008).

2.6.2.2. ATRX (α-Thalassaemia/mental retardation syndrome X-linked). 

ATRX encodes a SWI/SNF chromatin-remodelling ATP-dependent helicase. Mutations in ATRX caus-

ing its loss of function are found in 10% of the NB patients (Cheung et al., 2012; Molenaar et al., 

2012). The frequency of mutation of ATRX increases with the age of the patient and is associated to 



INTRODUCTION: Neuroblastoma

19

bad prognosis. The ATRX mutations inversely correlate with MYCN amplification (Cheung et al., 2012).

2.6.3. Genetic susceptibility to NB

In the last decade, genome-wide association studies have discovered multiple single nucleotide 

polymorphisms (SNPs, both in gene-coding and non-coding sequences) and copy-number variations 

(CNVs) that might act as oncogenic drivers for NB formation such as: LIN28, LMO1, BARD1, TP53 or 

copy number variation in 16p. However, their individual contribution to NB predisposition is very low 

(Figure 05) (Capasso et al., 2009; Diskin et al., 2012; Nguyen le et al., 2011; Oldridge et al., 2015; Pugh 

et al., 2013; Sausen et al., 2013; Tolbert et al., 2017). 

2.6.4. Epigenetic modifications in neuroblastoma

The remarkable scarcity of recurrent mutations at the time of diagnosis and the key role of the 

epigenetic regulation in the differentiation process, have led to the notion that an epigenetic un-

balance and/or rewiring might be an important mechanism driving tumorigenesis. In this regard, 

genome-wide epigenetic alterations and mutations in epigenetic regulators have been described in 

NB tumours and are suspected to cooperate to the malignant transformation and/or the acquisition 

of aggressive traits (such as therapy-resistance or metastatic behaviour)(Decock et al., 2011; Durinck 

and Speleman, 2018; Flavahan et al., 2017). The main epigenetic changes reported so far in NBs are 

included hereafter:

First, genome-wide changes in the DNA methylation pattern have been detected in several NB 

cohorts and are proposed to have prognostic value. Current data suggest that the hypermethylation 

of the CpG promoter regions together with the genome-wide hypomethylation of the non-CpG re-

gions contribute to tumour progression and to the acquisition of unfavourable clinical features by pro-

moting aberrant oncogene activation (for example TERT), tumour suppressor silencing (for example 

Figure-05. Graphical representation of 
genetic predisposition to neuroblas-
toma

Known familial and sporadic predispo-
sition genes compiled into one sum-
mary figure across multiple studies. The 
familial mutations are shown in the top 
left of the graph representing a very 
rare allele frequency and high effect 
size. GWAS-discovered variations are in 
the bottom right corner representing a 
higher allele frequency with a lower ef-
fect size. Adapted from (Tolbert et al., 
2017).
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CASP8), and genomic instability (Alaminos et al., 2004; Decock et al., 2016a; Decock et al., 2016b; 

Decock et al., 2016c; Gomez et al., 2015; Mayol et al., 2012; Olsson et al., 2016). 

Second, changes in the post-transcriptional modification of histones (mainly their acetylation 

and methylation status) seem also to play a role in NB malignancy. The overexpression of the histone 

deacetylase HDAC8 significantly correlates with poor patient prognosis (Oehme et al., 2009a; Oehme 

et al., 2009b), and different HDACs can cooperate with MYCN to repress its target genes (Fabian et al., 

2014; Fabian et al., 2016; Lodrini et al., 2013). In parallel, changes in the expression levels of differ-

ent histone methyltransferases and demethylases have been described mainly in relation with MYCN 

activity. The overexpression of DOTL1, WDR5 or that of the core components of the Polycomb Repres-

sive Complexes 1 & 2 (for example EZH2 and BMI1) cooperate with MYCN in regulating transcription 

and correlates with poor patients’ survival(Cui et al., 2007; Huang et al., 2011; Sun et al., 2015; Wong 

et al., 2017). 

Third, the expression of epigenetic chromatin readers and that of components of the chromatin-

remodelling complexes is also affected in NBs. For example BPTF, a chromatin reader able to recog-

nize histone acetylation marks, is amplified in 55% of the NBs, due to the chromosomal gain of the 

locus 17q24 (Buganim et al., 2010). Additionally, the loss of CHD5 expression (caused by the loss of 

the locus 1p36 or by promoter methylation) and the mutation or deletion of the components of the 

SWI-SNF complex ARID1A/B, all associate with poor patient prognosis and high risk stage (Koyama et 

al., 2012; Lavarino et al., 2008; Lee et al., 2017; Sausen et al., 2013).

Finally, a read-out of the epigenetic status of a cell is the activity of the super-enhancers (SEs). 

SEs are a cluster of highly active enhancers coupled to genes encoding master TFs, whose final aim is 

to instruct the cellular identity (Pott and Lieb, 2015). The combinatorial effect of some of the above 

mention epigenetic changes might cause an epigenetic reprograming in the tumour cells that change 

the activity of the super-enhancers compared to that of the non-malignant cells. Therefore, the intra- 

and inter-tumour heterogeneity has been recently studied in the light of SEs regulatory circuitries. NB 

tumours consist in a heterogeneous mixture of two main interconvertible cell states: the adrenergic 

cell state (controlled by GATA3 and HAND1) and the mesenchymal cell state (controlled by MEX1/2 

and SOX9). The mesenchymal cell state is proposed to mimic NCC identity (van Groningen et al., 

2017). A parallel approach described the existence of other 3 main cellular subtypes based on the 

activity of super-enhancers: the sympathetic noradrenergic cell subtype (controlled by PHOX2B), the 

NCC-like subtype (controlled by AP1) and the mixed transiting subtype (Boeva et al., 2017).

Collectively, these data suggest that a better understanding of epigenetic plasticity and tumour-

specific dependency on epigenetic regulation might help to get a deeper insight into the intra-/inter-

tumour heterogeneity and should be taken into account as novel therapeutic strategies.
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2.7. Staging system and prognosis

Due to the large heterogeneity displayed by NB tumours in terms of distinct clinical behaviours and 

biological features, the definition of risk groups has been the main goal of international consortiums. 

The stratification of patients into risk groups aims to cluster patients into therapeutically meaningful 

subgroups. For the last 3 decades, the most widely used staging systems have been the International 

Neuroblastoma Staging System (INSS) and the International Neuroblastoma Risk Group Staging Sys-

tem (INRGSS).

2.7.1. The International Neuroblastoma Staging System (INSS)

The INSS was first established in 1988 and stratifies the patients according to the post-surgical 

criteria (Brodeur et al., 1993; Brodeur et al., 1988). A detailed definition of the stages established by 

the INSS is included in Table-02.

2.7.2. The International Neuroblastoma Risk Group Staging System (INRGSS)

To establish a consensus and facilitate the comparisons of clinical trials across different interna-

tional cooperative consortiums, the International Neuroblastoma Risk Group developed the INRGSS 

for pre-treatment risk classification based on image-defined risk factors (IDRFs) and clinical and bio-

logical features of the tumours (Table-03)(Cohn et al., 2009; Monclair et al., 2009). 

The age of the patient at the time of diagnosis, the stage of the disease and the presence of MYCN 

amplification in NB cells are the three strongest determinants of clinical outcome. These determi-

nants, combined with the loss of chromosome 11q, the tumour histology and the DNA ploidy, are the 

defining criteria of NB risk-group stratification by the INRGSS system (Table-04) (Monclair et al., 2009).

2.8. Treatment

The treatment of NB patients remains a challenge due to the diverse clinical course of the disease 

and to the infant or child development. Thus, the therapeutic strategies are determined based on the 

risk stratification of NB patients, by trying to optimize both the efficiency and the specificity of the 

treatment. After diagnosis and risk classification, each risk group is managed according with specific 

protocols (Figure 06).
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Very low risk and low risk

Very low risk and low risk (LR) NB patients present a 5 year(y)-EFS above 75% and a 5y-OS rate of 

90-100%. The standard treatment for these patients is limited mainly to clinical observation, although 

the surgical resection of the primary tumour might be required in some cases (Matthay et al., 2016; 

Nakagawara et al., 2018).

Table-03.  International Neuroblastoma Risk Group Staging System. Adapted from (Monclair et al., 
2009).

Table-02.  International Neuroblastoma Staging System. Adapted from (Brodeur et al., 1993).
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Intermediate risk

Intermediate risk (IR) NB patients have a 5y-EFS of 50-75% and a 5y-OS rate of 60-85%. These pa-

tients require the surgical resection of the primary tumour (when possible), plus chemotherapy and 

radiotherapy (Matthay et al., 2016; Nakagawara et al., 2018).

High risk

High risk (HR) NB patients have a 5y-EFS rate of 30-50% and require a multimodal therapeutic strat-

egy that consists of 4 consecutive phases: induction chemotherapy, surgery, consolidation therapy 

and maintenance therapy. The induction chemotherapy consists of 2-8 cycles of a high-dose cocktail 

of chemotherapeutic compounds (named COJEC and consisting of cisplatin, vincristine, carboplatin, 

etoposide and cyclophosphamide) that aims to shrink the primary tumour and reduce metastases. 

The consolidation therapy consists of a myelo-ablative chemotherapy followed by an autologous he-

matopoietic stem cell transplantation (AHSCT) and radiotherapy. The maintenance therapy is aimed 

to eradicate the minimal residual disease using immunotherapy (using dinutuximab3 with or without 

cytokines) and/or differentiation therapy (using 13-cis-retinoic acid also known as isotretinoin) (Mat-

thay et al., 2016; Nakagawara et al., 2018).

Despite this aggressive therapeutic regimen, 50% of the high-risk NB patients relapse and the 

5y- OS remains below 30% for those presenting certain clinical-biological features such as patients 

older than 18 months, with metastatic dissemination and amplification of MYCN (Cohn et al., 2009; 
3  Dinutuximab is a chimeric monoclonal antibody against the disialoganglioside GD2, a cell-surface tumour as-

sociated antigen highly expressed by NB cells.

Table-04.  International Neuroblastoma Risk Group (INRG) consensus pretreatment classification 
schema. A: Amplified; GN: Ganglioneuroma; GNB: Ganglioneuroblastoma; NA: Non-Amplified; NB: 
Neuroblastoma. Adapted from (Cohn et al., 2009).
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Nakagawara et al., 2018). Thereby, there is an urgent need to discover and develop novel therapeutic 

targets or strategies in order to optimize the treatment of high-risk NBs and improve their outcome.

3. Cancer stem cells

The origins of the term ‘stem cell’ can be traced back to the late 19th century when Ernst Haeckel 

used the term ‘Stammzellen’ (‘stem cell’) to describe ‘the fertilized egg cell as the cell of origin of 

all other cells of an animal or human organism’ (Maehle, 2011). Soon the term was adopted by the 

embryology field. Already in 1892, the zoologist T. Boveri described as ‘Stammzellen’ the cells which 

derive from the fertilized egg cell and lead to the primordial germ cell and from which various primor-

dial somatic cells branch off. Boveri defined precisely the two essential characteristics of a stem cell 

that persist to date: their self-renewal capacity and their multipotency or ability to give rise to differ-

ent lineages (Maehle, 2011). In parallel to Haeckel’s work on the ‘Stammzellen’, M. Askanazy and oth-

ers conducted pioneering studies on the nature of teratomas: tumours deriving from the germ cells. 

Askanazy described for the first time the heterogenic composition of teratomas, where he found mul-

tiple cell lineages from the 3 germ-layers (Askanazy, 1907). Their resemblance to aberrant ‘embryos’ 

led him and others to use the term Stammzellen to name the teratoma tumour cells, and to propose 

that the well differentiated benign somatic teratoma cells might develop by differentiation from mul-

tipotent stem cell(s) (Askanazy, 1907). These early studies settle the bases for the cellular analysis of 

Figure-06. Treatment overview of neuroblastoma by risk classification according to the International 
Neuroblastoma Risk Group Staging System

(A) Patients with very low and low risk are often managed with surgical resection or observation 
alone with tumours likely to spontaneously regress that are not causing symptoms. Intermediate 
patients are treated with chemotherapy with the number of cycles dependent on their response 
as well as surgical resection of the primary tumour. High risk disease requires intensive multimodal 
therapy including chemotherapy, myeloablation, radiation, immunotherapy and differentiation 
therapy. (B) Proportion of NB patients diagnosed according to each risk category. Adapted from 
(Tolbert and Matthay, 2018; Cohn et al., 2009).



INTRODUCTION: Cancer stem cells

25

tumour heterogeneity with the landmark work of B.G. Pierce in the 1960’s (Kleinsmith and Pierce, 

1964; Pierce and Wallace, 1971). Using in vivo radiolabelling approaches, Pierce described how the 

undifferentiated teratoma cells were labelled by short incubations, while the well differentiated areas 

of the tumour were preferentially labelled after longer exposures. Interestingly, the latter were un-

able to form secondary tumours when transplanted into a syngeneic host (Pierce and Wallace, 1971). 

These findings led Pierce to propose that tumours are a caricature of normal embryonic development 

and to state the first preliminary definition of a cancer stem cell: ‘[…] A tumour is a dynamic system 

composed of malignant stem cells and their well differentiated and benign progeny, admixed to form 

a caricature of the tissue of origin. Malignant stem cells are responsive to environmental controls, 

an observation that should make us rethink the concept of progression and autonomy […]’ (Pierce, 

1974).

However, the discovery of oncogenes and tumour suppressor genes changed the focus of inter-

est in the cancer field. The clonal evolution theory of tumour growth and tumour heterogeneity was 

broadly accepted by the scientific community, and Pierce’s cancer stem cell hypothesis of tumour 

heterogeneity was abandoned for almost 25 years (Clevers, 2011; Nowell, 1976).

3.1. Origins of tumour heterogeneity

Tumours are composed by a heterogenic cell population. This heterogeneity is revealed by differ-

ences in the cellular morphology, proliferative capacity, genetic/ epigenetic changes, response upon 

treatment and metastatic behaviour (Greaves and Maley, 2012). Tumour heterogeneity mainly comes 

from the tumour cells per se and from their interaction with the tumour microenvironment (Hana-

han and Weinberg, 2011). Throughout the 20th century, two main models have been proposed to 

explain cancer growth and tumour heterogeneity at the cellular level (Clevers, 2011; Nowell, 1976; 

Pierce, 1974):  the stochastic and the cancer stem cell model of tumour growth (Nowell, 1976; 

Pierce, 1974). Superimposed on these models, tumours undergo clonal evolution as a result of ge-

netic instability (Figure 07) (Greaves and Maley, 2012; McGranahan and Swanton, 2017). This means 

that new tumour clones progressively appear and whenever the new genetic variant constitutes a 

selective advantage over the pre-existing population, the new clone will be the precursor of the next 

predominant tumour subpopulation (Greaves and Maley, 2012; McGranahan and Swanton, 2017). 

Finally, tumour cells recruit fibroblasts, immune cells and endothelial cells to create a favourable mi-

croenvironment that fosters tumour progression and contributes to tumour heterogeneity (Joyce and 

Pollard, 2009; Plaks et al., 2015).
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3.1.1. The stochastic model 

The stochastic model states that all tumour cells are equipotent and stochastically a proportion 

of them proliferate to fuel tumour growth while the other tumour cells differentiate. Hence, in this 

model each tumour cell appears as the minimal unit for tumour evolution. As a result of genetic 

instability, somatic mutations and chromosomal changes might occur in any tumour cell, increasing 

tumour heterogeneity. Whenever the new variant provides a survival advantage over the pre-existing 

population, the cell will become the next predominant clonal population. This dynamic and constant 

clonal evolution renders tumours increasingly abnormal and more aggressive over time (Cairns, 1975; 

Greaves and Maley, 2012; Nowell, 1976; Sun et al., 2018). 

The use of single-cell sequencing has confirmed the existence of a clonal architecture in different cancers 

(such as triple negative breast cancer, colon cancer, EGFR-amplified glioblastoma, acute myeloid leukaemia 

and paediatric lymphoblastic leukaemia) and even the clonal history of each patient has been established 

when possible (Anderson et al., 2011; Francis et al., 2014; Gao et al., 2016; Niemoller et al., 2016; Wang et 

al., 2014; Yu et al., 2014). Clonal diversity and therapy-driven clonal evolution have also been found in two co-

horts of NB patients composed by pair samples of primary tumours and their relapse. The authors show the 

emergence of new genetic subclonal population at relapse showing recurrent mutations driving RAS-MAPK 

pathway activation. However, it remains unknown whether it depends on the acquisition of de novo muta-

tions or on the expansion of previously existing rare subclones (Eleveld et al., 2015; Schramm et al., 2015).

Figure-07. The different models of tumour growth

(A) In the stochastic model of tumour growth, all cells are equipotent and stochastically self-renew 
or differentiate into transient amplifying (TA) progenitors or non-tumorigenic cancer cells, leading to 
tumour heterogeneity. (B) In the cancer stem cell (CSC) model of tumour growth, only a subset of 
tumour cells has the ability for long-term self-renewal and these cells give rise to TA progenitors with 
limited self-renewal potential and to non-tumorigenic ‘differentiated’ progeny. In both models, new 
genetic changes due to genome instability generate new clones/CSCs that might present selective 
advantages over the previous population, increasing tumour heterogeneity. Adapted from (Beck 
and Blanpain, 2013).
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3.1.2. The cancer stem cell model

The cancer stem cell model states that tumours are hierarchically organized, similarly to normal 

tissues, and that tumour growth is fuelled by a subpopulation of dedicated tumorigenic cancer cells 

called cancer stem cells (CSCs) (Pierce, 1974; Wang and Dick, 2005). Hence tumours are composed 

mainly of ‘immature’ CSCs and their non-tumorigenic progeny, the non-CSCs. As described by Pierce, 

CSCs are defined by their capacity to self-renew and to give rise to a multilineage progeny that re-

capitulates the tumour heterogeneity (Kreso and Dick, 2014; Pierce, 1974; Wang and Dick, 2005). 

Thereby, the widespread interest in the CSC model is that it can comprehensibly explain clinical obser-

vations that are poorly understood, such as: 1) the almost inevitable recurrence of tumours after an 

initially successful chemotherapy and/or radiation therapy (Kreso et al., 2013); 2) tumour dormancy 

(Giancotti, 2013; Pece et al., 2010; Roesch et al., 2010); 3) metastasis (Oskarsson et al., 2014) and 4) 

the presence of tumour cells at different stages of differentiation within the same tumour (as it hap-

pens in teratoma and NB tumours) (Kleinsmith and Pierce, 1964; Shimada et al., 1999).

The recent rise of the CSC model is closely related to advances in our understanding of haema-

topoiesis and haematological malignancies (Batlle and Clevers, 2017; Clevers, 2011; Wang and Dick, 

2005). Early studies in haematological malignancies reported that the proliferative capacity of leuke-

mic cells was heterogenic and described a hierarchical organization that resembled that of normal 

haematopoietic stem cells (Clarkson, 1969). In addition, leukemic stem-like cells were found to re-

enter cell cycle after chemotherapy as shown by in vivo radiolabelling of human patients (Clarkson et 

al., 1970; Killmann et al., 1963). The development of secondary leukaemia after xenotransplantation 

of CD34+CD38- leukemic cells into immunodeficient mice is considered to be the first identification of 

a CSC population (Dick et al., 1997; Lapidot et al., 1994; Uckun et al., 1995). Interestingly, this com-

bination of biological markers (CD34+CD38-) is the same that identifies normal haematopoietic stem 

cells (HSCs) (Bonnet and Dick, 1997; Lapidot et al., 1994; Uckun et al., 1995). The identification of 

CD44+CD24-/low as breast cancer CSCs using a similar approach started the discovery of CSCs or CSC-

like subpopulations in many other types of solid tumours (Al-Hajj et al., 2003).

3.1.2.1. The divergent behavior of CSCs

Multiple evidences demonstrate the relevance of the CSC model to explain tumour growth and 

relapse in many tumour types (Batlle and Clevers, 2017; Nassar and Blanpain, 2016). Nevertheless, 

the past two decades of research in the field have revealed some caveats in the original CSC model 

(hereafter called the standard hardwired CSC model) and the need of new experimental approaches 

such as lineage-tracing and cell ablation techniques to accurately unravel CSC identity and behaviour 

(Figure 8) (Batlle and Clevers, 2017; Clevers, 2011; Magee et al., 2012; Medema, 2013).
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3.1.2.1.1. The standard hardwired CSC model

The classical CSC model adopted most of the features established for the HSCs and haematologi-

cal malignancies (Batlle and Clevers, 2017; Clevers, 2011; Wang and Dick, 2005). First, it established 

that a substantial fraction of tumour heterogeneity results from its hierarchical organization, which is 

usually reminiscent of the one of the tissue of origin but superimposed on underlying genetic aber-

rations. Second, it states that the tumour hierarchy consists of rare slow-cycling CSCs located at the 

apex of the hierarchy and that divide asymmetrically into progenitor daughter cells and new quies-

cent CSCs. The non-CSC progeny could divide symmetrically for a limited number of rounds before 

giving rise to the non-dividing ‘terminally-differentiated’ tumour cells (Figure 8A). Third, this tumour 

cell hierarchy is rigidly hardwired due to the fact that non-CSCs hardly initiate tumours after trans-

plantation. Therefore, the cell founder of the tumour has to be a normal stem cell that stochastically 

undergoes malignant transformation. Finally, this classical model supposes that the relapse depends 

on the survival of quiescent CSCs that are unlikely to be affected by the chemotherapeutic treatment, 

since it targets more efficiently the fast-cycling non-CSCs (Batlle and Clevers, 2017; Clevers, 2011; 

Wang and Dick, 2005).

Several of these features have been proved for certain types of cancer. For example, the histologi-

cal and transcriptomic analysis of colorectal cancer (CRC) revealed that their hierarchical organization 

seems to be reminiscent of the organisation of the normal colonic epithelium (Dalerba et al., 2011; 

Merlos-Suarez et al., 2011). However, the stability of the CSC phenotype and the existence of a rigid 

Figure-08. Cell-autonomous versus niche-induced cancer stem 
cell models

(A) Canonical hardwired cancer stem cell (CSC) hierarchy. In 
this type of hierarchy self-renewal capacity is a cell-autonomous 
property of the CSCs. Upon asymmetric division, CSCs give rise 
to one CSC and one transit amplifying (TA) tumour cells. TA cells 
divide rapidly originating non-tumorigenic ‘differentiated’ prog-
eny. (B) Niche-induced CSC hierarchy. In this type of hierarchy 
the CSC phenotype can be instructed by extracellular cues. 
CSCs can divide symmetrically or asymmetrically. TA cells and 
‘differentiated’ cells display variable plasticity and can trans-
differentiated into CSCs upon environmental signals. Adapted 
from (Batlle and Clevers, 2017).
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and unidirectional hierarchy might not be applicable for most CSC-driven tumours and led to a revi-

sion of the model (Kreso and Dick, 2014).

3.1.2.1.2. The niche-induced CSC model

Glioblastoma (GB) and melanoma represent two enlightening examples of the caveats that 

emerged against the hardwired CSC model. GBs are brain tumours in which the existence of hierar-

chical organization is widely accepted. GB cancer stem cells (GBcsc) are responsible of the long-term 

tumour growth (Chen et al., 2010) and the relapse after therapy (Bao et al., 2006; Chen et al., 2012a; 

Kondo et al., 2004). In this regard, several therapeutic strategies targeting GBcsc have been devel-

oped pre-clinically (Chen et al., 2012a; Piccirillo et al., 2015). However, at least 5 different markers 

of GBcsc-like subpopulations, including CD133, CD15, NESTIN, SSEA1, EPHA2 and EPHA3, have been 

described so far and it is unclear whether they identify the same GBcsc population or different sub-

types of GBcsc (Binda et al., 2012; Chen et al., 2010; Chen et al., 2012b; Day et al., 2013; Kim et al., 

2013; Singh et al., 2004; Son et al., 2009). In addition, the transdifferentiation of GB non cancer stem 

cells (non-CSCs) into GBcsc has been proposed (Suva et al., 2014) and the oncogenic transformation 

of mature neuron and/or astrocytes can induce their dedifferentiation into immature GBcsc-like cells 

(Friedmann-Morvinski et al., 2012). Hence any mature cell from the CNS can potentially become the 

substrate of malignant transformation and GB initiation. 

On the contrary, melanomas are tumours with no recognized hierarchy. Most of the melanoma 

tumour cells present tumour-propagating capacities and the expression of surface markers seems 

highly plastic (Quintana et al., 2010; Quintana et al., 2008; Shackleton et al., 2009).

These two examples illustrate the obvious disparities that can exist in regards to the rigid unidi-

rectional CSC hierarchy and led to the refining of the CSC model to take into account this dynamic 

and plastic reality (Greaves, 2013; Kreso and Dick, 2014; Magee et al., 2012; Medema, 2013). The 

niche-induced CSC model proposes a plastic hierarchical organization whereby the phenotypic in-

terconversion between CSCs and the more differentiated non-CSCs is possible and contributes to 

tumour evolution (Figure 8B). Whether this happens by neutral competition4, or if it is regulated by 

the microenvironment through paracrine signalling, is likely to depend on each type of tumours and 

on its genetic background (Batlle and Clevers, 2017; Beck and Blanpain, 2013; Medema, 2013). Ad-

ditionally, the plasticity of the tumour hierarchy in the niche-induced CSC model suggests that any 

cell of a tissue could become the cell-of-origin of a tumour (also known as the tumour-initiating cell, 

4  The notion of neutral competition refers to a dynamic model of stem cell growth where the stem cells can be 
lost and replaced stochastically by asymmetric or symmetric division of any other stem cell of the niche. (Stine et al., 
2013). The neutral competition dynamics have been described in epithelial tissues such as the epidermis, the stomach 
and the intestinal crypts  as well as in breast cancer cells and for the CSCs population in squamous skin cancer (Doupe et 
al., 2010; Driessens et al., 2012 Gupta et al., 2011; Leushacke et al., 2013; Lopez-Garcia et al., 2010; Snippert et al., 2010).
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TIC) after undergoing malignant transformation (Blanpain, 2013; Visvader, 2011). Finally, in the niche-

induced CSC model, the  tumour growth might be fuelled by CSCs undergoing symmetric or asym-

metric divisions and the fate of their progeny (whether they generate 0, 1 or 2 daughter CSCs) might 

be determined by neutral competition, similarly to the adult stem cell dynamics (Batlle and Clevers, 

2017; Beck and Blanpain, 2013). 

3.1.3. The clonal evolution of CSCs

In the current view about tumour growth, the tumour heterogeneity can arise from different tu-

mour cells presenting distinct mutations in combination with an aberrant but hierarchical organiza-

tion that shows a variable degree of plasticity and niche dependency (Greaves and Maley, 2012; Kreso 

and Dick, 2014; Marjanovic et al., 2013; Meacham and Morrison, 2013). Accordingly, mutations might 

affect the tumour-propagating capacity of any tumour cell and dictate to what extent the tumour 

growth depends on niche signals (Greaves and Maley, 2012; Kreso and Dick, 2014). For example, the 

analysis of clonal dynamics during serial transplantation of pancreatic cancer samples indicated that 

long-term growth is driven by the successive activation of transiently active tumour-propagating cells5 

carrying different genetic alterations (Ball et al., 2017). However, the plasticity of the tumour hierar-

chy and the influence of the tumour microenvironment might dictate to what extent mutations can 

influence the behaviour of the non-CSC progeny (Plaks et al., 2015). Activating mutations in the WNT/

β-catenin signalling pathway drive CRC in the colonic epithelium, but the intracellular activity of the 

pathway in CRC cells depends on microenvironmental signals (Brabletz et al., 2001; Vermeulen et al., 

2010). Either way, the genetic instability occurring at different levels of the tumour hierarchy might 

direct clonal evolution throughout tumour progression, thereby unifying the tumour-propagating ca-

pacities of most of the tumour cells of the hierarchy and making the tumour cells progressively insen-

sitive to the niche signals (Figure 9) (Batlle and Clevers, 2017; Greaves and Maley, 2012; Kreso and 

Dick, 2014; Medema, 2013). Independently of the predominant tumour organization (either hierar-

chical or genetically-driven), it is worth noting that tumour cells might develop specific vulnerabilities 

and requirements at different moments of the tumour progression, such as during minimal residual 

disease6 or metastasis initiation. For instance, the regeneration of Lgr5+ CRCcsc from Lgr5- non-CSCs 

occurs in the primary tumour but not in the liver metastasis (de Sousa e Melo et al., 2017). 

5  Along this doctoral thesis the notion of tumour propagating cells (TPCs) refer to the tumour cells that present 
self-renewal capacity and drive tumour growth despite not fitting to the CSC definition. These type of cells are expected 
to drive the growth of tumours where there is no hierarchical organization of the tumour cells such as pancreatic cancer 
and melanoma (Ball et al., 2017; Held et al., 2010; Quintana et al., 2010; Quintana et al., 2008; Shackelton et al., 2009).

6  The notion of minimal residual disease refers to a small and undetectable population of tumour cells that per-
sists during the chemotherapeutic treatment in an environmentally-induced drug-tolerant state and that resume tumour 
growth after therapy. Thereby, these cells are the ultimate responsible of the tumour relapse (Meads et al., 2009)
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3.2. The cancer stem cell concept

The existence and clinical relevance of CSCs has been further validated in certain tumour types 

with the recent development of lineage tracing and cell ablation techniques (Batlle and Clevers, 2017; 

Nassar and Blanpain, 2016). It is now evident that the CSC concept refers to malignant cells with 

diverse and plastic behaviours but characterized by their self-renewal ability and their multi-lineage 

potential. Nevertheless, other interesting traits have been used to identify CSCs/CSCs-like subpopula-

tions and to understand their biological relevance for tumour progression (Batlle and Clevers, 2017). 

3.2.1. CSCs properties

3.2.1.1. Functional parallels between normal SCs and CSCs

The CSCs and the cells with tumour-propagating capacities might share certain characteristics with 

their normal SC counterparts of the tissue of origin, including a common transcriptomic and/or epig-

enomic profile and their similar biological response to regulatory signalling pathways (see the next 

section for further details) (Magee et al., 2012; Matsui, 2016; Reya et al., 2001). As mentioned before, 

the hierarchical organization of CRC might reflect that of the normal colonic epithelium with Lgr5+ 

CSCs/SCs at the apex of the hierarchy (Dalerba et al., 2011; Merlos-Suarez et al., 2011). Similarly, a 

common transcriptomic signature has been identified for breast CSCs and an embryonic subpopula-

Figure-09. Niche dependency and tumour progression in the cancer stem cell model

(A) In the niche induced cancer stem cell (CSC) model, genetic and epigenetic changes render 
CSCs progressively independent of niche signals. As a consequence, the cell-autonomous CSC 
phenotype impedes ’differentiation’, resulting in a shallow hierarchy with many CSCs and few non-
CSCs. NB: nueroblastoma; TA progenitor: transit amplifying progenitor. Adapted from (Batlle and 
Clevers, 2017).
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tion of mammary stem cells (Pece et al., 2010; Spike et al., 2012). Additionally, recent evidences have 

shown the epigenetic reprogramming of cancer cells towards an embryonic-like state upon chemo-

therapy (Boeva et al., 2017; Rambow et al., 2018; van Groningen et al., 2017). Melanoma and NB are 

two different types of tumours that both derive from the malignant transformation of different NCC 

derivatives: the terminally differentiated melanocytes and the developing SA lineage, respectively. In 

a model of minimal residual disease of melanoma, the transdifferentiation of melanoma cells towards 

a NCC-like state favours their resistance to treatment and their relapse (Rambow et al., 2018).

3.2.1.2. Self-renewal capacity

All CSCs has the unique capacity to self-renew (Kreso and Dick, 2014). Regulation of their self-

renewal capacity might depend on the same signalling pathways that control proliferation of normal 

stem cells such as WNT, Hedgehog, FGF and Notch. However, the different genetic and/or epigenetic 

changes harboured by the CSCs might cause the constitutive activation or an aberrant regulation of 

these pathways, leading to an uncontrolled growth (Matsui, 2016; Reya et al., 2001). For instance, 

WNT/β-catenin signalling as well as the of the Polycomb group member BMI1 are required to main-

tain the self-renewal capacity of the adult HSCs and the leukemic stem cells in certain subtypes of 

leukaemia (Lessard and Sauvageau, 2003; Park et al., 2003; Zhao et al., 2007). On the contrary, WNT/

β-catenin signalling is required to maintain the self-renewal capacity of the CSCs in a mouse model 

of squamous cell carcinoma (SCC) but not for epidermal stem cell maintenance, thus representing a 

putative therapeutic target for SCC (Malanchi et al., 2008). In addition, several evidences suggest a 

relevant role of the microenvironment in regulating the self-renewal capacity of CSCs. In this regard, 

the self-renewal of CD133+ GBcsc in the vascular niche is regulated by VEGF-A secreted from the en-

dothelium and by the oxygen levels through the HIF1-α/2-α TFs (Calabrese et al., 2007; Li et al., 2009; 

Soeda et al., 2009). In CRC, the secretion of IL-17A by cancer-associated fibroblasts maintains the self-

renewal capacity of CD44+ CRCcsc-like cells during chemotherapy (Lotti et al., 2013).

3.2.1.3. Plasticity

The ability to generate a multi-lineage progeny that recapitulates the original tumour heterogene-

ity is the second defining feature of a bona fide CSC (Batlle and Clevers, 2017; Kreso and Dick, 2014; 

Nassar and Blanpain, 2016). As detailed in the previous section, in many solid neoplasms the CSC hi-

erarchy accounts for a certain degree of plasticity, and the epigenetic reprogramming of the non-CSC 

subpopulation into CSCs might happen under certain conditions (Batlle and Clevers, 2017; Nassar and 

Blanpain, 2016). These interconversions could be driven stochastically or regulated by environmental 

signals (Batlle and Clevers, 2017; Chaffer et al., 2011; Chaffer et al., 2013; Gupta et al., 2011; Nassar 

and Blanpain, 2016). Remarkably, the interconversion from non-CSCs to CSCs might sustain tumour 
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growth and suggest that CSCs-targeted therapies used alone might fail in controlling tumour growth 

(de Sousa e Melo et al., 2017).

3.2.1.4. Resistance to therapy

The use of radio-labelled isotopes in human leukaemia showed that slow-cycling leukemic stem 

cells re-enter into the cell cycle after chemotherapy, causing tumour relapse (Clarkson et al., 1970; 

Killmann et al., 1963). This early result suggested that the resistance to chemotherapy and radiation 

therapies was an intrinsic property of CSCs (Wang and Dick, 2005). Lineage tracing experiments in 

genetic mouse models of GB and SCC have demonstrated the persistence of quiescent CSCs after 

chemotherapy that are latter on responsible of tumour relapse (Chen et al., 2012b; Oshimori et al., 

2015). Several independent mechanisms have been described and might contribute to the acquired 

resistance of CSCs to chemotherapy and radiation therapy (Cojoc et al., 2015; Zhou et al., 2009). The 

main strategies include:

 ᴏ The increased expression of drug efflux pumps such as the ATP-binding Cassette (ABC) trans  

porter superfamily (Bleau et al., 2009).

 ᴏ The increased expression of anti-apoptotic genes or the activation of survival pathways   

(Zhang et al., 2010b).

 ᴏ An enhanced DNA-repair capacity (Bao et al., 2006).

 ᴏ An enhanced protection against reactive oxygen species (ROS) (Diehn et al., 2009).

 ᴏ The entry into quiescence or plastic cell cycle kinetics (Liau et al., 2017).

3.2.1.5. Metastasis, EMT and CSCs

Metastasis is a complex multistep process that requires tumour cells to leave the primary tissue, 

reach a distant site (either through the blood or the lymphatic circulation) and colonize a secondary 

location to initiate a new tumour (Oskarsson et al., 2014). The CSCs are defined as the only cells in 

the tumour with a self-renewal capacity, which implies that they are the only ones that could be re-

sponsible for metastasis initiation (Batlle and Clevers, 2017; Oskarsson et al., 2014). Several evidences 

have supported this notion. For instance, the high expression of SCs/CSCs-related markers in primary 

colorectal and breast tumours is associated with poor prognosis and metastatic relapse (Dalerba et 

al., 2011; Merlos-Suarez et al., 2011; Pece et al., 2010). Additionally, circulating tumour cells express-

ing CSC-related markers isolated from the blood of breast cancer patients were able to generate 

bone, liver and lung metastases when transplanted into immunodeficient mice (Baccelli et al., 2013).
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Nevertheless, the connection between the CSC phenotype and the EMT remains controversial. 

Initial data suggested that the EMT might be required to sustain the CSC phenotype and reinforced 

the notion that the CSC phenotype was essential for metastatic spreading (Puisieux et al., 2014). The 

EMT process and its role in NCC formation were briefly introduced in section 1.1. The same TFs that 

control the embryonic EMT (such as Snail1/Slug, ZEB1/2, TWIST1/2, PRRX1 among others) drive the 

EMT program in epithelial tumour cells. They seem to induce a transient mesenchymal-like migratory 

phenotype that might coincide with other malignant features such as a lengthening of the cell cycle, 

an increased chemoresistance capacity and the upregulation of stemmness-associated TFs and mark-

ers (Thiery et al., 2009). Whether the EMT program is required to sustain the CSC phenotype has been 

a matter of intense debate (Batlle and Clevers, 2017; Beerling et al., 2016; Brabletz, 2012; Puisieux 

et al., 2014). At present, the most plausible scenario includes the EMT program as another source 

of tumour plasticity that can generate (in certain contexts) CSC-like states that contribute to tumour 

progression (Batlle and Clevers, 2017; Oskarsson et al., 2014). As an example, the TF ZEB1 seems to 

regulate the interconversion between non-CSCs and CSCs in response to environmental TGF-β signal-

ling in the basal type of breast cancer (Chaffer et al., 2013), while the TF PRRX1 suppresses stemness7 

properties and has to be downregulated after metastatic colonization to allow the formation of sec-

ondary tumours (Ocana et al., 2012).

As suggested by current evidences, the metastatic process might be a complex interplay between 

multiple elements such as: the CSCs and the non-CSC populations and their dependency on micro-

environmental signals, the co-existence of distinct genetic/epigenetic tumour subclones and other 

cellular populations that compose the tumour niche in the primary and the receiving tissues (for 

further details see section 3.1.3 from the Introduction) (Batlle and Clevers, 2017; Beck and Blanpain, 

2013; Nassar and Blanpain, 2016; Oskarsson et al., 2014). In this regard, the CSCs with metastatic ca-

pacity could be just a subset of the original CSC population of the primary tumour, or even a specific 

subpopulation of CSCs that is dispensable for primary tumour growth but required for metastatic 

dissemination (de Sousa e Melo et al., 2017; Hermann et al., 2007; Pascual et al., 2017). As such, the 

Lgr5+ CRCcsc might be dispensable for primary growth but required for colonization and growth in 

the liver (de Sousa e Melo et al., 2017). 

3.2.1.6. Other features attributed to CSCs

Certain inconsistencies in the CSC concept come from the inadequate generalization of conclu-

sions extracted from the haematopoietic stem cell field (Batlle and Clevers, 2017). The study of the 

different adult SC populations has shown that several characteristics that were once associated to 

the functional characterization of a SC population (such as their low frequency, their ability to divide 

7  The notion of stemness refers collectively to the integrated functioning of molecular programs that govern and 
maintain the stem cell state (Kreso and Dick, 2014).
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symmetrically, their glycolytic metabolism and their ability to enter into quiescence), are not shared 

by most of the different adult SC populations (Clevers, 2015). Thereby, just as the SCs from the dif-

ferent tissues are functionally different, the above-mentioned parameters cannot be all successfully 

used to properly identify the CSCs in all the different types of cancers. Instead, the behaviour of each 

CSC population in terms of cell cycle status, metabolism, plasticity or frequency has to be defined 

experimentally for each type of tumour and might or might not differ from that of their non-CSC 

counterparts (Batlle and Clevers, 2017; Magee et al., 2012; Meacham and Morrison, 2013). Due to 

the plastic nature of the CSCs, the phenotype of this population might vary greatly depending on the 

tumour type or the metastatic location and can be also influenced by the experimental settings (Batlle 

and Clevers, 2017; Nassar and Blanpain, 2016; Oskarsson et al., 2014). 

3.2.2. Identification of the CSCs

Since their original identification in haematopoietic tumours (Bonnet and Dick, 1997; Lapidot et 

al., 1994; Uckun et al., 1995), the existence of CSCs and of a hierarchical tumour organization have 

been confirmed in many types of solid tumours, including breast (Al-Hajj et al., 2003), head and neck 

SCC (Prince et al., 2007), sarcoma (Wu et al., 2007), colon (Dalerba et al., 2007; O’Brien et al., 2007; 

Ricci-Vitiani et al., 2007), brain (Singh et al., 2004), skin (Malanchi et al., 2008), lung (Eramo et al., 

2008), ovarian (Zhang et al., 2008) and prostate cancers (Collins et al., 2005; Patrawala et al., 2006). 

Still, the current data cannot conclude whether other cancers such as pancreatic cancer or NB are 

hierarchically organized (Ball et al., 2017; Hermann et al., 2007; Li et al., 2007; Tomolonis et al., 2018).

The prototypic approach to decipher whether the CSC concept applies for a given cell subpopula-

tion within a tumour depends on its capacity to form secondary tumours after transplantation into a 

immunocompromised mouse (Bruce and Van Der Gaag, 1963; Dick et al., 1997; Kreso et al., 2013). 

This approach thus requires cells to be sorted by FACS according to the heterogenic expression of a 

cell surface marker. The development of the genetic lineage tracing and cell ablation techniques has 

overcome the major drawbacks of this classical approach (Figure 10) (Batlle and Clevers, 2017; Nassar 

and Blanpain, 2016). Additionally, the FACS-sorted ‘CSC’ subpopulation can be functionally charac-

terized by a combination of different in vitro functional assays (Podberezin et al., 2013). This section 

includes a brief description of the main approaches used to identify and characterize CSCs.
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3.2.2.1. Cell surface markers 

The use of heterogeneously expressed cell surface markers has been instrumental for the identifi-

cation of CSC subpopulations. Most of the so-called CSC markers are also expressed (either exclusively 

or in combination) by the embryonic or adult stem populations of the tissue of origin. In other cases, 

they were arbitrarily selected based on previous data obtained in other tumour types (Batlle and 

Clevers, 2017). In very few cases the functional role of the markers is well defined. This is the case 

of Lgr5+, a CRCcsc marker that acts as a co-receptor of WNT ligands in the WNT/β-catenin canonical 
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pathway (Kumar et al., 2014). On the contrary, the function of most of them is poorly characterized 

and/or seems to involve multiple signalling pathways as happen for the CD133 (Jang et al., 2017). A 

detailed list of the most used CSC markers is included in Table-05. Importantly, the expression of sur-

face markers can be dynamically regulated; hence the simple presence or absence of a given marker 

or a combination of markers at the surface of some tumour cells does not necessarily imply that these 

cells are CSCs (Beck and Blanpain, 2013).

Table-05. Isolation of CSCs or TPCs from several tumours using surface markers

Figure-10. Functional assays to characterize cancer cells with long term self-renewal capacity (pre-
vious page)

(A) The transplantation assay relies on the dissociation of tumour cells into single cells and on the 
FACS isolation of different tumour subpopulations followed by their transplantation into immunode-
ficient mice. Transplantation of limiting dilutions allows the estimation of the proportion of tumour-
propagating cells (TPCs) in each tumour subpopulation. Cancer stem cells (CSCs) should be more 
enriched in TPCs compared with non-CSCs. CSCs should present higher self-renewal properties com-
pared with non-CSCs in serial transplantations. Secondary tumours should recapitulate the tumour 
heterogeneity of the primary tumour.  (B) Clonal analysis using lineage-tracing experiments relies 
on the labelling of single cancer cells using the Cre recombinase system with a reporter gene, DNA 
barcoding, or lentiviral transduction. The fate of the labelled cells is then followed during cancer 
progression. If the tumour grows in a hierarchical manner, labelled CSCs will show long-term renewal 
and important clonal expansion, whereas transit amplifying (TA) cells will show limited proliferative 
potential and finally differentiate into non proliferative cells. If the tumour growth is mediated by 
equipotent cancer cells, all labelled cells will participate equally in tumour growth. (C) Lineage ab-
lation allows for specific elimination of a subpopulation of cancer cells using targeted expression of 
suicide genes. In tumours that are maintained by CSCs, if CSCs are eliminated, the remaining non-
CSCs will not be capable of sustaining tumour growth, inducing tumour regression. If non-CSCs are 
ablated, CSCs will sustain tumour growth, and no long-term regression will be observed. Adapted 
from (Nassar & Blanpain, 2016.)
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3.2.2.2. Transplantation

The transplantation of cancer cells into a secondary recipient animal was performed for the first 

time by Furth and Kahn in 1937 with leukemic cells (Furth, 1937). Afterwards, the frequency of leuke-

mic cells that was able to propagate the disease upon transplantation, was established in 1 every 103 

to 107 leukemic cells (Bruce and Van Der Gaag, 1963; Hewitt, 1958; Makino, 1956). Since then, it has 

become the gold-standard assay for assessing CSC activity (Batlle and Clevers, 2017; Clevers, 2011; 

Kreso and Dick, 2014). The prototypic CSC transplantation assay consists in sorting the putative CSC 

subpopulation based on the differential expression of one or more surface markers, and their subse-

quent transplantation into immunocompromised mice at numbers sufficiently low to avoid tumour 

growth by the bulk tumour cell population (that is used  as a reference) (Figure 10A) (Batlle and Clev-

ers, 2017). The capacity of a cell subpopulation to propagate tumour growth under these conditions 

over serial passages is considered as a proof of the presence of CSCs within this subpopulation (Al-

Hajj et al., 2003; Alvero et al., 2009; Bonnet and Dick, 1997; Curley et al., 2009; Dalerba et al., 2007; 

Eramo et al., 2008; Hermann et al., 2007; Li et al., 2007; Mani et al., 2008; Merlos-Suarez et al., 2011; 

O’Brien et al., 2007; Pece et al., 2010; Ricci-Vitiani et al., 2007; Schepers et al., 2012; Singh et al., 

2004; Stewart et al., 2011; Uckun et al., 1995; Wang et al., 2009; Zhang et al., 2008). 

Nevertheless, this transplantation assay presents two major drawbacks, especially when working 

with solid tumours. First, it requires the dissociation of the tumour into single cells, thereby removing 

the original niche components. Second, due to the possible inherent plasticity of the tumour hierar-

chy, the transplantation assay might not reveal the real fate of the cells in their original environment 

(Batlle and Clevers, 2017; Beck and Blanpain, 2013; Clevers, 2011; Meacham and Morrison, 2013; 

Medema, 2013; Nassar and Blanpain, 2016). Overall, whether the CSCs identified using the transplan-

tation assay are the ones that drive growth in the primary tumour remains unclear (Batlle and Clev-

ers, 2017; Beck and Blanpain, 2013; Nassar and Blanpain, 2016). The development of lineage tracing 

models and cell ablation approaches are contributing to unveil this question (Batlle and Clevers, 2017; 

Nassar and Blanpain, 2016).

3.2.2.3. Lineage-tracing strategies

Lineage-tracing approaches allow the unequivocal tracking of the cellular ontogeny of a popula-

tion of interest while preserving tissue integrity (Blanpain and Simons, 2013; Kretzschmar and Watt, 

2012). The development of genetic lineage-tracing models is being instrumental to study how prolif-

eration and fate specification are coordinated in situ starting from a single cell (Blanpain and Simons, 

2013; Kretzschmar and Watt, 2012). This technique is based on the identification of a specific marker 

gene that is used to drive the expression of a recombinase (typically Cre recombinase), which in 

turn triggers the stable expression of a reporter gene (preferentially coding for a fluorescent protein)
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(Kretzschmar and Watt, 2012) (Figure 11A). The expression of the reporter gene will then be stably 

passed on to all the progeny generated over time. The persistence, the size and the composition of 

the clones allow the evaluation of the CSC potential of the tracked subpopulation (Figure 10B) (Batlle 

and Clevers, 2017; Blanpain, 2013; Blanpain and Simons, 2013; Kretzschmar and Watt, 2012). Several 

Figure-11. Genetic engineering for the functional characterization of the tumour-propagating ca-
pacity of the CSCs

(A) Schematic representation of the genetic elements in the Cre-loxP system. Cre recombinase is 
constitutively expressed under the control of a CSC-specific promoter. Cre recombinase remove 
STOP cassette at loxP sites in the ubiquitously expressed reporter construct allowing the expression 
of a fluorescence reporter (for example EGFP) in these cells and all their progeny. Adapted from 
(Kretzschmar and Watt, 2016). (B) Genetic tagging of individual cancer cells using viral infection. 
Viral genome or DNA barcode sequences are randomly inserted into the cancer cells’ genome 
and in vivo cell growth allow the different clones to expand, which can be track by PCR-based 
or sequencing methods. (C, D) Scheme of the distinct mechanisms for the induction of cell death. 
(C) Targeted cytotoxic effect through the expression of a toxin receptor, which induces cell death 
upon administration of their respective toxin. (D) Targeted cell death through the expression of a 
modified dimerizable caspase, which induces the endogenous apoptotic pathway upon adminis-
tration of the dimerizing catalyst. Adapted from (Gregoire and Kmita, 2014).
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genetic mouse models have already validated in situ the existence and contribution of CSCs to tumour 

growth. For instance, the analysis of clonal population dynamics has confirmed a predominant hier-

archical organization in benign skin papilloma, SCC and mammary tumours (Driessens et al., 2012; 

Oshimori et al., 2015; Zomer et al., 2013). A second approach for genetic lineage-tracing of tumour 

cells is based on lentiviral infections to integrate DNA barcodes into the nuclear genome. The genetic 

tags will be then passed into the cell progeny allowing for clonal population dynamic analysis and for 

the identification of cells with tumour propagating capacity, as shown in CRC (Figure 11B) (Kreso and 

Dick, 2014; Kreso et al., 2013).

3.2.2.4. Lineage ablation strategies

Cell ablation techniques allow the selective elimination of a specific cell population. Hence it is a 

powerful approach to study the physiological relevance of a particular lineage in homeostasis and/

or disease (Gregoire and Kmita, 2014). Theoretically, if the CSCs are responsible for the long-term 

growth of a tumour, the targeted ablation of these CSCs should cause the regression of the tumour 

(Figure 10C) (Batlle and Clevers, 2017; Nassar and Blanpain, 2016). Genetic cell lineage strategies 

use CRISPR/Cas9 to engineer the targeted expression of pro-apoptotic genes (such as an inducible 

caspase 9) (Shimokawa et al., 2017) or of activation-dependent toxic elements (such as the diph-

theria toxin receptor or a modified version of the herpex simple virus thymidine kinase) (Figure 11B) 

(Boumahdi et al., 2014; Chen et al., 2012a; de Sousa e Melo et al., 2017). A pioneering study revealed 

that the induction of apoptosis in the NESTIN+ GB cells, the putative GBcsc, halted tumour growth. 

A similar result was found after ablation of the Sox2+ CD34+ cells in a genetic mouse model of SCC 

(Boumahdi et al., 2014). 

3.2.2.5. In vitro functional assays

Several in vitro approaches are used to assess the stemness potential of a putative CSC population. 

Although they must be considered as indirect read-outs of the presence of CSCs in a population of 

interest, they are valuable tools for preclinical studies, especially in the absence of defined specific 

surface markers (Podberezin et al., 2013). The most widely used functional assays are detailed here-

after and include: the tumour sphere-forming assay, the soft-agar colony formation assay, the side 

population assay, the measurement of the activity of metabolic regulators such as ALDH1.

3.2.2.5.1. Tumour sphere-forming assay

This assay was developed to maintain mammalian neural stem cells in culture (Reynolds et al., 

1992; Reynolds and Weiss, 1992). This free-floating spheroid assay is based on the premise that only 

cells with self-renewal capabilities can survive and proliferate when grown in suspension in the ab-
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sence of growth factors, while the most ‘differentiated’ non-tumorigenic cells cannot contribute to 

the long-term growth of the tumour sphere (Weiswald et al., 2015). Thus, this assay can be used to 

expand the stem cell population of an original sample and enrich it in stem cells or to assess the stem-

ness potential of a FACS-sorted population. In addition, the spheres can be dissociated and replated 

for a secondary spheroid culture to evaluate long-term self-renewal potential (Weiswald et al., 2015). 

In the cancer field it has been shown that the cells with higher sphere-forming capacity usually show 

higher tumorigenic potential upon transplantation, as described for glioma, colorectal, breast, ovar-

ian and lung cancers among others (Eramo et al., 2008; Mani et al., 2008; Ricci-Vitiani et al., 2007; 

Singh et al., 2004; Zhang et al., 2008).

3.2.2.5.2. Soft agar colony formation assay

The soft agar colony formation assay is another culture assay widely used to evaluate the self-

renewal capacity of a cell population (Rajendran and Jain, 2018). It was the first assay designed to 

directly quantify the effects of different radiation doses on the survival and proliferative capacity of 

tumour cells (Puck and Marcus, 1956). Since then, it has been widely used to assess the cytotoxic ef-

fects of multiple treatments, including chemotherapeutic drugs and ionizing radiation. The rationale 

behind it also allows an interesting application in the cancer stem cell field (Borowicz et al., 2014). In 

the absence of an extracellular matrix or adhesive surface, normal cells cannot proliferate and under-

go a specific type of programmed cell death called anoikis (Frisch and Francis, 1994). Conversely, cells 

with tumorigenic potential can proliferate independently of an adhesive surface (Taddei et al., 2012). 

In this assay, the tumour cells are embedded as single cells in a soft agarose gel and grown in the pres-

ence of a complete growth medium. Hence, the cells that can divide in the absence of cell-cell and 

cell-substract contacts will form clonogenic tumour spheroids (Hamburger and Salmon, 1977). The 

number and size of the tumour spheroids serve as an indirect estimation of the tumorigenic potential 

of the cells that are tested (Rafehi et al., 2011).

3.2.2.5.3. Side population assay

The expression of efflux pumps of the ATP-binding cassette (ABC) superfamily at the surface is a 

feature shared by different cell subpopulations (Chen et al., 2016). These pumps are responsible for 

the active efflux of multiple xenobiotic compounds. Therefore, the cells that express ABC transporters 

are more resistant to chemotherapeutic drugs, which has been associated to a stem-like phenotype 

(Challen and Little, 2006). The side population (SP) assay is based on the ability of these transporters 

to pump out fluorescent lipophilic vital dyes such as Hoescht 33342. The simultaneous measurement 

of the dye fluorescence at 2 wavelengths (450nm and >670nm in the case of Hoescht 33342) by flow 

cytometry allows the identification of a weakly fluorescent cell fraction, the SP. This assay was first 
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used to identify a rare subset of HSCs with increased expression of MDR pumps (Goodell et al., 1996). 

SP cells have been detected in human cancer cell lines and in primary samples in a percentage ranging 

from 0 to 20% (Hirschmann-Jax et al., 2004; Kondo et al., 2004; Patrawala et al., 2005; Szotek et al., 

2006; Wu et al., 2007).

Compared to non-SP cells, the SP fraction shows an increased expression of stem-like genes and 

an increased tumorigenic potential upon transplantation. It remains however unclear whether the SP 

fraction consistently contributes to long-term tumour growth (Wu and Alman, 2008). 

3.2.2.5.4. ALDH assay

The aldehyde hydrogenases (ALDH) are enzymes responsible for the oxidation of aldehydes into 

carboxylic acids. They participate in the synthesis of retinoic acid, in the inactivation of aldehydes 

derived from physiological metabolic processes or xenobiotic compounds and in the inactivation of 

reactive oxygen species. Hence, high levels of ALDH activity have been associated to an increased 

drug resistance (Vasiliou and Nebert, 2005). Both the activity and the surface expression of ALDH1 

have been linked to the CSC phenotype; however there are contradictory results about the individual 

contribution of each of the 3 isoforms of the ALDH1 gene (Marcato et al., 2011). The contribution of 

ALDH1 activity to therapy resistance was first described for leukemic cells upon cyclophosphamide 

exposure (Hilton, 1984). Later on, high ALDH1 activity was described in CSC/CSC-like cells from liver, 

breast or lung cancers among others (Ginestier et al., 2007; Huang et al., 2013a; Ma et al., 2008). 

3.3. The cancer stem cell niche

As seen for normal adult SCs, the CSC niche is a dedicated microenvironment that provides all 

the regulatory elements required for CSC activity (Morrison and Spradling, 2008; Plaks et al., 2015). 

The CSC niche might be formed by extracellular matrix components (such as periostin, tenascin C 

or osteopontin) and cellular elements such as endothelial cells, fibroblasts/myofibroblasts, immune 

cells and even other tumour cells (either CSCs and non-CSCs) (Plaks et al., 2015). The prominent role 

played by the tumour microenvironment in cancer progression and therapy response is already unde-

niable. In the context of the CSC model, data supporting the plasticity of the hierarchical organization 

has focused all the attention in understanding the biological pathways that control the activation and 

plasticity of the CSC (Oskarsson et al., 2014). Interestingly, recent data support the notion of a bidirec-

tional interplay between the CSCs and the components of niche. 

Endothelial cells appear to play a pivotal role in the regulation of the activity of the CSCs. CD133+ 

GBcsc are primarily located in close contact with blood vessels and induce neo-angiogenesis through 

the secretion of VEGF and SDF1, while the GBcsc phenotype is reinforced by different secreted factors 
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from the vascular niche that activate bFGF or Notch signalling (Bao et al., 2006; Calabrese et al., 2007; 

Charles et al., 2010; Fessler et al., 2015; Folkins et al., 2009; Li et al., 2009). Remarkably, vascular mim-

icry (i.e: the transdifferentiation of tumour cells into functional endothelial cells) has been described 

at least in GB and NB tumours and might also contribute to tumour progression (Pezzolo et al., 2007; 

Ribatti et al., 2006; Ricci-Vitiani et al., 2010). 

Cancer-associated fibroblasts also influence CSC behaviour. Multiple studies demonstrated how 

paracrine signalling from cancer-associated fibroblasts enhance the self-renewal and tumorigenic po-

tentials of CSCs. They can even promote the conversion of non-CSCs into CSCs in preclinical models of 

breast, ovarian, colon, prostate or lung cancers (Chen et al., 2014; Geary et al., 2014; Hu et al., 2015; 

Huynh et al., 2016; Lau et al., 2016; Li et al., 2012; Lotti et al., 2013; Tsuyada et al., 2012; Valenti et al., 

2017; Vermeulen et al., 2010; Yasuda et al., 2014).

Throughout tumour progression, the CSCs encounter new and different microenvironments in the 

secondary organs targeted by the metastatic spreading. This suggests that the requirements and the 

relations between the CSCs and their niche might change in these different contexts (de Sousa e Melo 

et al., 2017; McGranahan and Swanton, 2017; Oskarsson et al., 2011). Cell ablation experiments have 

shown that the conversion of Lgr5- tumour cells into Lgr5+ CSCs only happens in the primary tumour, 

demonstrating that the plasticity of non-CSCs is differentially regulated in the primary tumour and in 

the metastatic site (de Sousa e Melo et al., 2017). Tenascin C, a component of the extracellular matrix, 

is not required for the primary tumour growth of breast cancer cells but is secreted by the breast me-

tastasis-initiating cells and enhances the CSC phenotype of the tumour cells in the micrometastatic 

lesions in the lung (Oskarsson et al., 2011). 

3.4. Therapeutic targeting of the CSCs

The discovery of CSCs has dramatically redefined the therapeutic opportunities for cancer patients 

(Boesch et al., 2016; Ramos et al., 2017; Talukdar et al., 2016; Zhou et al., 2009). The CSCs emerged 

as specific targets that drive tumour progression. So far, the 3 main strategies to combat the CSCs 

have been: (1) the direct targeting of the CSC population; (2) therapies directed towards the CSC 

state; (3) the targeting of the CSC niche that controls the activity of the CSCs (Figure 12)(Boesch et 

al., 2016; Ramos et al., 2017; Talukdar et al., 2016; Zhou et al., 2009).

Several attempts have been done to target CSCs using antibodies conjugated with toxic agents 

(Table-06). Up to date, none of them has however reported a clear benefit in the clinical trials (de 

Goeij and Lambert, 2016; Laszlo et al., 2014). An interesting option might be the development of bi-

specific antibodies that bring into close contact the immune cells with the CSCs. Recent data showed 

the efficiency of bi-specific CD3 and CD133 antibody to bind cytokine-induced CD3+ killer cells to 
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CD133+ CSC-like cells in preclinical models of pancreas and hepatic cancers (Huang et al., 2013b). 

However, in the absence of a rigid hierarchical organization, CSCs might be continuously recovered 

by other cells of the tumour hierarchy. The therapeutic approaches targeting CSCs might be pointless 

under this reality. 

Another approach consists in the use of drugs that control the CSC state, by waking the CSCs up 

from quiescence, avoiding their entry into quiescence (Kurtova et al., 2015; Takeishi et al., 2013) or 

promoting their differentiation (Table-06). The use of differentiation-inducing therapies was first es-

tablished for acute promyelocytic leukaemia in the 1980’s (Breitman et al., 1981; Daenen et al., 1986; 

Huang et al., 1987; Nilsson, 1984). Remarkably, retinoic derivatives are currently part of the standard 

of care for NB, acute promyelocitic leukaemia and other haematological malignancies (for further 

details see section 2.8 from the Introduction) (Matthay et al., 1999; Nowak et al., 2009; Stahl et al., 

2016).

Figure-12. The putative anti-CSCs therapies and their consequences

In tumours displaying a niche-induced CSC hierarchy, at least three different therapeutic approach-
es might target the CSCs: the direct ablation of the CSC pool (strategy 1); the targeting of the CSC 
phenotype through the blockade of specific dependencies such as their metabolic requirements 
or their epigenetic regulators (strategy 2) and; the inhibition of the key CSC signalling pathways 
(strategy 3). The outcome of the distinct strategies could be transient if the plasticity of the hierarchy 
manages to recover the CSC pool. Adapted from (Batlle and Clevers, 2017).
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More recently, the attention has turned towards the regulatory role of the CSC niche and of the 

signalling pathways regulating the activity or plasticity of the CSCs (Table-06) (Boesch et al., 2016; Ra-

mos et al., 2017; Talukdar et al., 2016). In this regard, WNT, Notch and Hedgehog signalling pathways 

(among others) are known to be implicated in the regulation of CSCs in different types of cancer and 

might represent a powerful target to block the activity of the CSCs in a broad range of cancer types 

(Ramos et al., 2017; Reya et al., 2001). Several drugs targeting these CSC pathways are already avail-

able and under clinical trials (Ramos et al., 2017).

To sum up, the development of new drugs targeting CSC activity foresees a promising future in 

clinical oncology. Yet, the tumour evolution is designed to continually fit growth upon a changing 

environment. Thereby, the astonishing plasticity of the CSC and non-CSC populations might require a 

Table-06. Therapeutic strategies against CSCs. ADCs: antibody-drug conjugates; AML: acute my-
eloid leukaemia; APML: acute promyelocytic leukaemia; CRC: colorectal cancer; CSC: cancer 
stem cell; FDA; Food and Drug Administration;HDAC: Histone deacetylases; NB: neuroblastoma. 
Adapted from (Batlle and Clevers, 2017).
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combined approach whereby new targeted drugs would tackle the CSCs while classical chemothera-

peutic agents shrink the non-CSC compartment and avoid the recovery of the CSC pool (Boesch et al., 

2016; Ramos et al., 2017; Talukdar et al., 2016; Zhou et al., 2009).

3.5. CSCs in the context of NB

NBs are paediatric tumours that arise due to errors occurring during the development of the SA 

lineage (see chapter 2 for further details). 85-90% of these patients present metastases at diagnosis 

and despite the attempts to improve the treatment of HR patients using multimodal strategies, half 

of them suffer relapse due to therapeutic failure (Morgenstern et al., 2019). The relative paucity 

of recurrent somatic mutations in HR tumours challenges the possibilities to find particular genetic 

changes susceptible to be exploited as therapeutic targets (Pugh et al., 2013). This reality points to-

wards rare germline variants, copy number alteration and epigenetic modifications as the putative 

drivers of HR-NBs tumorigenesis, and reinforce the notion that the non-genetic functional diversity 

of HR-NBs might hide new promising therapeutic options. In this regard, a striking intra-tumour het-

erogeneity and plasticity has been observed in NB cell lines, patient-derived-xenografts and even in 

primary samples(Boeva et al., 2017; Ciccarone et al., 1989; Hansford et al., 2007; Hirschmann-Jax et 

al., 2004; Hsu et al., 2013; Newton et al., 2010; Ross and Spengler, 2007; Ross et al., 1983; Ross et al., 

2015; van Groningen et al., 2017; Walton et al., 2004). 

Initial data showed the phenotypic heterogeneity within the human NB cell lines, which are com-

posed of 3 different morphological and biochemical cell subtypes: the N (neuroblastic, the S (sub-

strate-adherent) and the I (intermediate) types. While N-type cells exhibit short neuritic processes 

and express markers of noradrenergic neurons, S-type cells lack neural characteristics and exhibit an 

extensive cytoplasm and high expression of vimentin. The I-type cells show an intermediate morphol-

ogy, which led to the idea that they represent a transitional state between N- and S-type cells or more 

immature precursors (Ciccarone et al., 1989; Ross et al., 1983). Interestingly, NB cells of the I-type are 

able to transdifferendiate into S-type or N-type cells in the presence of BrdU or retinoic acid. They 

also show higher expression levels of stem-like markers (such as CD133, NESTIN and KIT) and a higher 

tumorigenic potential (Ross and Spengler, 2007; Ross et al., 2015; Walton et al., 2004).

The progressive advances in the CSC field in other solid tumours led the incipient analysis of the 

stemness potential of NB cells (Table-07). A first study focuses on the identification of ‘drug-resistant’ 

SP cells, as putative responsible for therapeutic failure. A variable SP fraction were found increased 

in a paired analysis using pre-and post-treatment sample; however, a formal confirmation of in vivo 

self-renewal capacity was never achieved (Hirschmann-Jax et al., 2004; Newton et al., 2010). Then, 

the tumour spheroid assay was used to compare the self-renewal capacity of primary NB cells isolated 
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from LR and HR patients. LR-and HR-derived samples showed different long-term growth capacity 

when forced to grow as tumour spheres. While the NB cells from LR patients did not survive longer 

than 1 passage, the cells derived from HR patients were maintained as spheroid cultures up to 34 pas-

sages, indicating that the NB cells from HR patients present a longer self-renewal capacity (Hansford 

et al., 2007). In parallel different markers were used to identified particular NB subpopulations and 

analyse their tumour propagating capacity (Table-07). The resemblance of the putative NBcsc/TPCs 

populations to the NCCs have been inferred based on the expression of distinct markers previously as-

sociated to NCCs or to the SA lineage (Ross et al., 1995; Tomolonis et al., 2018). Nevertheless, most of 

the markers analysed so far were chosen based on previous results on other tumour types and none 

of them are expressed in the NCCs, their SCs counterparts. Thereby, these data support the notion 

that the functional diversity of NBs might depend on the heterogenic distribution within the tumour 

population of the tumour propagating potential. Similarly it suggests that the NB cells harbouring an 

enhanced tumour propagating capacity seem to express markers related with the embryonic NCCs.

Additionally, it remains unclear whether NB tumours are hierarchically organized or whether vari-

ous populations of NBcsc/TPCs coexist simultaneously within the tumour, maybe supporting tumour 

growth in distinct specialized niches or upon certain environmental stressors. The latter is supported 

by two recent genome-wide studies that revealed the coexistence of different super-enhancer-driven 

NB cellular states that can interconvert between each other (Boeva et al., 2017; van Groningen et al., 

2017). Interestingly, the gene expression profiles of some of the detected cellular states were closely 

related to that of human NCC samples. It is noteworthy that the acquisition of therapy resistance 

favours the transition toward these NCC-related subtypes, suggesting that the transdifferentiation of 

NB cells toward a more immature state might play a pivotal role in the acquisition of aggressive fea-

tures and disease progression (Boeva et al., 2017; van Groningen et al., 2017). 

Table-07.  Identification of cells with tumour propagating capacity in neuroblastoma. SP: side popu-
lation. Adapted from (Garner and Beierle, 2016).
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4.  NXPH1 and its receptor α-NRXN1

4.1. Neurexophilin 1, a neuropeptide-like protein that modulates syn-
aptic maturation

4.1.1. The NXPH1 protein

Neurexophilin 1 (NXPH1) is a small extracellular glycoprotein that belongs to the Neurexophilin 

family. This gene family comprises 4 members that are only found in vertebrates. NXPH1 was identi-

fied in a screening searching for the α-Latrotoxin receptor (Petrenko et al., 1996). NXPH1, NXPH2 

and NXPH3 show a high sequence homology, while the coding sequence of NXPH4 is more divergent 

(Missler et al., 1998; Missler and Sudhof, 1998; Petrenko et al., 1996). The human NXPH1 gene maps 

to the chromosomal location 7p21.3 and codes for an immature form of the multi-domain NXPH1 

protein. This immature multi-domain protein structure consists of: 1) an N-terminal signal peptide, 2) 

an N-terminal variable domain, 3) a conserved central domain that contains 3 N-glycosylation sites, 4) 

a small linker region and finally, 5) a conserved C-terminal domain that contains six cysteine residues. 

The maturation of NXPH1 requires an N-glycosylation on 4 residues, followed by the proteolytic cleav-

age of both the N-terminal signal peptide and the N-terminal variable domain. The mature NXPH1 

thus corresponds to a 29KDa glycosylated protein that is transported to the cell surface by the secre-

tory pathway (Missler and Sudhof, 1998). 

4.1.2. Functions of NXPH1

NXPH1 is mainly expressed in the nervous system, although it has also been detected in protein 

extracts of non-neural tissues (Missler and Sudhof, 1998). The fact that NXPH1 is a secreted glycopro-

tein of small size that is mainly expressed in the nervous system led its discoverers to propose that 

NXPH1 and its related family members represent a new class of neuropeptide-like proteins (Missler 

and Sudhof, 1998).

To date, NPXH1 is known to bind to a single family of transmembrane receptors, the α-Neurexins 

(α-NRXNs) (Missler et al., 1998; Petrenko et al., 1996; Reissner et al., 2014). There are some evidences 

suggesting that the binding of NXPH1 to α-NRXNs takes places during the maturation process, in the 

secretory pathway. Hence, the mature NXPH1 protein might be directly released bound in a complex 

with its receptors α-NRXNs (Missler et al., 1998; Reissner et al., 2014). 

α-NRXNs play key roles in synaptogenesis and synaptic neurotransmission (Sudhof, 2017). Through 
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its direct binding to α-NRXNs, NXPH1 is plays a role in modulating these processes, mainly by regulat-

ing the interactions of the α-NRXNs with their post-synaptic partners such as α-dystoglycan (α-DAG) 

or neuroligins (NLG). Structural studies showed that NXPH1 and α-DAG partially bind to the same 

domain of the extracellular region of α-NRXN1, thereby suggesting that their binding to α-NRXN1 is 

mutually exclusive (Reissner et al., 2014). Apart from regulating the accessibility of other ligands to 

α-NRXNs, so far there is no evidence that NXPH1 plays other functions nor that its binding to α-NRXNs 

modulate any intracellular signalling (Born et al., 2014). Of note, mice presenting a knockout (KO) of 

NXPH1 are viable and show no obvious anatomical, physiological nor behavioural abnormalities (Born 

et al., 2014; Missler et al., 1998).

Interestingly, the binding of NXPH1 to α-NRXN1 has been reported to inhibit the haematopoietic 

progenitor cell proliferation in the spleen (Kinzfogl et al., 2011). The same authors detected high lev-

els of human NXPH1 in the umbilical cord blood plasma (460±60 ng/ml) but low levels in the adult 

peripheral blood plasma (6 ± 1 ng/ml), suggesting a putative role of NXPH1 during embryonic or early 

postnatal development (Kinzfogl et al., 2011). The cellular source of this circulating NXPH1 remains 

unknown.

4.1.3. NXPH1 and related pathologies

So far, no genetic variation in the NXPH1 gene has been related to human mendelian disorders 

(OMIM, 2019). It has been described the loss of NXPH1 expression along cancer progression for 

breast cancer, pancreatic ductal adenocarcinoma and NB (Decock et al., 2016a; Faryna et al., 2012; 

Hong et al., 2012; Jin and Tsai, 2016; Tommasi et al., 2009; Warnat et al., 2007). In some cases, the au-

thors detected a correlation between the hypermethylation of the NXPH1 CpG promoter regions and 

tumour progression, when different malignant stages were compared by genome-wide methylation 

screening (Decock et al., 2016a; Faryna et al., 2012; Hong et al., 2012; Tommasi et al., 2009). How-

ever, the dowregulation of NXPH1 protein has only been confirmed for breast cancer and pancreatic 

ductal adenocarcinoma by immunohistochemistry (Faryna et al., 2012; Jin and Tsai, 2016). Whether 

NXPH1 plays a causal role in the context of these cancers remains unknown. 
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4.2. NXPH1 receptors, the α-Neurexins 

4.2.1. NRXN proteins

In mammals, the highly conserved neurexin (NRXN) family consists of 3 genes: neurexin 1, neurexin 

2 and neurexin 3. The NRXNs were initially identified as part of the endogenous receptor complex for 

α-Latrotoxin (Geppert et al., 1992; Giancotti, 2013; Petrenko et al., 1991; Ushkaryov et al., 1994; Ush-

karyov et al., 1992; Ushkaryov and Sudhof, 1993). Each NRXN gene possesses two independent pro-

moters driving the expression of 2 different isoforms: alpha (α)- and beta (β)-NRXNs. All the NRXN iso-

forms are type I membrane proteins containing an isoform-specific extracellular domain followed by 

a single transmembrane region and a short cytoplasmic PDZ (for PSD-95, Disc Large, Zona Occludens 

1) domain. The extracellular domain of α-NRXN is composed of 6 LNS (for Laminin/Neurexin/Sex-

hormone-binding globulin) domains and 3 interspersed EGF-like (for Epidermal Growth Factor-like) 

repeats, followed by an O-linked sugar modification sequence and a short cysteine-loop sequence. 

The β-NRXNs represent an N-terminal truncated form of α-NRXNs with a specific short N-terminal se-

quence (Sudhof, 2017). Recently, a second internal promoter was identified in the NRXN1 gene, con-

trolling the expression of a shorter isoform named gamma (γ)-NRXN1. γ-NRXN1 is also an N-terminal 

truncated form of α-NRXN1 with a specific N-terminal γ-neurexin sequence (Sterky et al., 2017). 

The total number of NRXN protein variants is under intense research, due to the massive diver-

sification caused by alternative splicing (Schreiner et al., 2014; Treutlein et al., 2014; Ullrich et al., 

1995). The sequence coding for the extracellular domain of the α-NRXNs contains 6 canonical splicing 

sites (referred to as SS1 to SS6), while the truncated β-NRXN and γ-NRXN1 isoforms contain respec-

tively only 2 (SS4 and SS6) and 1 (SS6) splicing site (Sudhof, 2017). As an example, up to 399 different 

α-NRXN1 transcripts have been identified by deep sequencing in the mouse brain (Schreiner et al., 

2014). How the alternative splicing of NRXNs is regulated remains elusive, but it seems clear that ex-

pression of the different splicing variants does not follow an “all or nothing” strategy, but rather the 

multiple isoforms are expressed at different levels. Despite this, the final α-NRXN1 repertoires are, at 

least partially, cell-type specific (Schreiner et al., 2014).

4.2.2. Functions of NRXNs

NRXNs are widely expressed in the nervous system, where all three genes (NRXN1-3) are tran-

scribed at similar levels. By contrast, α-NRXNs are much more abundant than β-NRXNs (Schreiner et 

al., 2014). NRXNs play a key role in synaptic formation and neurotransmission. Both α- and β-NRXNs 

are located at the synaptic cleft where they constitute trans-synaptic signalling complexes together 

with different pre- and post-synaptic ligands. Presynaptic NRXNs send instructive signal that induce 
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the initial organization of the post-synaptic bottom and subsequently contribute to synaptic refining 

in a neuron sub-type specific manner (Sudhof, 2017). 

In the last decade, multiple ligands have been described for the NRXNs. Structural studies have 

determined 3 ligand-binding regions in their large extracellular domain: 1) the LNS2 domain that is 

specific for α-NRXNs, 2) the LNS6 domain and 3) the juxta-membranous sequence. These last two 

domains are both shared by α- and β-NRXNs. Examples of ligands binding to different regions are: NX-

PHs and α-DAG, which bind to LNS2 (Missler et al., 1998; Petrenko et al., 1996; Reissner et al., 2014; 

Sudhof, 2017); α-DAG, NLGs, LRRTMs, LPHNs, GABAA receptors, CLSTNs and CBLNs, which all bind to 

LNS6 (Boucard et al., 2012; de Wit et al., 2009; Ichtchenko et al., 1995; Ichtchenko et al., 1996; Ko et 

al., 2009; Pettem et al., 2013; Reissner et al., 2014; Sugita et al., 2001; Uemura et al., 2010; Zhang et 

al., 2010a); and CA10/11 and C1q1s, which bind to the juxta-membranous domain (Matsuda et al., 

2016; Sterky et al., 2017). It is noteworthy that the presence of a ligand bound to a given region is 

exclusive for the binding of other ligands to the same region, whereas the simultaneous binding of 

2 ligands to different binding regions is possible (Reissner et al., 2014). Naturally, alternative splicing 

has been shown to modulate the binding of NRXNs with their ligands (Sudhof, 2017). In this regard, 

the binding of NXPH1 to the LNS2 domain is unaffected by alternative splicing (Reissner et al., 2014). 

In addition, all NRXNs isoforms share an intracellular PDZ domain that is known to bind to CASK (Hata 

et al., 1996; Mukherjee et al., 2008), Mints (Biederer and Sudhof, 2000) and FERM-domain proteins 

Figure-13. NXPH1 is an extracellular glycoprotein that modulates α-NRXNs activity

(A) NXPH1 (purple) binds to the 2nd LNS domain of the extracellular region of the three α-NRXNs 
(1/2/3) (red). (B) α-NRXNs are transmembrane proteins expressed at the pre-synaptic terminals of 
synapses that have been shown to modulate the activity of diverse families of post-synaptic trans-
membrane proteins including neurotransmitter receptors, Leucine-rich-repeat transmembrane pro-
teins (LRRTM), Neuroligins (NLGs) and β-Dystroglycan (β -DAG). The activity of the α-NRXNs can be 
modulated by extracellular proteins such as α-Dystroglycan (α-DAG) or NXPH1.
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such as protein 4.1 (Biederer and Sudhof, 2001). To date, no intracellular signalling through the differ-

ent PDZ interactors has been identified, an exciting possibility that should be explored. 

The triple α-NRXN and double α-NRXN1/3 KO mouse models dye after birth due to dysfunction of 

the neural circuits controlling breathing, while the single and double α-NRXN1/2 or α-NRXN2/3 KOs 

mouse models survive longer but show impaired Ca2+ channel activity and neurotransmitter release 

at the presynaptic terminal of brainstem and neocortex neurons (Missler et al., 2003). Outside of its 

neural functions, α-NRXN1 has also been detected in pancreatic β-cells and in haematopoietic stem 

cells (Kinzfogl et al., 2011; Mosedale et al., 2012; Suckow et al., 2008). However, currently no one has 

investigated whether the single or combinatorial α-NRXN KO mice models present any possible extra-

neural affectation (Chen et al., 2017; Missler et al., 2003).

4.2.3. NRXNs and related pathologies

Consistent with their relevant role in synaptic neurotransmission, multiple alterations have been 

identified in the NRXN genes and associated with the development of spontaneous or familial forms 

of neuropsychiatric disorders such as schizophrenia, autism spectrum disorders and, intellectual 

disability (Sudhof, 2017). As an example, the OMIM database details the causal relation between 

α-NRXN1 haploinsufficiency and 2 different congenital conditions: Pitt-Hopkins-like Syndrome 2 and 

Susceptibility to schizophrenia-17 (OMIM, 2019).
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The general aim of this doctoral thesis was to identify a genetic signature for the NBcsc, with the 

ultimate goal of providing new specific molecular markers of these NBcsc and candidate genes that 

might be useful for the development of future therapeutic strategies targeting NBcsc in high risk NBs. 

My work was based on the key hypothesis that cancer stem cells of a particular tissue share many 

properties with their normal stem cell counterparts, including a partial common genetic signature. 

We adapted this concept to NBcsc and their normal stem-like counterparts, the NCCs, hypothesizing 

that these two cell populations share a common genetic signature and that the genes from this com-

mon signature might play a crucial role in NB formation or malignancy. In order to tackle this hypoth-

esis, the specific objectives of my doctoral thesis were:

-Aim-1: To identify a genetic signature common to NCCs and NB malignancy 

-Aim-2: To study the role of one candidate gene, NXPH1, in controlling NB stem cell potential and 

malignancy. More specifically: 

 ᴏ -Aim-2A: To study whether the NXPH1 receptor α-NRXN1 is a marker of NBcsc 

 ᴏ -Aim-2B: To define the role of NXPH1 and its receptor α-NRXN1 in NB malignancy





III. MATERIALS AND 
METHODS
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1. Gene expression profiling and bioinformatic analysis

Gene expression profiling consists in the simultaneous measurement of the activity of thousands 

of genes. In microarray-based gene expression profiling the activity of thousands of previously known 

genes is monitored and changes in gene expression are obtained when comparing different experi-

mental conditions. In this doctoral thesis, differentially expressed genes (DEGs) from two different 

DNA microarray datasets were compared to retrieve common DEGs for both datasets.

1.1. Genome-wide transcriptomic analysis for primary human NB

The NB expression profiling array was previously done and published by our collaborator Dr. Lava-

rino (Gomez et al., 2015). All the NB samples included in this expression screening were obtained at 

the time of diagnosis from patients attended at Hospital Sant Joan de Déu (HSJD,Barcelona, Spain). 

Tumours were evaluated by a pathologist and only 19 snap frozen pre-treatment samples with at 

least 70% viable tumour content, were included in the study. NB risk assessment was defined by the 

International Neuroblastoma Staging System (INSS) (Table-08) (Brodeur et al., 1993).Total RNA from 

frozen samples was extracted by TRIzol® Reagent . High quality RNA was hybridized to Human Ge-

nome U219 microarray plates (Affymetrix, Inc, Santa Clara, California, USA) at the Functional Genomic 

Table-08. Clinical and biological characteristics of the HSJD NB cohort. HR (high risk) refers to MYCN 
amplified (A) or MYCN non-amplified (NA) & INSS 4. LR (low risk) refers to MYCN NA & INSS 1,2,3 or 4S. 
INSS: International Neuroblastoma Staging System.
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Unit, Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS, Barcelona, Spain) according to 

Affymetrix standard protocols. Data was processed through an adapted method from computational 

methods/target prediction algorithms (using RMA algorithm and R-packages R/Bioconductor) (Kulis 

et al., 2012; Gautier et al., 2004). Pair-wise comparisons between clinically and biologically relevant 

parameters for NB tumours prognosis led to the identification of sets of DEGs between patients’ sub-

groups. Standard deviation density plots were used to determine the cut-off value for gene expres-

sion analyses. The results were filtered using thresholds of [log2FC]>1 and adjusted P-value <0.01. 

Microarray data was deposited in NCBI GSE54720.

1.2. Genome-wide transcriptomic analysis for NCCs

Our group conducted in the past a lineage tracing study for the NCCs during early development 

(Ferronha et al., 2013; Rabadan et al., 2013). Of the genetic lineage tracing of chick NCCs, plasmid 

DNAs encoding for bone-morphogenetic-protein (BMP) reporter (BRE-tk-EGFP) and a constitutively 

expressed form of histone-H2B fused to RFP (H2B-RFP) were co-electroporated in HH10 chick em-

bryos and the NT was dissected out of the embryos 24h later. Neural tissue was dissociated to single 

cells and GFP and RFP fluorescent cells were sorted out using MoFlo flow cytometer (DakoCytoma-

tion, Fort Collins, Colorado, USA). 4 biological replicates of either RFP+GFP- cells or RFP+GFP+ cells 

were obtained, and total RNA was extracted from the resulting cell sorted populations following stan-

dard TriZol™ Reagent protocol. Subsequently, high quality RNA was hybridized to GeneChip Chicken 

Genome Array (Affymetrix, Inc) at the Functional Genomics Unit of the Institut de Recerca Biomédica 

(Barcelona, Spain) according to Affymetrix standard protocols. For statistical analysis, the data from 

four biological replicates of each experimental condition were averaged and microarray data was ana-

lysed using Bioconductor software, and a false discovery rate (FDR) with a p-value <0.05. The quality 

of the data was assessed, normalized with the robust multichip averaged (RMA) algorithm and differ-

entially expressed genes were selected. The results were filtered using thresholds of [log2FC]>0.5849 

and p-value <0.05. Microarray data was deposited in NCBI GSE81717.

1.3. Bioinformatic search for common DEGs in NB and NCCs signatures

The comparison between BRE embryonic NCC and human NB datasets was conducted by our 

collaborator Soledad Gómez (Dr. Lavarino’s group, IRSJD). The Unigene gene symbol provided by Af-

fymetrix (when available) was used as link for both datasets.
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1.4. Bioinformatic analysis of public NB datasets

Publically available human NB patient microarrays were obtained from the R2: genome analysis 

and visualization platform (R2-server, 2019). R2-web based application was used to generate Kaplan 

Meier survival curves. The query parameter was event-free survival and the average gene expression 

was always used as cut-off value for all survival analysis. Significance was calculated via the website 

interface. In addition R2-web based application was also used to compare expression levels of NXPH1 

receptors, α-NRXNs among different NB prognosis groups. In this regard, R2 Tview tool was used to 

verify probesets specificity for α-NRXN1/2 or 3 isoform. The only 3 datasets that contained specific 

probeset for these isoforms were chosen for further analysis. Raw data was downloaded and statisti-

cal significance was assessed using GraphPad Prism v8 (GraphPad Software, Inc) (see section 9, from 

Materials and Methods). All public NB datasets used during this doctoral thesis are listed in Table 09. 

2. Cell culture

2.1. Human cell lines

Short term in vitro culture of NB cells started in the 2nd half of the XX century using fresh biopsies 

from primary tumours, bone marrow aspirates or even peripheral blood. Ever since, NB cell lines have 

become an invaluable material to study genetic changes and phenotypic plasticity of NB tumour cells 

(Thiele, 1998).

During this thesis, the SK-N-SH cell line was the main cellular model used for in vitro and in vivo ex-

periments. This cell line derives from a bone marrow aspirate of a metastatic chemotherapy-resistant 

NB that was primary located at a thoracic paraganglia (Biedler et al., 1973). SK-N-SH cell line contains 

Table-09. NB expression microarrays used in this thesis and available at the R2 Genomic Analysis 
and Visualization Platform
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all 3 (N-, S- & I-) morphological cell subtypes described in NB cell lines (hence we call it mixed, M- or 

parental cell line); this makes it particularly interesting for studies approaching stemness potential of 

NB. Together with SK-N-SH, other 9 human NB cell lines (LAN-1, IMR-5, SK-N-LP, SK-N-JD, IMR-32, LAI-

5-S, SK-N-AS, SK-N-Be(2)c and SH-SY5Y) were also used for tumour spheroid screening. This panel of 

10 cell lines recapitulates genetic, genomic and biological diversity of human NB tumours (Table-10). 

In addition, HEK293T cell line was used to generate lentiviral particles.

Cell lines were grown in complete growth medium (GM) containing RPMI-1640 Glutamax ™ or 

DMEM. Glutamax™ supplemented with 10% or 20%  inactivated foetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) (Table-10) and kept at 37°C, 95% humidity, 5% CO2 pressure as standard 

culture conditions. In order to degrade complement proteins naturally present in FBS, FBS stock was 

heated at 56°C during 30min, prior to complete GM preparation. 

2.2. Sub-culturing, cell counting & cryopreservation of cell lines

All cell lines were cultured in polysterene-coated culture dishes. To avoid induction of neural-like 

differentiation by cell-to-cell contacts once cell density reached 50-70% of dish surface, cells were 

detached and seeded in new plate. Briefly, plates were washed with pre-warmed PBS1x and cells 

were detached from the plate using 0.25% trypsin/EDTA (5min incubation, at 37°C). Trypsin activity 

was stopped by adding 2 volumes of complete growth medium. Detached cells were recovered, cen-

trifuged (300g, 5min, RT), and resuspended in 1ml complete GM. Total cell number was estimated, 

when needed, using trypan blue and Countess II FL Automated Cell Counter (ThermoFisher SCIEN-

TIFIC), following manufacturer’s protocol. Cell lines were sub-cultured twice a week and GM was 

renewed every 3 days. Cell lines were kept on culture no longer than 12-14 passages.

To maintain continuous stocks of cell lines, cells can be stored through cryopreservation. 4∙106 cells 

Table-10. List of human cell lines used in this doctoral thesis. FBS: foetal bovine serum; P/S:penicillin/
streptomycine.



MATERIALS AND METHODS: Cell culture

63

from early passage plates were resuspended in 1ml GM containing 5% DMSO. Cryogenic vials (Corn-

ing, Inc.) were gradually frozen (-1°C/min) using a home-made porexpan container to avoid formation 

of ice crystals that could perforate cell membrane. Cryopreserved cell lines were stored at -80°C &/or 

in liquid nitrogen (Parc Cientific de Barcelona). To start cell cultures from cryopreserved cell lines, cells 

have to be thawed and DMSO has to be removed as fast as possible to avoid DMSO-mediated toxicity. 

Briefly, cryogenic vials were thawed in 37°C water bath while swirling. Immediately after complete 

thawing, cells (1ml) were diluted into 9ml GM and spun down (300g, 5min, RT). Supernatant (SN) was 

carefully removed and cells resuspended to single cell suspension in 1ml GM. Plates were washed and 

GM renewed 24h after seeding in order to remove cellular debris and DMSO residues.

2.3. Mycoplasma detection

Biological contamination of cell culture is a frequent problem in cell culture facilities. Certain spe-

cies from the genus of Mycoplasma are responsible for persistent contaminations due to their slow 

growing rate and small size (less than 1 μm). In addition, antibiotics that are routinely added to home-

made GM formulation could mask mycoplasma contamination by keeping mycoplasma levels below 

limits of detection. Therefore, the presence of Mycoplasma has to be periodically tested. 

For assessment of Mycoplasma contamination, 2∙104 cells were seeded into 8 well Permanox® 

Nunc® Lab-Teck® chamber slide™ system and cultured with GM without P/S. After 3 days of growing, 

cells were fixed, permeabilized and DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) (for a 

detailed explanation see section 8.2, from Materials and Methods). Whenever there is Mycoplasma 

contamination, tiny bacteria can be detected as small DAPI+ dots inside the cytosol of the eukaryotic 

cells using a fluorescent microscope.

2.4. MTT assay

Cell viability assessment is a classical approach to evaluate whether different stimuli altered the 

growing rate or survival capability of a cell line. Proper mitochondrial function is essential for cellular 

fitness, and a direct read-out of the cell viability. The MTT reduction assay is a colorimetric meth-

od that quantifies mitochondrial function, giving an indirect estimation of cell viability. MTT assay is 

based on the activity of mitochondrial NADH-dehydrogenases. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) is a yellowish soluble salt that is reduced to formazan by mitochondrial 

NADH-dehydrogenases. Formazan has a purple-to-black colour and form insoluble crystals in aque-

ous solutions that are solved with DMSO. The amount of formazan is indicative of mitochondrial activ-

ity and cell viability.
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To asses cell viability cells were seeded in quadruplicates on 96 wells plates (8∙103 cells/well) in a 

final volume of 100 µl. At desired time points (normally 24h, 48h, 72h and 96h), 10µl of 5mg/ml MTT 

solution was added to each well and the plates were incubated at 37°C for 4h. After removal of GM, 

formazan crystals were dissolved with 100µl DMSO by shaking on a bench rocker (100 oscillations per 

minute, opm) for 15min, covered with aluminium foil. Optic density at 570nm (OD570) was read in a 

microplate reader. OD570 from wells with GM were used to define the background signal.

2.5. BrdU assay

Evaluation of cell proliferation and estimation of the replicating fraction of a cell culture or a tissue 

have been of major interest in cancer studies. Progression through the cell cycle is a tightly regulated 

process, with specific signalling cascades controlling major cell cycle transitions. Those cells that over-

come G1 checkpoint start DNA replication that span over the whole S-phase length. Therefore, the 

detection of replicating cells is a direct estimation of the proliferative fraction during a define time 

period. 

BrdU (5-bromo-2’-deoxyuridine) is an analogue of the nucleoside thymidine that is incorporated 

into replicating DNA and can be detected using anti-BrdU antibodies. The detection of integrated 

BrdU needs to unwind DNA to facilitate the access of anti-BrdU antibodies. The use of DNase I type II 

to open DNA allows the combination of proliferation studies together with cell immunophenotyping 

or detection of transgenic fluorescent proteins (such as GFP).

For all our studies a 10 µM BrdU solution was added to SK-N-SH cells growing in monolayers. 

Length of the incubation period was adapted to the aim of every experimental design: for routine 

estimation of cells in S-phase (BrdU incorporation assay) a 2h incubation at 37°C was performed; for 

in vivo evaluation of proliferating cells after recombinant NXPH1 (rNXPH1) treatment (BrdU retention 

assay) 24h incubation at 37°C was used.

2.6. Tumour spheroid assay

The ability to grow as tumour spheroids of cancer cells has been conventionally used as an in vitro 

surrogate of their tumorigenic potential (for further details see section 3.2.2.5.1 from Introduction).

For tumour spheres assays, cells were grown in sphere-forming-media (SFM) (see Appendix I for 

the detailed formulation).

For CSC screening, 3∙106 cells were cultured in uncoated 60mmx15mm plates or in ultra-low at-

tachment surface plates and were fed with fresh SFM weekly (2ml per plate). Spheres were allowed to 
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grow for 5 weeks and photographed using an inverted bright-field microscope (Leica DMIRBE). Then 

spheres were recovered and processed for RNA extraction as described in the standard protocol (see 

section 7, from Materials and Methods).

For evaluation of tumorigenic potential of α-NRXN1High/Low/Neg populations, 2∙103 single cells from 

each population were sorted in quadruplicates directly into pre-coated 12 well plates (see also sec-

tion 5.2, from Materials and Methods). Previously, each well was coated with 450µl sterile 0.5% aga-

rose solution to avoid cell adhesion to the plate surface. Plates were monitored every two days and 

spheroids were allowed to grow for 1 week. For enable discrimination of viable spheres, plates were 

incubated for 3h (37°C) in the presence of 100μl MTT (5mg/ml stock). Finally, viable spheres (black 

coloured) were manually counted using an inverted bright-field microscope (Leica DMIRBE).

This protocol was adapted from (Hansford et al., 2007; Ikegaki et al., 2013; Takenobu et al., 2011).

2.7. In vitro 2-dimensions (2D) ELDA growth assay

When grown in conventional adherent cultures, cell density influences cell proliferation by means 

of cell-to-cell contacts and paracrine signalling. Cell culture under extreme limiting dilution conditions 

(extreme limiting dilution assay, ELDA) is used to test proliferative potential independently of those 

extracellular stimuli.

For 2D ELDA growth assay, defined cell numbers of α-NRXN1High/Neg subpopulations and parental 

SK-N-SH cell line were sorted in triplicates into 96 well plates using a BD FACSAria™ Fusion sorter (BD 

Bioscience, Franklin Lakes, New Jersey, USA). The ending point was established whenever cells, at any 

of the conditions, managed to fully cover the well surface (approximately, 2 weeks after seeding). 

Each well contained 100µl GM and half of the volume was renewed after 1 week of culture. Then, GM 

was removed and cells were fixed with 4%PFA for 15min (RT). After washing with PBS1x, 50µl of 0.5% 

crystal violet solution was added to each well and incubated for 20 min (RT) on a bench rocker (20-30 

opm). Dye was washed out by gently washing the plate in a stream of tap water at least 4 times. Plates 

were inverted on filter paper and air-dry for at least 2 hours (RT). To permeabilize the cells and dis-

solve crystal violet staining, 200µl methanol was added to each well and incubated for 20min (RT) on 

a bench rocker (20-30 opm). Finally, OD570 was measure with a microplate reader (POWER WAVE XS 

Microplate Spectrophotometer). OD570 from wells without cells were used to define the background 

of the staining method.

This protocol was adapted from (Bahena-Ocampo et al., 2016; Feoktistova et al., 2016).
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2.8. Cell culture in the presence of chemotherapeutic drugs

The expression of xenobiotic transporters on the plasmatic membrane and slower cell cycle rates 

protect stem cells from standard chemotherapeutic drugs that normally tackle fast-cycling popula-

tions. This is due to the fact that most of these drugs are designed to block DNA replicative machinery 

and induce irreversible DNA damage.

For this thesis cisplatin and mitoxantrone (MTX) were used to test chemoresistance capacity of 

NB cells. Cisplatin belongs to a platinum-based antineoplastic family of medications. It binds to DNA 

nucleotides (nc, mainly to guanines), crosslinking DNA and interfering with DNA synthesis. Damaged 

DNA activates apoptosis when repair proves impossible. Cisplatin is currently used as standard of care 

for IR and HR NB patients (Tolbert and Matthay, 2018). MTX is an anthracenedione antineoplastic 

drug that intercalates into DNA, inhibiting type II topoisomerase. The final outcome is similar to the 

one previously described for cisplatin since it disrupts DNA synthesis and repair, inducing apoptosis of 

tumour cells. MTX is used in paediatric cancer as standard of care for acute lymphoblastic leukaemia 

patients.

To assess whether α-NRXN1+ cells persist during drug treatment, 0.5 to 1∙106 SK-N-SH cells were 

seeded into 100mm x 20mm (p100) plates. The optimal drug concentration was determined as the 

one that cause a 70-80% reduction in MTT cell viability assay after 4 days (data not shown). Cisplatin 

(3μM) or MTX (5ng/ml) was added to each plate 7, 3 or 1 day before analysis of surviving α-NRXN1+ 

cells by flow cytometry (BD FACSAria™ Fusion). For the recovery condition, cells were seeded in the 

presence of the drugs for 3 days. Afterwards, plates were washed carefully with PBS1x and let grow 

for another 4 days with normal GM. Staining of viable cells with anti-αNRXN1-ATTO488 antibody and 

detection of α-NRXN1+ cells by flow cytometry are detailed later on (see section 5.2, from Material 

and Methods).

3. Human NB patient derived xenograft

Despite the usefulness of established tumour cell lines as pre-clinical models, a major restriction 

is their poor predictive response for the drug pharma industry. It has been seen that the therapeutic 

response in these pre-clinical models has a very low correlation with drug activity in phase II clini-

cal trial (Johnson et al., 2011). To circumvent conventional cell lines limitations the development of 

patient-derived xenografts (PDXs) as advanced preclinical models has re-gained interest during the 

last decade (Hidalgo et al., 2014). A significant effort to stablished and characterized NB PDX models 

together with others paediatric PDXs has been recently done (Braekeveldt et al., 2015; Stewart et al., 
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2017). Although engraftment rate is relatively low (around 24% for orthotopic implantation), success-

fully engrafted NB PDXs retain genomic and phenotypic features of the original patient’s tumours, 

exhibit an aggressive behaviour typical of high risk NBs and are useful platforms to validate new 

therapeutic strategies (Braekeveldt et al., 2015; Monterrubio et al., 2017; Monterrubio et al., 2015; 

Stewart et al., 2017).

NB PDX models were established from patient biopsies at HSJD under an Institutional Review 

Board-approved protocol. The NN PDX models HSJD-NB-007 and HSJD-NB-011 were derived from 

patients refractory to all treatments. HSJD-NB-007 was established from a 5 year old male with pro-

gressive stage 4 disease, amplification of MYCN gene and no mutations in TP53 and ALK. HSJD-NB-011 

was from a 2.5 year old male with progressive stage 4 disease, amplification of MYCN gene, TP53 wild 

type and ALK-mutated (I1171N).

The HSJD-NB-007 and HSJD-NB-011 were used for previous publications (Boeva et al., 2017; Mon-

terrubio et al., 2017). The HSJD-NB-012 has not been characterized yet and has not been included in 

previous publications so far.

Subcutaneous grafting of human NB PDX is described later on (see section 6.4, from Materials and 

Methods).

4. Generation of transgenic cell lines by lentiviral infection

Self-inactivating lentiviral and retroviral vectors are basic tools for transgenic delivery and are fre-

quently used for the manipulation of expression levels of genes of interest. Retroviral –based vectors 

depend of active cell division to effectively integrate into host genome, while lentiviral vectors could 

integrate into the host genome in the absence of cell division. Throughout this thesis lentiviral vectors 

were used for selective inhibition of NXPH1 or α-NRXN1 gene expression in SK-N-SH (using constitu-

tive or inducible short-hairpin RNA (sh-RNA).

4.1. DNA contructs

4.1.1. Transfer vectors

Transfer vectors contain the gen or DNA sequence of interest together with specific sequences that 

are required to incorporate the region of interest to the lentiviral particles and to integrate it into the 

host genome of the target cells.
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4.1.1.1. pLKO.1 puromycine

pLKO.1 puromycine (pLKO.1 puro) is a lentiviral-based backbone used by the RNAi Consortium 

(Moffat et al., 2006). The vector presents an RNA polymerase (pol) III promoter (U6 promoter) that 

drives the transcription of a duplex DNA sequence. The resulting shRNAs consist of a 21 nc sequence 

that perfectly pairs to target mRNA sequence. Structural similarity between transgenic shRNA and en-

dogenous microRNAs precursors allows shRNA processing by microRNA pathway molecular machin-

ery (Dicer RNaseIII and AGO proteins from Argonaute family). Finally, it results in sequence-specific 

mRNA cleavage and subsequent silencing of the target gene.

pLKO.1 puro coding for scramble sequence (sh-Ctl) and pLKO.1 puro cloning plasmids were a kind 

gift of Dr. Marian Martínez-Balbás (IBMB-CSIC, Spain) (Figure 14). pLKO.1 puro coding for specific shR-

NAs against human NXPH1 or α-NRXN1 genes were specifically designed and cloned for this thesis 

(see section 4.3, from Materials and Methods).

4.1.1.2. pSLIK Neomycine

pSLIK (Single Lentivector for Inducible Knockdown) system is a lentiviral vector platform support-

ing constitutive expression of a Tet-transactivating component with a selection marker and coordi-

nated conditional and simultaneous expression of a transgene and miR-shRNA target gene (Shin et al., 

2006). This system presents various advantages over classical gene targeting by constitutive expres-

sion of short hairpin (shRNAs):

 ᴏ shRNAs for pSLIK system are designed as primary microRNA mimics that are driven by pol II pro-

moter, preventing technical limitations of pol III shRNAs. Long-term gene silencing using RNA 

polymerase III promoters could generate sequence unspecific- effects dependent on interferon-

response activation (Bridge et al., 2003; Sledz et al., 2003). 

Figure-14. pLKO.1 puro vector map and associated 
sh-RNA 

Schematic representation pf pLKO.1 puro vector, 
highlighting dsDNA cloning site and associated sh-
RNA. ampR: ampicillin resistance gene; cPPT/CTS: 
central polypurine tract;  dsDNA: double-stranded 
DNA;fi ori: f1 bacterial origin of replication; PGK: Hu-
man phosphoglycerate kinase promoter; (ψ) Psi: 
RNA target site; pUC ori: pUC bacterial origin of rep-
lication; puroR: pruomycine resistance gene; RRE: 
Rev response element; sh-RNA:short hairpin RNA; 
U6: human U6 promoter; 3’SIN LTR: 3’ self-inactivat-
ing long terminal repeat; 5‘LTR: 5’ long terminal re-
peat. Adapted from (Moffat et al., 2006).
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 ᴏ It allows tetracycline-regulated expression of miR-shRNAs (Tet-ON conditional expression) thanks 

to a third-generation reverse Tet transactivator (rtTA) and a Tetracycline-Tight Responsive Element 

(TRE-tight) promoter. Constitutive stable silencing of genes implicated in cell proliferation or sur-

vival readily results in a dramatic drop of cell culture viability and growth, reducing experimental 

possibilities. Even a cytotoxic effect of the shRNA, which could be not apparent in the initial post-

transduction period, might generate a negative selection pressure against effective gene silencing 

during prolonged cell culture (Fish and Kruithof, 2004).

 ᴏ It allows the concomitant and coordinated expression of a transgene (for example EGFP), coupled 

to miR-shRNA expression, allowing the straightforward identification of miR-shRNA expressing 

cells.

These technical improvements made pSLIK system an attractive option for the regulated knock-

down of NXPH1 or α-NRXN1. For this purpose, pSLIK-Neomycine (pSLIK-Neo) (Figure 15A) and a do-

nor plasmid for gateway recombination cloning, pEN_TTGmiRc2 (Figure 15B), were purchased from 

Addgene. The cloning of specific shRNAs against human NXPH1 or α-NRXN1 genes was done for this 

doctoral thesis (for further details see section 4.4 from Materials and Methods).

4.1.2. Viral constructs 

Both viral constructs pMD2.G & psPAX2 were a kind gift of Dr. Marian Martínez-Balbás (IBMB-CSIC, 

Spain).

4.1.2.1. pM2D.G

pM2D.G is a 2nd generation envelop vector, that codes for the Vesicular Stomatitis Virus G Glyco-

protein (vsv-g), necessary for viral penetration of the plasma membrane of the target cells.

4.1.2.2. psPAX2

psPAX2 is a 2nd generation packaging vector, that codes for HIV-1 viral capsid precursor protein 

(gag), retrotranscriptase and integrase precursor protein (pol), RNA-binding protein (rev) and trans-

activator protein (tat). These four genes are required for lentiviral replication and for the assembling 

of new lentiviral particles.
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4.2. Design of shRNA sequence against target genes

Searching and selection of gene-specific shRNA sequences was done using the Genetic Perturba-

tion Platform (GPP)-web based tool, generated by the Broad Institute. GPP web portal applies an 

algorithm for the ranking of potential 21mer targets within each RefSeq transcript. The algorithm is 

constantly revisited based on current literature. For this thesis rule set 9 of GPP algorithm was used to 

get a list of candidate shRNA sequences. The following rules were considered for the ultimate selec-

tion of shRNA sequences from the GPP-generated list:
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 ᴏ Regions within 50-100nt of the start codon and the termination codon were avoided

 ᴏ Intronic regions were avoided

 ᴏ Stretches of 4 or more bases (AAAA,CCCC…) were avoided

 ᴏ Repeats (for example G/C) and SNP sites were avoided

 ᴏ BLAST homology search had to give none off-target binding to other gene or sequences

Final shRNA sequences for constitutive or inducible gene knockdown through pLKO.1 puro or pS-

LIK-Neo respectively are shown in Table B (Appendix I).

4.3. Cloning of short-hairpin RNA sequences into pLKO.1-puro plasmid

Unless specified, all the enzymes required for molecular biology techniques were purchased from 

ThermoFisher SCIENTIFIC. The suppliers and catalog numbers of the rest of the reagents are detailed 

in Table E (Appendix I). 

Cloning of shRNA sequences into pLKO.1-puro proceeded as follow:

STEP 1: Adapt original target sequences to pLKO.1 puro system

Gene-specific shRNA sequences were adapted to pLKO.1 puro cloning (for further details see Table 

B-Appendix I) and unphosphorylated sense and antisense oligonucleotides were ordered to SIGMA-

Figure-15. Backbone vectors and cloning strategy used for the generation of inducible miR-shRNA

(A) Schematic representation of entry backbone vector pEN_TTGmiR2 carring inducible TTRE pro-
moter, controlling EGFP and human miR30a adaptor sequence, plus attL recombination sites. (B) 
Schematic representation of destination backbone vector pSLIK-Neo  carring  constitutive Ubi-c 
promoter, controlling rtTA3 and neoR expression, plus attR recombination sites. (C) Diagram show-
ing cloning strategy used to generate pSLIK-Neo-TTGmiRc2-miRshRNA. First shRNA was introduced 
to entry vector pEN_TTGmiR2 by restriction cloning, then inducible TTRE-EGFP-miRshRNA cassette 
was translocated to destination vector pSLIK-Neo by left-right recombination. (D) Integrative re-
gion of pSLIK-Neo-TTGmiRc2-miRshRNA showing predictive constitutive (tTA3-IRES-neoR) and doxy-
cycline-inducible (EGFP-mirRshRNA) transcripts. miR-like shRNA estructure is transcribe from a dsDNA 
sequence cloned downstream EGFP transgene. 3’SIN LTR: 3’ self-inactivating long terminal repeat; 
5‘LTR: 5’ long terminal repeat; 3’miR30a: 3’ end of human miR-30a; 5’miR30a: 5’ end of human miR-
30a; ampR: ampicillin resistance gene; attL1/attL2 sites: recombination sites entry vector; attR1/
attR2 sites: recombination sites destination vector; ccdB: DH5α toxin; DOX: doxycline; dsDNA: dou-
ble-stranded DNA; EGFP: enhanced-green-fluorescent-protein; fi ori: f1 bacterial origin of replica-
tion; FLAP: region that contains central polypurine tract (cPPT/CTS); GmR: gentamycine resistance 
gen; IRES: internal ribosome entry site; miR-sh-RNA: miR-like short hairpin RNA; neoR: neomycine/
G418 resistance gene; ori: bacterial origin of replication; (ψ) Psi: RNA target site; RRE: Rev response 
element; rtTA3: 3rd generation reverse tetracycline transactivator element; TTRE: tight tetracycline 
represor element; Ubi-c: Human ubiquitine-c promoter;  WRE: Woodchuck hepatitis virus post-tran-
sciptional regulatory element. Adapted from (Shin et al., 2006). 
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ALDRICH. Adaptation of sh1-NXPH1 sequence to pLKO.1 puro system is used as an example (Table-11):

STEP 2: Linearization of destination vector (pLKO.1-puro cloning vector)

1. Digestion of 3µg of pLKO.1-puro cloning vector with EcoRI and AgeI in 20 µl final volume. Tubes 

were incubated for 3h (37°C), adding fresh buffer and enzyme after 1.5h

Dephosphorylation of EcoRI/AgeI-open vector adding 1µl FastAP per 1µg DNA (30min incubation, 

at 37°C). Final vector concentration was around 200-500 ng/µl

2. Verification of complete pLKO.1-puro linearization by 0.7% agarose electrophoresis

3. Linear dephosphorylated pLOK.1-puro was purified using illustra™ GFX™ PCR DNA and Gel Band 

Purification kit following manufacturer’s instructions

STEP 3: Generation of phosphorylated double stranded DNA 

1. Oligonucleotides were resuspended in H2O MQ to a final concentration of 3µg/µl

2. Sense and antisense oligonucleotides were diluted together in annealing buffer (for further de-

tails see Table B-Appendix I). Final concentration of oligonucleotides was 60ng/µl

3. Stable annealing of sense and antisense oligonucleotides was achieved through 3 sequential in-

cubation steps: 4min 90°C10min 70°C à turn off thermoblock and let it cold down till 25°C. 

Double stranded DNA (dsDNA) stock are store at 4°C

4. Phosphorylation of dsDNA duplex by T4PNK following manufacturer’s instructions. Final concen-

tration of phospho-dsDNA was 12 ng/µl

Table-11. Generation of sense and antisense oligonucleotide for pLKO.1 puro cloning
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 STEP 4: Ligation 

Ligation was done using T-4 Ligase, following manufacturer’s instructions. Linear dephosphory-

lated vector (50ng) was ligated with phospho-dsDNA keeping a 1:3 molar ratio. A re-ligation tube of 

the linear vector alone was always included as a control.

STEP 5: Transformation

Home-made competent DH5α E.coli (100µl) were mixed with 3µl of ligation mix and transformed 

by thermic shock (see section 4.5, from Materials and Methods). Ligation tubes were seeded in am-

picillin plates.

STEP 6: Colony diagnosis 

1. Re-ligation control was checked to evaluate ligation efficacy

2. Selected colonies were seeded in 4ml LB media (for a detailed formulation see Table A-Appendix 

I) with ampicillin (37°C, ON)

3. Plasmid DNA was extracted (see section 4.6, from Materials and Methods)

4. Screen for positive clones by digesting 200-500ng plasmid DNA with BamHI/PstI:

  Negative colonies (1 BamHI site): single band (7050bp)

  Positive colonies (1 BamHI and 1 PstI sites): two bands(6332bp+752bp)

5. Sequencing of positive clones with pLKO.1-puro sequencing primer (GATC sequencing service). 

pLKO.1 sequencing primer sequence is detailed in Table B-Appendix I

4.4. Cloning of short-hairpin RNA sequences into pSLIK-Neo plasmid

The cloning of shRNA sequences into pSLIK-Neo requires two sequential protocols (Figure 15C-D). 

In the first part the dsDNA is introduced into the donor plasmid pEN_TTGmiRc2 by restriction diges-

tion and ligation. The donor plasmid pEN_TTGmiRc2 contains all the elements of the functional induc-

ible cassette and the 5’and 3’ ends of human miR30 surrounding two BfuA1 restriction sites (Figure 

15C). In the second part the inducible cassette (containing TRE promoter upstream EGFP transgene 

and miR30-shRNA sequence) is translocated by gateway recombination into pSLIK-Neo destination 

plasmid (Figure 15C,D).
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4.4.1. Restriction cloning of miR30-shRNA into donor plasmid pEN_TTmiRc2

STEP 1: Adapt original target sequences to pSLIK-Neo system

Gene-specific target sequences were adapted to pSLIK-Neo cloning (Table-12) and unphosphory-

lated sense and antisense oligonucleotides were ordered to SIGMA-ALDRICH. Adaptation of sh1-NX-

PH1 sequence to pSLIK-Neo system is used as an example (Table-12):

STEP 2: Linearization of donor plasmid

6. Digestion of 3µg of donor vector (pEN_TTGmiRc2) with BfuA1 in 20µl final volume. Tubes were 

incubated for 3h (37°C), adding fresh buffer and enzyme after 1.5h. Digestion with BfuA1 re-

moves the ccdB cassette (toxic for DH5α E.coli strain)

7. Verification of complete pEN_TTGmiRc2 linearization by 1% agarose electrophoresis

8. Linear donor plasmid was purified using illustra™ GFX™ PCR DNA and Gel Band Purification kit 

following manufacturer’s instructions. Optimal final vector concentration was around 200-500 

ng/µl

STEP 3: Generation of phosphorylated dsDNA 

Proceed as in STEP 3 from section 4.3 (Materials and Methods)

STEP 4: Ligation 

Proceed as in STEP 4 from section 4.3 (Materials and Methods)

Table-12. Generation of sense and antisense oligonucleotide for pSLIK-Neo cloning
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STEP 5: Transformation

Proceed as in STEP 5 from section 4.3 (Materials and Methods). In this case ligation tubes were 

seeded in neomycin/G418 plates.

STEP 6: Colony diagnosis 

1. Select and grow colonies as in STEP 6 from section 4.3 (Material and Methods). In this case 5µg/

ml neomycin/G418 was used as selection antibiotic

2. Ligation could result in empty plasmids by pEN_TTG_miR2 vector recircularization (negative colo-

nies) or plasmids were the phospho-dsDNA was efficiently incorporated (positive colonies). Due 

to the small difference in size between both plasmids, screening for positive colonies was done 

by direct sequencing of plasmid DNA with EGFP-C sequencing primer (GATC sequencing service). 

EGFP-C sequencing primer sequence is detailed in Table C- Appendix I

4.4.2. Gateway recombination of TTRE-EGFP-miRshRNA cassette into destination 
plasmid pSLIK-Neo

The TTRE-EGFP-miRshRNA cassette was introduced into destination plasmid pSLIK-Neo by left-right 

gateway in vitro recombination (Figure 15C,D). LR Gateway recombination and subsequent bacterial 

transformation was performed using LR Clonase™ II kit and following manufacturer’s instructions. In 

this way plasmids containing inducible TTRE-EGFP-miRshRNA cassette and constitutive bicistronic Ubi 

c-rtTA3-IRES-EGFP cassette were generated (Figure 15C,D)

4.5. Bacterial transformation

Plasmid DNAs were incorporated into home-made competent DH5α E.coli bacteria, in order to 

amplify them for different experimental purposes. To facilitate plasmid DNA internalization, bacterial 

wall and membrane needs to be destabilized. Among available protocols, the classical thermic shock 

method is a robust procedure for bacterial wall and membrane destabilization. Briefly, competent 

DH5α E.coli (100µl) were slowly thawed in ice and gently mixed with plasmid DNA (ratio 10: 1, in vol-

ume). Tubes containing bacteria and plasmid DNA were incubated 20min in ice, followed by 75sec at 

42°C and 2min back in ice. For bacterial recovery, 1ml LB without antibiotic was added to each tube 

that was then incubated for 1h at 37°C. Finally, bacteria were spun down (16,000g, 30seg), resus-

pended in 200µl LB and seeded in antibiotic-containing plates.
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4.6. Amplification and purification of DNA constructs (minipreps & 
midipreps)

Extraction of plasmid DNA for cloning and cloning diagnosis purposes was done following a home-

made low purity protocol (minipreps). Briefly, on the previous day 4ml LB tubes with proper antibiotic 

were inoculated with desired colonies or bacterial glycerol stocks and were grown overnight (ON) at 

37°C. On the next morning bacteria were spun down (1min, 16,000g) and the SN was removed. Pel-

lets were resuspended in 100µl P1 resuspension buffer by gentle agitation. Then, 100µl of P2 lysis 

buffer was added to each tube and mixed by inversion. Again, 100µl P3 neutralization buffer were 

added and content was mixed by inversion. Tubes were centrifuged (6min at 16,000g) and SNs were 

recovered in clean tubes. Finally DNA pellets were washed with 600µl ice-cold absolute ethanol. After 

centrifugation (16,000g, 5min, 4°C), SNs were carefully removed and DNA pellets were allowed to dry 

completely. Plasmid DNAs were resuspended in 50µl sterile H2O MQ and stored at -20°C until needed.

High purity extraction of plasmid DNA for HEK293T transfection and lentiviral production purposes 

(midipreps) was performed using NucleoBond® Xtra Midi kit following manufacturer’s instructions.

In order to check for the plasmid DNA quality and purity, vectors were routinely checked by restric-

tion digestion.

4.7. Lentiviral production and transduction

In this thesis, 2nd generation lentiviral particles were used and produced as described by Didier 

Trono’s Lab. Lentivirus production and handling were done under biological safety level 2 (BSL-2) area. 

Disposal of all the contaminated material was also conducted as specified for BSL-2 organisms.

Lentiviral particles were produced by transfecting HEK293T cell line with 15µg transfer plasmid, 

10µg packaging psPAX2 plasmid, and 5µg envelop pM2D.G plasmid using Lipofectamine 2000, a soluble 

cationic lipid agent. Briefly, HEK293T cells were seeded at high density (6.5·106 Cells/p100) in complete 

GM and let adhere ON. To allow Lipofectamine 2000-DNA complex formation, 50µl Lipofectamine 

2000 were diluted in 700µl Optimen minimal growth media and incubated for 5min (RT). In parallel, 

the indicated amounts of the 3 vectors were diluted in Optimen (up to 750µl). Lipofectamine 2000 and 

DNA solutions were mixed and incubated for 20min (RT). HEK293T plates were washed gently twice 

with pre-warmed PBS1x and refilled with 7ml DMEM-10%FBS per plate. Then, 1.5ml of liposomes were 

added to each plate and was then return to the incubator for 6-8h (37°C). Finally, liposomes media was 

replaced with 5.5ml complete GM and transfected cells were allowed to generate lentivirus particles. 

After 48h, lentivirus-bearing SN was recovered, centrifuged (300g, 5min) and filtered through 45µm 

Millex-HV PVDF syringe filter. SNs were immediately used or stored at -80°C until needed.
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Lentiviral transduction of target cells was normally performed readily after lentivirus recovery. 

Briefly, target cell line (SK-N-SH in this project), was seeded at low density (0.7·106 Cells/p100) in 

complete GM and let adhere for 24h. Then, GM was replaced by fresh GM plus lentivirus SN (dilution 

range from 1/4 to 1/10). SK-N-SH cells were incubated with the lentiviral particles for 48h, This period 

was enough for stable transgene integration and expression in the target cells. Following this protocol 

infection efficiency in SK-N-SH NB cell line reached 70-90%. 

4.8. Selection of transduced cell lines

Selection of transduced cells started 48h after infection and was done according to each vector 

specifications. Host cells were not used for any experimental procedures until selection was com-

pleted.

Puromycin (2µg/ml) was used for selection of pLKO.1-puro SK-N-SH host cells. To determine puro-

mycin working concentration, a killing curve was done with concentrations ranging from 0 to 4.5 µg/

ml (one point every 0.5µg). The lowest concentration of puromycin that killed all wild-type SK-N-SH in 

3 days was selected as working concentration.

Neomycin (also known as G418) (SIGMA-ALDRICH) (600µg/ml) was used for selection of pSLIK-

Neo SK-N-SH host cells. To determine neomycin working concentration, a killing curve was done with 

concentrations ranging from 0 to 103µg/ml (one point every 100µg). The lowest concentration of 

neomycin that killed all wild-type SK-N-SH in 7 days was selected as working concentration.

Antibiotic toxicity in killing curve assays was evaluated using a wide field optical LEICA DR IMBE 

epifluorescence microscope (LEICA, Wetzlar, Germany). Puromycin and neomycin were freshly added 

twice a week to the GM media of the host cells. The transgenic cells were grown with antibiotic for 

at least one month.

5. Flow cytometry and cell sorting

All the experiments were conducted at the Cytometry Core Facility (Centres Científics i Tecnològics, 

Universitat de Barcelona). Sorting tubes, 70µm mesh filter and DNA-binding and vital dyes were pro-

vided by the Cytometry Core Facility. Unless specified, vital DNA-binding dyes as DAPI (at 0.1µg/ml) or 

propidium iodide (PI) (at 2µg/ml) were always used for discarding damaged and dying cells.

As a general consideration, cells were kept on ice along the complete protocol and flow cytometer 

microfluidic system and collector device (when needed) were also maintained at 4°C to prevent cell 
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death. Single cell suspensions were analysed with a BD FACSAria™ Fusion according to the following 

criteria: 

 ᴏ Cell debris was discarded by FSC-A/SSC-A gating

 ᴏ  Cell aggregates were discarded by FSC-A/FSC-W gating

 ᴏ Live cells were selected by DAPI or PI negative signal (violet channel 450V or far red channel 610V, 

respectively)

 ᴏ Cell subpopulations positive for the antibodies or fluorophores of interest were detected (cytom-

eter lasers and detectors were adapted to every different fluorophore)

5.1. Flow cytometry analysis of transgenic EGFP+ cells

In this project sorting of EGFP+ transgenic cells was done in order to purified pSLIK-Neo transgenic 

SK-N-SH cells were EGFP-miRshRNA cassette was efficiently induced. Dox-induced EGFP-miRshRNA+ 

cells from subconfluent plates were trypsinized, and resuspended in 1ml ice-cold DMEM-5%FBS (FACS 

buffer) to a final density of 106 cells /ml (see section 2.2, from Materials and Methods). 

Cell suspensions were analysed with a BD FACSAria™ Fusion as described above. EGFP+ cells were 

selected by Blue B (530V) positive signal.

5.2. Flow cytometry analysis of cell surface antigens in human NB cells

The protocol used for immunophenotyping of alive cells by flow cytometry was adjusted for sam-

ples coming from in vitro culture or for cells coming from tumour xenografts:

For immunophenotyping of cell lines expanded in vitro, cells were plated sub-confluently and al-

lowed to grow for 4 days prior to FACS experiment. On the day of the experiment, plates were washed 

with pre-warmed PBS1x and cells were detached from the plate using pre-warmed StemPro Accutase 

Cell Dissociation Reagent (20min, 37°C). Accutase activity was blocked with 2 volumes ice-cold com-

plete GM and cells were recovered by centrifugation (300g, 5min, 4°C). For immunophenotyping of 

SK-N-SH cells growing as subcutaneous xenograft tumours or NB cells from PDX tumours, xenograft 

tumours were processed and dissociated to single cell suspension as described later on (see section 

6.4, from Materials and Methods). Single cell suspensions were prepared in FACS buffer at the desired 

cell density (see section 2.2, from Materials and Methods).

For immunofluorescent staining, cell concentration was adjusted to 107 Cells/ml. At least 250,000 
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cells were incubated with primary or fluorescent-conjugated antibodies (see Table D-Appendix I) for 

60min (in ice and protected from the light). Whenever a secondary fluorescent-conjugated antibody 

was required, cells were washed once with 10 volumes ice-cold FACS buffer and resuspended at 107 

Cells/ml in FACS buffer containing 2µg/ml fluorescently-labelled secondary antibody (see Table D Ap-

pendix I)(45min incubation, 4°C, protected from the light). Finally, cells were washed twice with 10 

volumes ice-cold FACS washing buffer and resuspended at 5·106 cells /ml in ice-cold FACS buffer. DAPI 

or PI was chosen as vital dyes depending on the fluorophore combination.

Cell suspensions were analysed with a BD FACSAria™ Fusion as described above.

General considerations for the identification of α-NRXN1+ cells deriving from tumour xenograft us-

ing flow cytometry

Tumours contain a heterogeneous cell population broadly composed by cancerous cells and non-

malignant niche cells (endothelial cells, immune cells and cancer-associated-fibroblasts). Therefore, 

cytometric identification of human cancer cells deriving from tumour xenografts requires a double 

selection strategy:  a negative selection of niche cells and a positive selection of tumour cells. In this 

project all xenograft tumours were grafted subcutaneously in Nude or NOD/SCID immunocompro-

mised mouse models. Nude animals are characterized by the lack of T cells, while NOD/SCID animal 

lack T cells and B cells. In addition, presence of cancer-associated- fibroblast in subcutaneous tumour 

models is considered negligible. Consequently in the tumour xenografts used for this project niche 

cells mainly consist of endothelial cells and certain myeloid immune cells. Identification of human 

NB cells in dissociated tumour xenografts was done following this double-selection strategy: after 

gating for viable cells by DAPI exclusion, murine endothelial cells (PECy7-CD31+) and myeloid cells 

(PECy7-CD11b+) were discarded by the far red channel while human NB cells (A647-GD2+ or A647-

HLA (A,B,C)+) were selected by the red channel. Analysis of ATTO488-αNRXN1+ population was then 

assessed over the PECy7-A647+ cells using the green channel.

α-NRXN1+ tumour populations were defined as follows: α-NRXN1+ cells were considered the 

brightest 10-12% of original NB population and α-NRXN1-cells were considered the 40-20% most 

negative NB population. When required, α-NRXN1High cells were established as the brightest 0.5-1% of 

the α-NRXN1+ population and α-NRXN1Low cells were considered the 10-20% α-NRXN1+ cells whose 

mean fluorescent intensity (MFI) was 3 to 4 times lower than the αNRXN1High population. For deple-

tion of α-NRXN1+ cells prior to in vivo grafting, the 10-15% ATTO488-brightest pool was discarded 

allowing recovery of the remaining 80-85% population.

The gating strategy for detection and purification of α-NRXN1 subpopulations was adapted from 

(Merlos-Suarez et al., 2011).
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5.3. Flow cytometry analysis of cell cycle profile in α-NRXN1 positive 
and negative population

Flow cytometry analysis of DNA content allows a quantitative evaluation of cell cycle distribution. 

Combinatorial analysis of DNA content & cell-surface immunophenotyping gives real-time informa-

tion about the cycling behaviour of the different cell subpopulations from a sample. DNA content 

quantification in live cells is done by Hoescht 33342 incubation. Hoescht 33342 binds to A-T base 

pairs and could be excited with UV or violet lasers. Fluorescence emission at 460nm gives a snapshot 

of cell cycle status among 3 distinct groups: cells in G0/G1-phases (DNA content 2n), cells in S-phase 

(DNA content ≥2n,≤4n) and finally those in G2/M-phases (DNA content 4n).

For the analysis of DNA content, cells were plated sub-confluently and allowed to grow. After 96h, 

cells were detached with StemPro Accutase Dissociation Reagent (20min, 37°C) and resuspended in 

pre-warmed DMEM-10% FBS (106 cells/ml). Hoescht33342 (5µg/ml) was added and incubated for 

45min, at 37°C, protected from the light. Cells were then concentrated (300g, 5min, 4°C) to 107cells/

ml in ice-cold FACS buffer with 5µg/ml Hoescht 33342 and transferred to ice bucket. Immunophe-

notyping of α-NRXN1+ population was done as specified above (see section 5.2, from Materials and 

Methods)

Cell suspensions were analysed with a BD FACSAria™ Fusion as described above. For cell cycle 

analysis cytometer flow rate never exceed 1.5. ATTO488 emission was assessed using the Blue B 

(530V) detector. Then, fluorescent emission of Hoescht-33342 in ATTO488-αNRXN1+/- populations 

was measured at 450/50V.

5.4. Cell sorting

Isolation and purification of cell populations of interest was done by fluorescent-activated-cell-

sorting (FACS). As general considerations: (1) single cell suspensions were filtered through 70µm 

mesh filter prior to cell sorting to avoid cytometer clotting and, (2) whenever long sorting times were 

expected, 10µM Rock Inhibitor (SIGMA-ALDRICH) was added to FACS buffer or collection buffer to 

block apoptosis. Cell recovery procedure was adjusted to the different experimental purposes as de-

tailed hereafter: 

o For subsequent in vitro expansion of sorted population, up to 3∙106 cells were sorted into 15ml-

Falcon tube containing 5ml FACS buffer plus 10µM Rock inhibitor. After cell sorting, cells were 

centrifuged (300g, 5min, 4°C), resuspended and seeded under standard conditions (see 2.2 sec-

tion, from Materials and Methods).
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o For subsequent tumour spheroid assay or 2D ELDA growth assay, indicated cell numbers were 

directly sorted into multi-well dishes containing appropriate growth media (see section 2.6 and 

2.7, from Materials and Methods). After cell sorting, plates were directly placed in the incubator.

o For subsequent in vivo grafting (both subcutaneous xenograft and CAM assay), indicated cell 

numbers were sorted into 1.5ml-Eppendorf tube containing 500µl FACS buffer plus 10µM Rock 

inhibitor. After cell sorting, cells were centrifuged (300g, 5min, 4°C), resuspended in appropriate 

volume of grafting media and grafted (see sections 6.2 and 6.4, from Materials and Methods).

o For subsequent RNA extraction by picoprofiling, up to 2∙103 cells were sorted into 1.5ml-Eppen-

dorf tube containing 45µl lysis buffer 2x. Immediately after cell sorting, tubes were mixed, spun 

down and incubated for 15min at 60°C to facilitate cell lysis. Then, tubes were frozen in dry ice 

and store at -80°C (see section 7.1, from Materials and Methods). 

o For subsequent RNA extraction by TriZoL™ Reagent, up to 5∙104 cells were sorted into 1.5ml-

Eppendorf tube containing 500µl TriZoL™ Reagent. Immediately after cell sorting, tubes were 

mixed, spun down and incubated for 5min at RT to facilitate cell lysis. Then, tubes were frozen in 

dry ice and store at -80°C (see section 7.1, from Materials and Methods).

5.5. Data analysis 

Analysis of flow cytometry files was done using Flow Jo v7.6.5 and FlowJo v10.6.1 (Tree Star, San 

Carlos, CA, USA). Cell cycle profiles were computed by MultiCycle software (Phoenix Flow Systems, 

San Diego, CA, USA)

6. Animal models

6.1. Animal care and ethics permission

In this project two main animal models (chicken embryos and adult mice) were used for different 

experimental purposes.

Fertilized white Leghorn chicken (Gallus gallus domesticus) eggs were provided by Granja Gibert, 

Rambla Regueral, S/N, 43850Cambrils, Spain. Eggs were incubated in a humidified atmosphere at 

38°C in a Javier Masalles 240N incubator for the appropriate duration and staged according to the 

method of Hamburger and Hamilton (Hamburger and Hamilton, 1951). Following animal care guide-
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lines in Spain, no approval was required to perform the experiments described here. Sex was not 

identified at these stages.

Two immunocompromised adult mouse (Mus musculus) strains were purchased from different 

suppliers (see section 6.3, from Materials and Methods). All mice were housed under a regimen of 12 

h light/12 h dark cycles and specific pathogen-free conditions. Unless indicated, sterile dry pellets and 

water was administered ad libitum. Once experimental designs reached end point or when required 

by ethic reasons, animals were sacrificed by cervical dislocation or CO2 administration. All procedures 

were evaluated and approved by the CEEA (Ethical Committee for Animal Experimentation) of the 

Government of Catalonia (number CEEA-10-225).

6.1.1. Surveillance procedure for animal welfare

Mice welfare was supervised twice a week under the following standardised criteria (Table-13):

General overall score can range from 0 to 15 points. Final mouse score after careful evaluation 

implies:

 ᴏ Low severity: <4 points

 ᴏ Moderate severity: ≥4≤8 points, implies daily animal surveillance 

 ᴏ High severity (≥8) or 3-points at any criteria implies animal euthanasia

Table-13. Standardised criteria for mice welfare surveillance
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6.1.2. Mice identification

Ear notches were used as unique identifiers for mice within a cage. An ear punch was used to make 

ear notches in anesthetized animals.

6.2. Chorioallantoic membrane (CAM) assay in chick embryos

The chicken egg has been used to study tumorigenic behaviour of mammalian tumours for more 

than one century (Rashidi and Sottile, 2009). The implantation of mammalian tumour cells onto chick 

CAM is used to evaluate the growth and the metastatic seeding properties of the cancer cells. Indeed, 

this model is considered an efficient in vivo system to monitor tumour growth alone or in response 

to putative therapeutic compounds. The main limitation however is its short length since the experi-

mental window is reduced to 7 days.

In this project the implantation of SK-N-SH cell line onto the CAM was done as detailed hereafter. 

Eggs were incubated horizontally and after 48h, 3ml of albumin were evacuated from the egg using 

an 18-gauge syringe. At embryonic day 10 (E10), a small window was created by cutting the egg shell 

using a sterile scalpel. Then, 10µl single cell suspension was implanted onto the surface of the CAM 

(one graft per egg) by gently scraping the upper CAM layer at the desired implantation site. Egg win-

dows were sealed with conventional plastic tape and incubated for 7 additional days (until E17). Egg 

manipulation and cell grafting was performed in a laminar flow cabinet to minimize contamination 

probability.

For assessment of recombinant proteins effect over tumour growth: parental SK-N-SH cells were 

plated subconfluently and allow growing. After 96h, cells were trypsinized to single cell suspension 

(see section 2.2, from Materials and Methods) and resuspended in grafting media-bearing indicated 

amounts of recombinant proteins or 100µg/ml BSA (for the catalog numbers see Table E-Appendix I). 

Final cell concentration was set up at 5·105 cells per 10µl of grafting media. For in vivo BrdU-retention 

assay, SK-N-SH cells growing in cell monolayers were incubated for 24h in the presence of 10µM BrdU 

(see section 2.5, from Materials and Methods). Then cells were trypsinized and prepared as described 

above.

Recombinant proteins were resuspended in sterile PBS1x following manufacturer’s instructions. 

Recombinant rat NXPH1 (rNXPH1)(4208-Nx, R&D Systems) contains Ala22-Gly271 immature recom-

binant NXPH1 (29.4kDa) andArg107-Gly271 mature recombinant NXPH1 (19 kDa). Recombinant rat 

α-NRXN1 (4485-Nx, R&D Systems) contains Leu31-Thr1431 soluble recombinant form of the extra-

cellular domain of rat α-NRXN1 (165-175 kDa). When used as a recombinant form, the extracellular 

domain of a transmembrane protein could be used as a decoy. Decoy receptors bind a ligand, prevent-
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ing it from binding to its normal receptor. Hence, recombinant rat α-NRXN1 is a decoy form of full-

length α-NRXN1 that might prevent the binding of extracellular ligands to transmembrane α-NRXN1. 

Both recombinant proteins present a 6 His-tag in the C-terminal domain, derived from NS0-mouse 

myeloma cell line and were purified by HPLC followed by SDS-PAGE.

For in vivo α-NRXN1 depletion CAM assay: alive parental SK-N-SH or α-NRXN1 depleted pools were 

sorted (see 5.2 section, from Materials and Methods) and resuspended in grafting media at a final 

concentration of 5·105 cells per 10µl.

Tumour collection was done by removing tumours from the CAM using sterile scissors under a ste-

reoscope microscope (LEICA). Tumours were readily weighted, photographed and measured (length, 

depth, width) using a digital calliper (VWR™, Radnor, PA, USA) Final tumour volume (V) was calcu-

lated using the following formula: V= (4/3)·π·length·depth·width. Tumours were then fixed in PFA4% 

(1h30min, 4°C, agitation) and store in PBS1x waiting for further processing (see section 8, from Ma-

terials and Methods).

6.3. Mouse strains

Immunocompromised mouse models are the most widely used animal models in oncology re-

search. These models enable long experimental windows, given the option to study tumour progres-

sion and response to different experimental settings. Tumour progression could be mimicked through 

orthotopic or heterotopic xenograft of human cell lines or PDXs into appropriate immunodeficient 

models. However, the broad variety of genetic backgrounds and the degree of endogenous immune 

system functionality require a thorough understanding of the available ones. Nevertheless, immuno-

deficient models disregard the important role of immune system in tumour progression and thera-

peutic response. This has to be kept in mind when drawing conclusions using these models. In this 

project, 2 different immunodeficient models were used (Table-14):

 ᴏ Athymic nude mice (Nu/Nu Nude): This model presents a homozygous null mutation in Foxn1 

gene (Foxn1nu). Foxn1 encodes a transcription factor required for both hair follicle and thymic de-

velopment. The Foxn1nu mutation is commonly known as nude. The mice lack thymus, so they are 

Table-14: Immunodeficient mouse models used in this doctoral thesis
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unable to produce T cells. However certain extrathymic T cell function is developed with age. They 

present normal B cells and intact innate immunity: macrophages, NK cells and antigen-presenting 

cells (APCs). Subcutaneous tumour growth is easily assessed since they are hairless.

Athymic nude mice were used to establish and maintain human NB PDX models by Dr. Ángel 

M. Carcaboso (IRSJD). This model was purchased from Envigo (Huntingdon, Cambridgeshire, UK).

 ᴏ NOD.SCID mice (NOD.CB17-Prkdcscid /NCrHsd): This model presents a homozygous scid mutation 

in Prkdc gene. Prkdc gene encodes the catalytic subunit of a DNA-dependent protein kinase that 

is required for DNA repair and for sealing the double-stranded DNA breaks that occur during so-

matic recombination of T cell receptor and immunoglobulin genes. The scid mutation in the Prkdc 

gene stands for severe combined immunodeficient. They lack functional T and B cells. Due to 

the non-obese-diabetic (NOD) background, their innate immunity is impaired although not com-

pletely absent. Therefore they support higher levels of engraftment than nude mice. However, 

they suffer a high incidence of thymic lymphoma, which limits their life span to approximately 30 

weeks (Shultz et al., 1995).

NOD.SCID mice were used to compare in vivo tumour growth capacity of SK-N-SH cells after 

conditional knockdown of NXPH1 or α-NRXN1 expression. This model was purchased from Envigo.

6.4. Heterotopic xenograft in mouse

6.4.1. Subcutaneous grafting of human NB-PDX

Human NB-PDX models were established and maintained by Dr. Ángel M. Carcaboso. Experimental 

manipulation of NB-PDX was conducted in the IRSJD under the supervision of Dr. Ángel M. Carcaboso. 

For initial engraftment of NB PDX, tumour fragments (25–50 mm3) coming from fresh biopsies, were 

subcutaneously transplanted to the flank of athymic nude mice. Successfully engrafted tumours were 

expanded as PDXs for 2 generations. Then, small tumour fragments were cryopreserved. 

For in vivo studies, fragments from cryopreserved or actively growing NB PDXs were engrafted to 

the flank of as many new athymic mice as required for each experimental designed. Tumour growth 

was monitored with an electronic calliper once a week. Once, tumours reached exponential growth, 

they were excised and processed for subsequent experiments. During this doctoral thesis NB PDXs 

from different passages were used (from 2nd to 8th passage).

Whenever NB PDX dissociation to single cells was required, tumours were dissociated following 

recommended protocol from Brain Tumour Dissociation Kit. After red blood cells lysis with home-
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made ACK buffer (for the detailed formulation see Table A-Appendix I), single cell suspension was re-

suspended at 107 Cells/ml in FACS buffer plus 10µM Rock inhibitor and used for desired experimental 

purposes

6.4.2. Subcutaneous grafting of human NB cell lines 

Subcutaneous grafting was used to evaluate whether NXPH1 or α-NRXN1 expression is required 

for in vivo tumour growth. In order to do so, transgenic SK-N-SH cell sublines carrying a condition-

al knockdown of NXPH1 or α-NRXN1 expression were grafted subcutaneously into NOD.SCID mice. 

Transgenic SK-N-SH sublines carrying inducible EGFP-miRshCtl (hereafter sh-Ctl), EGFP-miRshNXPH1 

(hereafter sh-NXPH1) or EGFP-miRshαNRXN-1 (hereafter sh-αNRXN1) cassette were generated as de-

scribed above (see section 4, from Materials and Methods). Prior to in vivo grafting, transgene ex-

pression in SK-N-SH sublines was induced in vitro by treating for 96h with 1mg/ml doxycycline. Then, 

4∙106GFP+ cells coming from sh-Ctl, sh-NXPH1 and sh-αNRXN1 were sorted into different tubes. GFP+ 

sorted pools were spun down (300g, 5min, 4°C) and resuspended in 800µl grafting media plus 10µM 

Rock inhibitor. Final cell concentration was 0.5∙106 cells per 100µl. 5 weeks old female NOD.SCID 

were used as immunodeficient model. To keep transgene activation in vivo, dox was administered ad 

libitum in drinking water. Dox solution contained 2mg/ml dox dissolved in 5% sucrose-bearing sterile 

water. Fresh dox solution was prepared every two days and store in dark feeding bottles to prevent 

light toxicity. in vivo dox administration started 2 days prior to cell implantation.

To facilitate subcutaneous grafting, mice were anesthetized using inhaled anaesthesia (isofluor-

ane) and back fur was shaved using an electric razor. Then, 100µl cell suspension was grafted subcu-

taneously using a 0.5ml BD Micro-Fine 29G insulin syringe. Each animal received 2 grafts (on the right 

and left flanks). Mice were allowed to recover spontaneously from the anaesthesia. Once they could 

actively move, they were returned to their cage.

Mouse weight and tumour growth was monitored twice a week, until tumour growth was de-

tected. Then tumour volume was measured every two days with a digital calliper. Mice were sacri-

ficed once tumour volume reached ethical permission limit. Tumours were resected, weighted and 

photographed prior to further processing. Afterwards, tumours were cut in half. One piece was cryo-

preserved for future analysis. The second piece was readily fixed in PFA4% (4°C, ON) and reserved for 

histological analysis (see section 8, from Materials and Methods).
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7. Analysis of gene expression

7.1. RNA extraction

Total RNA from NB cell lines or xenografts was extracted with TRIzol™ Reagent following manu-

facturer’s recommended protocol. Briefly, 500µl TRIzol was added to each tube and sample was ho-

mogenized by pipetting up and down. After 5min incubation (RT), 100µl chloroform was added to 

each tube and mixed using vortex (15 seconds). Samples were then incubated 15min (RT) and phase 

separation was done by centrifugation (12,000g, 15min, 4°C). The mixture separates into a lower red 

phenol-chloroform phase (that retains the DNA), interphase (that retains the proteins) and a colour-

less upper aqueous phase (that retains the RNA). Therefore, aqueous phase was recovered into a 

clean Eppendorf tube. For RNA precipitation, 250µl isopropanol was added to the aqueous phase, in-

cubated for 10min (RT) and allowed to precipitate by ON incubation (-20°C). Then, tubes were centri-

fuged (12,000g, 8min, 4°C). For the final washing step, SN was removed and RNA pellets were washed 

with 1ml 75% ethanol by brief vortex and centrifugation (7,500g, 8min, 4 °C). RNA pellets were air dry 

for 5-10min and resuspended in 20-50µl pre-warmed RNase-free water. For complete resuspension, 

tubes were finally incubated 10min at 55°C.

Genomic DNA traces were removed with AMBION® DNA-free™ DNase Treatment and Removal 

Reagents, following manufacturer’s instructions for routine DNAse treatment. Briefly, a master mix 

containing, 0.1 vol of 10x DNAse I Buffer and 1µl DNAse I per RNA sample, was prepared and mixed. 

Each RNA tube received 0.12 vol of the master mix. Tubes were incubated for 25min (37°C). DNase I 

was removed from the samples using 0.1 vol DNAse Inactivation Reagent and incubating 2min (RT). 

A final centrifugation (10,000g, 1.5min, RT) allowed the recovery of DNA-free RNA samples to a fresh 

tube. RNA tubes were kept in ice from now on or were store at -80°C.

When the starting sample was small (0.2-0.5∙106 cells), 2µl Pellet Paint Co-precipitant was added 

to each tube after homogenization in TRIzol™ Reagent. Pellet Paint Co-precipitant works as a carrier 

for the precipitation of nucleic acids, increasing RNA yield and facilitating RNA pellet detection thanks 

to its pink colour.

For RNA extraction from α-NRXN1 populations purified by cell sorting, 1∙103 to 2∙103 cells were 

recovered per each experimental condition (see sections5.2 and 5.5, from Materials and Methods). 

RNA extraction and retrotranscription was done by the Functional Genomics Unit of the IRB according 

to in-house protocol (Gonzalez-Roca et al., 2010).
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7.2. Synthesis of complementary DNA: Reverse-Transcription Poly-
merase Chain Reaction (RT-PCR)

DNA-free RNA was used to synthesize its copy DNA (cDNA) by retrotranscription reaction. Equal 

amounts of DNA-free RNA were used in each experiment to allow gene expression comparison 

among different samples. RNA was quantified by measuring sample absorbance at 260nm using 

NanoDrop™1000 Spectrophotometer (ThermoFisher SCIENTIFIC).

Between 300ng to 1.5µg of DNA-free RNA was used to synthesize copy DNA (cDNA) using High-

Capacity cDNA Reverse Transcription Kit according to manufacturer’s instructions. Briefly, up to 10µl 

DNA-free RNA were retrotranscribed using random primers. A master mix was prepared containing 

0.1 vol 10x RT reaction buffer, 0.1 vol 10x RT random primers, 4mM dNTPs mix, 1U RNase Inhibitor, 

0.05 vol MultiScribe RT and up to 10µl nuclease-free water. Final volume was 20µl containing 10 µl 

master mix and up to 10µl of RNA. Retrotranscription was performed using a Thermal cycler (Eppen-

dorf, Hamburg, Germany) programmed for: 10min at 25°C, 120min at 37°C and 5min at 85°C. Once 

retrotranscription finished, 20µl nuclease-free water were added to each tube (final cDNA stock vol-

ume: 40µl) and samples were stored at -20°C.

7.3. Relative quantification of cDNA: Real-Time Quantitative Poly-
merase Chain Reaction

The Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) is a relative quantification tech-

nique that allows quantification of cDNA levels of genes of interest relative to cDNA levels of house-

keeping (HK) control genes. HK genes are those genes that codify for proteins that participate in basic 

cellular processes, therefore mRNA levels of HK genes are expected to be similar among different 

samples. Genes used as HK controls have to be adapted to every experimental field, since key cel-

lular processes could vary among different cell types, tissues or organisms. In this project 18SrRNA or 

TATA-binding-protein (TBP) genes were used as HK control genes for the different experiments. Rela-

tive cDNA levels were calculated using the efficiency-corrected ΔCt method, which compares values 

of genes of interest to that of housekeeping genes, on corresponding cDNA (Bookout et al., 2006). 

Unless indicated, primers were design using UCSC Genome browser server and Primer3Plus online 

software.

RT-qPCR was done using SYBR Green 2x and a Roche Lightcycler®480 Real-Time PCR System (Roche) 

with a 96-wells plate format. For every gene of interest, a standard dilution curve was prepared to 

allow estimation of reaction efficiency. In addition, samples were loaded in duplicates. Each well con-

tained a final volume of 10µl: 0.5vol SYBR Green2x, 0.1vol forward and reverse primer mix (6µM) 
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(qPCR primer sequences are detailed in Table C-Appendix I), 2µl nuclease-free water and 2µl cDNA 

(dilution 1:3 to 1:9 for the cDNA stock). Once 96-wells PCR plates were loaded with reaction volumes 

of housekeeping genes and genes of interest, plates were taken to Lightcycler®480. Lightcycler® 480 

was previously programmed for 5min at 95°C, followed by 40 cycles of 15sec at 95°C plus a final min-

ute at 60°C. Once reaction finished, Ct values were exported and analysed using Microsoft® Office 

Excel, as specified above.

8. Histology and immunofluorescence

In this project fluorescent microscopy and fluorescent confocal microscopy were used to evaluate 

and quantify various cellular parameters such as cell proliferation, apoptosis or expression of different 

markers of interest. SK-N-SH cells growing in vitro or as a xenograft were processed and analysed by 

microscopy as detailed below:

8.1. Cell and tissue processing

Whenever cell lines growing in vitro were subjected to immunostaining, cells were cultured on 8 

well Permanox® Nunc® Lab-Teck® chamber slide™ system. Around 2.104 cells were seeded per well, 

conditions were seeded at least in duplicates.At desired time points, cells were washed with PBS1X, 

fixed PFA4% for 15 min (RT) and subsequently used for immunostaining.

For histological analysis of CAM or xenograft NB tumours, tumours were harvested and fixed in 

PFA4%, 1.5-3h, RT (see section 6, from Materials and Methods). Tumours were then washed in PBS1x 

and prepared for cryosection. To avoid tissue damage while freezing, tumours were consecutively 

submerged into 15% sucrose and 30% sucrose PBS1x solutions and incubated at 4°C with constant 

oscillation. Sinking into the bottom of the tube detonated that sucrose had efficiently penetrated into 

the whole tissue. Then, small cubical tumour pieces (5mm·5mm·5 mm approx.), were embedded in 

Tissue-tek® optimum cutting temperature (OCT) and frozen in dry ice. Tumour pieces were sectioned 

on a cryostate (Leica). Tumour sections (16µm) were recovered in home-made TESPA pre-coated 

slides and distributed serially. Tumour slides were stored at -20°C.
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8.2. Immunofluorescence staining

Fixed samples were used for immunofluorescence staining following standard protocol:

Samples were permeabilized with 0.1%Triton-PBS1x (0.1% PBT) for 15 minutes. The unspecific 

staining was blocked for 30 min with blocking buffer. Primary antibodies were incubated ON at 4°C 

and fluorescence-conjugated secondary antibodies were incubated for 2 hours at room temperature. 

Sections were finally stained with 1 μg/ml DAPI and mounted in home-made Mowiol.

For BrdU immunostaining, after cell fixation and permeabilization, samples were balanced with 

Milli-Q® H2O and washed with DNase buffer before addition of 5U/ml DNase I type II prepared in 

DNase buffer. Following 15min incubation at RT, DNase was removed and samples were washed twice 

with 0.5% bovine serum albumin (BSA) (SIGMA-ALDRICH)-PBS1x solution. Immunofluorescence stain-

ing continued from the blockade step as described above. 

8.3. Image acquisition and processing

Optical sections of fixed NB CAM or xenograft tumours were acquired at RT with two different 

confocal microscopes:

o with the Leica LAS software, in a Leica TCS SP5 confocal microscope using 20x (dry/HC PL APO 

20x/0.70 CS ∞/0.17/C) or 40x (oil /HCX PL APO 40X/1.25-0.75 OIL CS ∞/0.17/D) objective lenses

o with LSM Software ZEN 2.1, in a ZEISS Lsm780 confocal microscope using 25x (oil,w,Glic, NA 0.8, 

Plan-Apochromat/ImmKorr) or 40x (oil/NA 1.3/Plan-Apochromat/(UV)VIS-IR).

To image whole sections of CAM NB tumours, large images were acquired as tile scans using the 

motorized XY stage. Tiles were directly stitched into a single mosaic by the microscope software. 

Maximal projections obtained from 3µm Z-stack images were processed in ImageJ for image merging, 

resizing and cell counting. Cell counting in NB CAM or xenograft tumours was performed in a mini-

mum of 3 sections per tumour.

NB cell lines immunofluorescence were image with a Leica LAS_X (2016) software, in an Auto-

mated Inverted Leica AF7000 wide-field microscope using 20x (Dry/NA 0.5/HC PL APO/0.70 CS 

∞/0.17/C) or 40x (oil/NA 1.25-0.75/HCX PL APO Lbd Blue ∞/0.17/D). Cell counting was done in at 

least 4 independent images per well. 
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9. Statistical analysis

No statistical methods were used to predetermine sample size. The experiments were not random-

ized. I was not blinded to allocation during experiments and outcome assessment. Unless indicated 

otherwise, all in vitro experiments were repeated at least three times independently. In the case of 

in vivo experiments, n values correspond to different tumours or animals. Statistical analyses were 

performed using the GraphPad Prism 8 software (GraphPad Software, Inc.). The normal distribution 

of the values was assessed by the Shapiro-Wilk normality test. 

To compare differences in a variable between two experimental conditions significance was 

assessed with a two sided unpaired t-test for data presenting normal distribution or alternatively 

with the non-parametric Mann-Whitney test.

To compare differences in a variable among 3 or more experimental conditions significance was 

assessed with parametric one-way ANOVA +Tukey’s test or non-parametric Kruskal-Wallis test + 

Dunn’s test for multiple comparison analysis.

To compare differences in a variable along time, among 2 or more experimental conditions, sig-

nificance was assessed with parametric two-way ANOVA + Sidak’s, Dunnet’s or Tukey’s test.

For correlation analysis between 2 independent variables, the non-parametric Spearman r cor-

relation coefficient was calculated.

For survival analysis of mouse xenograft experiments, Kaplan-Meier method was used to create 

survival curves from raw data, and statistically significant differences among survival curves were as-

sessed using the logrank test

The following convention was used: n.s, non-significant; *P<0.05, **P<0.01, ***P<0.001. The de-

tailed information related to quantifications is included in the figure legends.
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1. Identification of a genetic signature common to NCCs 
and NB malignancy

1.1. A double genetic screening identifies 6 genes that are both dif-
ferentially expressed in clinically-relevant subgroups of NB patients and 
enriched in the early NCC lineage

To identify the genes enriched in the neural crest cell lineage that might play a crucial role in NB 

formation or malignancy, we combined two complementary genome-wide transcriptomic studies. A 

first study, conducted by our collaborator Dr Cinzia Lavarino (Institut de Recerca Sant Joan de Dèu, 

Hospital Sant Joan de Dèu, HSJD, Barcelona, Spain), was set to identify the DEGs between clinically 

and biologically relevant subgroups of NB patients. This transcriptomic analysis was done using pre-

treatment primary tumour samples from a cohort of 19 NB patients diagnosed and monitored at HSDJ 

(from now on, HSJD-19 dataset/cohort), using Affymetrix Human genome U219 microarray plates and 

applying a processing adapted from computational methods/target prediction algorithms (Gautier et 

al., 2004; Gomez et al., 2015; Kulis et al., 2012). Supervised pair-wise comparisons were performed 

between: 1) Low Risk (LR, stages 1/2/3/4s without MYCN amplification) vs High Risk (HR, stage 4 and 

non-stage 4 with MYCN amplification), 2) MYCN non-amplified (MYCN-NA) vs MYCN amplified (MYCN-

A) and 3) Loco-regional (LcR, corresponding to the INSS stages 1/2/3/4s) vs Metastatic (Met, stage 4) 

NB tumour samples. These three comparisons identified respectively 54, 238 and 235 differentially 

expressed probes out of 46,498, above the threshold criteria (FC>2.0, pAdj≤0.01, Figure 16A), which 

represented 0.12%, 0.51% and 0.51% of the total number of probes present in the U219 microarray 

plate, respectively (Gomez et al., 2015). This analysis thereby identified novel candidate genes poten-

tially relevant to NB malignancy (Gomez et al., 2015). 

We wished to identify among these candidate genes the ones that might play a more specific role 

in regulating NB stemness potential and/or whose expression might be correlated to the presence 

of putative NB cancer stem cells (NBcsc). To this aim, we took advantage of a second genome-wide 

transcriptomic analysis previously done in our group and which identified the genetic signature of 

pre-migratory and early migratory chick NCCs (Figure 16B). This lineage-tracing was performed by 

electroporating in ovo the neural tube of HH10 chicken embryos with a fluorescent reporter (BRE-

tk-EGFP) of the canonical BMP pathway, whose activity specifically identifies cells of the NCC lineage 

and of the most dorsal part of the developing NT during the early stages of neural patterning and 

NCCs specification (see Materials and Methods section 1.1.2) (Ferronha et al., 2013; Le Dreau et al., 

2012; Rabadan et al., 2013). The genome-wide transcriptomic profile of BRE-tk-EGFP+;H2B-RFP+ pre-

migratory and early migratory NCCs was compared to the profile of BRE-tk-EGFP-;H2B-RFP+ neuroepi-
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thelial progenitor cells. This analysis identified a set of 413 genes above the threshold criteria (FC>1.5, 

p<0.05), whose expression is enriched or repressed in pre-migratory and early migratory chick NCCs 

as compared to spinal progenitors (Figure 16B) (Ferronha et al., 2013; Rabadan et al., 2013). The pro-

teins encoded by these genes are thus likely to play a role in NCC formation, possibly in the acquisition 

of the migratory and/or multipotent lineage potential of these embryonic stem cells from which NBs 

originate. 

Comparing the genetic signatures of these two independent genome-wide transcriptomic studies 

identified 6 genes that are both differentially expressed between clinically-relevant NB subgroups and 

enriched in early NCCs (neurexophilin 1, NXPH1; peripheral myelin protein 22 PMP22; phosphoinosit-

Figure-16. Double genetic screening identifies 7 differentially expressed genes shared between the 
HSJD-19 neuroblastoma cohort and early neural crest lineage

(A) Methodology used to identify genes differentially expressed in clinically relevant NB subgroups. A 
supervised pair-wise comparison was done to find genes that might be implicated in NB malignancy 
[Risk groups: low risk vs high risk; MYCN status: MYCN non-amplified (NA) vs MYCN A (amplified), and 
presence of metastasis: loco-regional (LcR) vs metastatic tumours (Met)]. (B) Methodology used 
to identify genes differentially expressed by early NCCs. The transcriptome of early migratory and 
pre-migratory NCCs (green) was compared to that of neuroepithelial cells (yellow) in early stage 
chicken embryos. (C) The comparison of NB and NCC screenings identifies common genes (shown 
in purple) that are both differentially expressed in the HSJD-19 NB cohort (GSE4720, shown in blue) 
and in early neural crest cells (GSE81717, shown in green). (D) The heatmap shows fold-changes 
of each candidate gene in the two genome-wide transcriptomic analyses. For the DEGs retrieve 
inmore than 1 NB comparison, the highest fold change is depicted in the heatmap. A: amplified; 
AG: adrenal gland; c: cortex; Ct: C terminal; DA: dorsal aorta; DEPs: differentially expressed probes; 
DEGs: differentially expressed genes; dm: dermomiotome; DRG: dorsal root ganglia; E: epidermis; 
LcR: loco-regional; m: medulla; Met: metastatic; N: notochord; NA: non-amplified; NCC: neural 
crest cells; NT: neural tube; S: somite; scl: sclerotome; SG: sympathetic ganglia.
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ide-3-kinase regulatory subunit 1, PIK3R1; 1-acylglycerol-3-phosphate O-acyltransferase 4, AGPAT4; 

potassium channel tetramerization domain containing 1, KCTD1 and FYN proto-oncogen, Src family 

tyrosine kinase, FYN; Figure 16C,D). A seventh gene (lactate dehydrogenase A, LDHA) was retrieved 

due to its repressed expression in early NCCs and was thus ruled out for further studies (Figure 16D). 

These 6 candidate genes code for a secreted protein (NXPH1), a transmembrane protein (PMP22), a 

kinase potein and a kinase regulatory subunit (FYN and PIK3R1 respectively), an enzyme of lipid me-

tabolism (AGPAT4) and a transcription factor (KCTD1). To date, most of these candidate genes have 

not been firmly associated to NB specifically nor to cancer biology in general, except the kinase FYN 

and the kinase regulatory subunit PIK3R1 (Berwanger et al., 2002; Fransson et al., 2013; Gururajan et 

al., 2015; Lu et al., 2009; Posadas et al., 2009; Ross et al., 2013; Urick et al., 2011). 

NXPH1 was the sole candidate gene that passed the restrictive threshold criteria (FC>2, pAdj<0.01) 

in 2 out of the 3 different comparisons between clinically-relevant NB subgroups (FC: 7.3 in LR vs HR 

and 9.4 in MCYN-NA vs MCYN-A and pAdj<0.01; Figure 17A). Interestingly, NXPH1 came out differen-

tially expressed (FC>2, pAdj<0.05) in the 3 different comparisons (Figure 17A). The other 5 candidates 

were only retrieved by the LR vs HR comparison (PMP22 FC: 4.88, PIK3R1 FC: 3.64, AGPAT4 FC 2.93, 

KCTD1 FC: 2.48, FYN FC 2.24 and pAdj<0.01; Figure 17B-F). For these 5 genes, significant differences 

(FC>2, pAdj<0.05) only appeared in 2 of the 3 comparisons. PMP22 was found differentially expressed 

between MYCN NA vs A subgroups (FC: 5.57, pAdj>0.05; Figure 17B).The 4 others came out in the 

LcR vs Met comparison (PIK3R1 FC: 2.96, AGPAT4 FC: 2.95, KCTD1 FC: 2.34 and FYN FC: 2.10 and 

pAdj<0.05; Figure 17C-F). Surprisingly, the results obtained using the HSDJ-19 cohort dataset revealed 

that the expression of all our 6 candidate genes is inversely correlated to NB malignancy.

To confirm this correlation, I took advantage of the R2 Genomic analysis and visualization platform, 

a web-based server that allows analyses across various publically available datasets of different types 

of cancer, including NB (R2-server, 2019). Among the different NB datasets proposed in the platform, 

we chose the Kocak-649 dataset since it accounts for the largest cohort and contains specific probes 

for all the genes retrieved by our double screening. For each of our candidate genes, we analysed the 

EFS probability after dividing the patient samples based on their expression level of a defined gene 

(Figure 18). These Kaplan-Meyer analyses revealed that the expression of all our candidate genes is 

prognostic for NB EFS progression. For each of these 6 candidate genes, the EFS probability is remark-

ably higher for the group of patients that presents a higher expression level compared to the one 

presenting a lower expression level (5-year EFS for high vs low expression for NXPH1: 0.9 vs 0.45, 

p=1.5∙10-16; for PMP22: 0.9 vs 0.45, p=1.5∙10-18; for PI3KR1 0.85 vs 0.5; p=3.0∙10-14; for AGPAT4: 0.85 

vs 0.45, p=1.2∙10-14; for KCTD1: 0.8 vs 0.55, p=1.1∙10-5; for FYN: 0.85 vs 0.5, p=7.4∙10-12, Figure 18A-

F). A similar correlation was established using CHD5 as a discriminating gene (5-year EFS for high vs 

low expression: 0.85 vs 0.45, p=2.7∙10-16; Figure 18G). CHD5 is a marker of good NB prognosis which 
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Figure-17. The expression of NB/NCC double-screening genes correlates with favourable NB prog-
nosis in HSJD-19 cohort

(A-F) Violin plots showing NXPH1 (A), PMP22 (B), PI3KR1 (C), AGPAT4 (D), KCTD1 (E) and FYN (F) ex-
pression levels in clinically-relevant NB subgroups of HSJD-19 cohort. Significance was assessed with 
the parametric T-test during microarray data processing. *pAdj<0.05, **pAdj<0.01, ***pAdj>0.001. 
HR: High Risk; INSS: international neuroblastoma Staging System; LcR: Loco-regional tumours; Met: 
Metastatic tumours; LR: Low Risk; MYCN A: MYCN amplified; MYCN NA: MYCN non-amplified; pAdj: 
p-value adjusted for multiple testing.
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forms together with PAFAH1B1 and NME1 a 3-gene predictor model used for clinical NB risk stratifica-

tion (Garcia et al., 2012). Thefore, the Kaplan-Meyer analysis conducted with the Kocak-649 dataset 

confirmed the strong and positive correlation between the expression levels of our 6 candidate genes 

and NB patient’s outcome. 

Figure-18. The expression of NB/NCC double-screening genes correlates with NB event free survival 
in Kocak-649 cohort

(A) Kaplan-Meier event free survival analysis of NXPH1 (A), PMP22 (B), PI3KR1 (C), AGPAT4 (D), KCTD1 
(E), FYN (F), and CHD5 (G) in Kocak-649 NB dataset. Mean gene expression was used to group Ko-
cak-649 cohort and statistical significance of survival analysis was automatically assessed by R2-
server using logrank test. EFS: event-free survival.
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1.2. Selection of NXPH1 as a candidate gene for further studies

We decided to continue this work by focusing on the putative role of NPXH1 in regulating NB stem-

ness potential and malignancy. Among our 7 candidate genes NXPH1 was selected for the following 

reasons: 

1- NXPH1 is the only candidate gene that came out differentially expressed in the 3 comparisons 

between clinically-relevant NB subgroups (Figure 16D and Figure 17A).

2- NXPH1 is also the candidate gene that presented the highest enrichment in the NCC signature 

(FC: 2.9 in “NCC vs non-NCC”, Figure 16D). 

3- NXPH1 codes for an extracellular ligand, whose activity might be easily modulated pharmaco-

logically (Missler and Sudhof, 1998; Petrenko et al., 1996).

4- NXPH1 is known to bind specifically to a single family of receptors, the α-neurexins (α-NRXNs) 

(Missler et al., 1998; Petrenko et al., 1996). 

5- NXPH1 acts as a potent inhibitor of the proliferation of hematopoietic progenitor cells by bind-

ing to α-NRXN1 (Kinzfogl et al., 2011). 

6- The putative roles of NXPH1 and of its receptors α-NRXNs in NB malignancy have never been 

reported so far.

1.3. The NXPH1 receptors α-NRXN1 /2 show minimal differences be-
tween clinically-relevant subgroups of NB patients

Based on the literature, a putative role of NXPH1 in regulating NB stemness potential and malig-

nancy would be mediated by its receptors of the α-NRXNs family (Missler et al., 1998; Petrenko et al., 

1996; Reissner et al., 2014). We thus assessed the expression of the 3 α-NRXN receptors in datasets 

of NB patient samples. The 3 human NRXN genes present at least 3 different promoters and are sub-

jected to extensive alternative splicing, encoding multiple variants (for further details see section 4.2 

from Introduction). Unfortunately, there were no specific α-NRXNs probes in the Affymetrix U219 

microarray used to analyse the transcriptomic profiles of the HSJD-19 cohort, nor in the Kocak-649 

dataset used previously. Therefore, we searched within the R2 platform the NB datasets containing 

specific probes against α-NRXNs. Probes specific for α-NRXN1 and α-NRXN3 were found in the Jagan-

nathan-100 dataset, while probes specific for α-NRXN2 were found in the datasets TARGET-161 and 

Khan-47 (Figure 19A). As done previously, the data were categorized according to risk prognosis (LR 

vs HR), MYCN status (MYCN-NA vs A) or the INSS stage (INSS1 vs INSS 4). The expression of α-NRXN1 
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came out different in each of these 3 comparisons (FC: 1.19, p<0.05 in LR vs HR; FC: 1.27, p<0.001 in 

MYCN-NA vs A; FC: 1.22, p<0.05 in INSS 1 vs INSS 4; Figure 19B). Similarly, α-NRXN2 came out differ-

entially expressed in the two comparisons available (FC: 1.49, p<0.01 in MYCN-NA vs A; and FC: 1.39, 

p<0.05 in INSS1 vs INSS4; Figure 19C). By contrast, no significant difference was found for α-NRXN3 

expression in any of the 3 clinically-relevant categories in the Jagannathan-100 dataset (Figure 19D).

However, none of the probes for α-NRXN1/2 reached the cut-off threshold for our NB screening 

(FC>2, p>0.01) and the differences were considered consistent but marginal. Unfortunately, none of 

the datasets interrogated for α-NRXN1-3 expression allowed for the analysis of the event-free survival 

probability.

Altogether these results suggest that NXPH1 might play a role in regulating NB malignancy. 

Figure-19. The changes in the relative expression of α-NRXN1/2 receptors between NB subgroups 
do not exceed the threshold

(A) Public NB datasets and specific probes used to perform α-NRXNs expression analysis in clinically-
relevant NB subgroups using R2 platform. (B) Violin plot showing α-NRXN1 expression in clinically-rel-
evant NB subgroups from Jagannathan-100 dataset. (C) Violin plot showing α-NRXN2 expression in 
clinically-relevant NB subgroups from TARGET-161 dataset (MYCN status comparison) and Khan-47 
dataset (INSS comparison). (D) Violin plot showing α-NRXN3 expression in clinically-relevant NB sub-
groups from Jagannathan-100 dataset. Significance was assessed with the non-parametric Mann-
Whitney test (B, C MYCN status comparison and D risk groups and INSS comparison) or with the 
parametric unpaired T-test (C INSS comparison and D MYCN status). *p<0.05, **p<0.01, ***p>0.001. 
HR: High Risk; INSS: international neuroblastoma Staging System; LR: Low Risk; MYCN A:  MYCN ampli-
fied; MYCN NA: MYCN non-amplified.
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2. The expression of NXPH1 and its receptors α-NRXN1/2 
positively correlates with NB stemness in vitro

To test whether NXPH1/α-NRXN signalling plays a role in NB malignancy, we first analysed the 

expression of NXPH1 and of its receptors α-NRXN1/2/3 in a panel of 10 human NB cell lines. We 

selected established and commonly used human NB cell lines that present different molecular and 

morphological signatures defined as mixed (M-type: SK-N-SH, SK-N-Be(2)C and IMR-32), neuronal 

(N-type: LAN-1, IMR-5 and SH-SY5Y), intermediate (I-type: SK-N-JD and SK-N-LP) or stromal (S-type: 

SK-N-AS and LA1-5s) phenotypes (Figure 20A and (Thiele, 1998). These cell lines also present distinct 

profiles of genetic alterations with demonstrated clinical implications in NB oncogenesis, including 

MYCN amplification and/or the activating F1174L ALK mutation (Figure 20A and (Boeva et al., 2017; 

Cellosaurus, 2019; Thiele, 1998). 7 of these cell lines present a MYCN amplification (SK-N-Be(2)c, IMR-

32, LAN-1, IMR-5, SK-N-JD, SK-N-LP and, LA1-5s), while the activating F1174L ALK mutation has been 

reported for 4 of them (SK-N-SH, LAN-1, SH-S5Y5 and, LA1-5s) (Boeva et al., 2017; Cellosaurus, 2019; 

Thiele, 1998). Our panel of NB cell lines thereby contains all possible combinations of MYCN amplifi-

cation and ALK mutation status (Figure 20A). 

In basal culture conditions, the mRNA expression levels of NXPH1 and α-NRXN1/2 in our panel of 

human NB cell lines were overall low, while the levels of α-NRXN3 transcripts were below the detec-

tion threshold (Figure 20A). A Z-score analysis of NXPH1 and α-NRXN1/2 expression highlighted the 

cell lines with relatively higher or lower expression levels compared to the average expression in the 

panel (Figure 20A). No obvious correlation was observed between the expression levels of NXPH1 

and its receptors. The highest relative expression levels of NXPH1, α-NRXN1 and α-NRXN2 were re-

spectively detected in the IMR-32 and SK-N-Be(2)c (z-score= 1.84 and 1.46), SK-N-JD and IMR-32 

(z-score= 1.29 and 1.28), and LA1-5s and SK-N-JD cell lines (z-score= 1.59 and, 1.25; Figure 20A). The 

lowest relative expression levels of NXPH1, α-NRXN1 and α-NRXN2 were respectively detected in the 

LA1-5s and SK-N-LP (z-score=-3.02 and -3.01), SK-N-AS and SH-5YSY (z-score=-2.39 and -2.11) and SK-

N-LP and SK-N-Be(2)c cell lines (z-score=-2.33 and -1.92; Figure 20A). To assess whether the relative 

expression levels of NXPH1 and α-NRXN1/2 could be related to a particular NB subtype, the NB cell 

lines were categorized by phenotypic subgroups (M, N, I or S-type) and the average expression levels 

of NXPH1 or α-NRXN1/2 compared between the four different NB subtypes. However, no obvious cor-

relation was either observed between the expression levels of NXPH1 or α-NRXN1/2 and the morpho-

logical NB phenotype (Figure 20B). No clear correlation was either observed between the expression 

levels of NXPH1 and MYCN (Spearman r: 0.539, p=0.1139; Figure 20C), nor between the expression of 

NXPH1 and ALK (Figure 20D). Thus, we did not find any obvious correlation associating the expression 

of NXPH1 or that of its receptors α-NRXN1/2 with the morphological and genetic features of these 
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human NB cell lines in basal culture conditions. 

We next decided to test whether the expression of NXPH1 or that of its receptors α-NRXN1/2 

might be correlated to the stemness potential of our NB cell lines. Growing NB cell lines in restrictive 

culture conditions for 5 weeks can cause cell detachment and formation of sphere-like structures 

which are progressively enriched in cells with stem cell characteristics (Hansford et al., 2007; Ikegaki 

et al., 2013; Takenobu et al., 2011). We thus submitted all the cell lines of our panel to restrictive cul-

ture conditions and assessed their stem cell enrichment (Figure 21A). 

Figure-20. The expression of NXPH1 and its receptors α-NRXN1/2 is independent of the cellular phe-
notype and of MYCN or ALK expression

(A) Table presenting the characteristics of our panel of human NB cell lines, including their cell 
morphology (M: mixed; N: neuronal; I: intermediate; S: stromal), their MYCN status (A: amplified; 
NA: non-amplified) and their ALK status (F117L: activating mutation; n.d.: non-determined; wt: wild-
type) as previously described in the literature. The heatmap shows the endogenous basal levels of 
NXPH1 and α-NRXNs calculated as a Z-score of their relative mRNA levels. (B) Relative expression 
level of NXPH1 and α-NRXN1/2 genes in the 4 phenotypic subgroups of NB cell lines. (C-D) Correla-
tion analysis between NXPH1 and MYCN (C) or ALK (D) relative levels quantified by RT-qPCR in our 
panel of human NB cell lines. Significance was assessed with the non-parametric Kruskal-Wallis test 
(B) or the Spearman r correlation method (C-D).
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Figure-21. The expression of NXPH1 and its membrane receptors α-NRXN1/2 is increased in stem-
enrichment conditions

(A) Schematic representation of tumour sphere-forming protocol. Cells are grown under restrictive 
conditions (absence of growth factors & impaired substrate adhesion) for 5 weeks. Spheroids are 
then imaged and processed for RT-qPCR. (B) The cellular morphologies observed for the SK-N-SH, 
LAN-1, SK-N-AS and LAI-I-5s human NB cells cultured in basal or restrictive conditions for 5 weeks. 
(C) The sphere-forming capacity of our human NB cell lines and the heatmap showing the related 
changes in the mRNA levels of general stem cell markers (purple: CXCR4, NANOG, MDR1, KIT), NCC-
associated marker (pink: p75NTR), neural-differentiation markers (yellow: GAP43, RET) and those of 
candidate gene NXPH1 and their receptors α-NRXNs (n=2). Scale bar: 100μm.
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The sphere-forming capacity of the different lines was initially evaluated by bright field micros-

copy (Figure 21B) and confirmed by RT-qPCR whenever viable and growing spheroids were detected 

(Figure 21C). The increased expression of general (CXCR4, NANOG) or neural crest-specific (p75NTR) 

stemness markers validated a stem cell enrichment for 8 out of the 10 NB cell lines tested (Figure 

21C). Notably, when NB spheroids were compared to their respective control monolayers, the up-

regulation of CXCR4, NANOG and p75NTR mRNA expression was detected in almost all the cell lines 

that showed the capacity to grow as spheres over 5 weeks. The relative levels of CXCR4, NANOG and 

p75NTR were increased up to 7.4 and 113 folds respectively (except for NANOG in IMR-5 cells and 

p75NTR in IMR-32 and IMR-5, where their relative expression decreased). An increase up to 153 and 

47 folds in the transcript levels of MDR1 and KIT, two genes that have been respectively related with 

chemotherapy resistance and stem cell proliferation (Foster et al., 2018; Hirschmann-Jax et al., 2004), 

was also observed in most of the cell lines presenting a sphere-forming capacity (Figure 21C). The 

restrictive culture conditions also resulted in the decreased expression of GAP43 and RET, two genes 

whose expression is classically associated to neuronal differentiation (Avantaggiato et al., 1994 ; Skene 

et al., 1986; Tahira et al., 1991), in a few cell lines such as the SK-N-SH line (Figure 21C). Remarkably, 

an increase in the transcript levels of NXPH1 and α-NRXN1/2 was detected in all the cell lines that 

showed the capacity to grow as stem cell-enriched spheres (Figure 21C). The low-to-almost undetect-

able levels of NXPH1, α-NRXN1 and α-NRXN2 transcripts quantified in basal culture conditions were 

increased up to 64, 61 and 113 folds in these sphere-forming conditions, respectively (Figure 21C). By 

contrast, in most cases the levels of α-NRXN3 did not change significantly in response to the stem cell 

enrichment protocol. Together, these results revealed a strong and positive correlation between the 

expression of NXPH1 and α-NRXN1/2 and NB stemness in vitro.

On the basis of these first results, we decided to follow this study by addressing in parallel two 

complementary questions: 

 ᴏ To determine whether the expression of the NXPH1 receptors α-NRXN1/2 identifies NB cancer 

stem cells (section 3)

 ᴏ To define how NXPH1/α-NRXN signalling modulates NB malignancy (section 4)
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3. The expression of α-NRXN1 identifies a subpopulation of 
NB cells with cancer stem cell-like properties that is required 
for NB growth

The results previously obtained demonstrated that the low expression levels of the NXPH1 trans-

membrane receptors α-NRXN1/2 quantified in our panel of NB cell lines grown in basal culture con-

ditions, are strongly increased in stem-cell enrichment conditions. This led us to hypothesize that 

α-NRXN1 and α-NRXN2 might be specifically expressed by NBcsc. 

To test this hypothesis, we took advantage of a commercially available fluorescence-conjugated 

antibody specifically recognizing the extracellular region of human α-NRXN1 (see the Material and 

Methods section 5.2). No such tool was available to detect α-NRXN2, which led us to focus this ap-

proach on α-NRXN1.

3.1. α-NRXN1 is expressed by a small subpopulation of cells in human 
NB cell lines and patient-derived xenografts

Using a commercial fluorescence-conjugated antibody recognizing the extracellular region of hu-

man α-NRXN1, we assessed by FACS the presence of α-NRXN1+ cells in living human NB cells from 

various sources (Figure 22A,B). The 3 human NB cell lines that showed the highest sphere-forming 

capacity (SK-N-SH, SK-N-Be(2)c and IMR-32; Figure 21C) all contained a small subpopulation of cells 

expressing detectable levels of α-NRXN1 protein (<2%) (Figure 22C), in agreement with the low levels 

of α-NRXN1 transcripts quantified by RT-qPCR. In addition, we analysed α-NRXN1 expression in dis-

sociated cell samples obtained from 3 different NB PDXs, Similarly to what was observed in the cell 

lines, all 3 PDXs presented a low proportion of α-NRXN1+ cells (<1%; Figure 22C). 

Figure-22. α-NRXN1+ cells are identified in NB cell lines and human NB PDX

(A) Methodology used to FACS-sort human NB cell lines and patient-derived-xenograft (PDXs) sam-
ples based on α-NRXN1 expression. (B) Flow cytometry plot showing the proportion of α-NRXN1+ 
cells identified within the parental SK-N-SH cells. (C) Mean percentage of α-NRXN1+ cells identified 
within 3 human established cell lines and 3 PDX samples ± SD.



RESULTS: The expression of α-NRXN1 identifies a subpopulation of NB cells with cancer stem -like properties

107

3.2. α-NRXN1 expression identifies a subpopulation of NB cells present-
ing cancer stem cell-like characteristics in vitro

The detection of α-NRXN1 at the surface of a subpopulation of NB cells allowed us to purify these 

α-NRXN1+ cells by FACS and further test whether they possess the biological properties typically har-

boured by cancer stem cells such as sphere-forming capacity, proliferative ability in conditions of 

extreme dilution and chemotherapy-resistance (Batlle and Clevers, 2017). 

First, we evaluated the ability of α-NRXN1+ cells, further subdivided into α-NRXN1High and α-NRXN1Low, 

purified from the SK-N-SH cell line or from NB PDXs to generate tumour spheroids when grown for 

1 week in restrictive culture conditions (Figure 23A). Compared to α-NRXN1Neg and α-NRXN1Low cells, 

α-NRXN1High cells from the SK-N-SH cell line generated twice as much spheroids (Figure 23B). This in-

crease in the number of spheroids was observed both for the spheroids smaller than 50µm and the 

ones larger than 50µm. An enhanced sphere-forming capacity was also observed for the α-NRXN1High 

cells deriving from the PDXs NB-012 and NB-011 (Figure 23C,D), demonstrating that α-NRXN1High cells 

purified from various sources possess an enhanced spheroid-forming capacity compared to their 

sister cells. This increased ability was however not observed in all the samples tested: α-NRXN1Neg, 

α-NRXN1Low and α-NRXN1High cells purified from the PDX NB-007 generated spheroids in comparable 

numbers (Figure 23E), suggesting that the enhanced sphere-forming capacity of α-NRXNHigh cells is 

regulated by a mechanism unidentified so far. 

Second, we assessed the ability of α-NRXN1High cells to grow in conditions of extreme limiting dilu-

tion (ELDA 2D assay) (Figure 23F). α-NRXN1High cells, purified from the SK-N-SH cell line and seeded at 

low density after serial dilutions, presented an enhanced proliferative capacity compared to both pu-

rified α-NRXN1Neg cells and unsorted parental SK-N-SH cells (Figure 23G,H). To determine whether this 

enhanced proliferative capacity results from differences in cell cycle progression, the DNA content of 

unsorted parental SK-N-SH cells and purified α-NRXN1High and α-NRXN1Neg cells was estimated by FACS 

after Hoechst incorporation (Figure 23I). Compared to α-NRXN1Neg and unsorted SK-N-SH cells which 

harboured similar profiles, α-NRXN1High cells contained a smaller proportion of cells presenting a 2n 

content (cells in the G0/G1-phase) and a larger proportion of cells with a 2n-4n content (cells transiting 

through S-phase, Figure 23J). This finding demonstrated that α-NRXN1High cells are cycling more ac-

tively than α-NRXN1Neg cells in these conditions, whether α-NRXN1High cells present an overall shorter 

cell cycle (i.e a shorter G1 phase) or if a higher proportion of α-NRXN1High cells is actively cycling (i.e, 

not in the quiescent G0 state).

Third, we estimated the chemotherapy-resistance potential of α-NRXN1+ cells by examining their 

persistence upon a toxic insult (Figure 23K). SK-N-SH cells were exposed to cisplatin, a platinum-based 

drug used in NB chemotherapies (Tolbert and Matthay, 2018) or to MTX, a chemotherapeutic drug 
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classically used in experimental models of chemoresistance (Golebiewska et al., 2011). After 7 days 

of treatment with sub-lethal doses of cisplatin or MTX, the proportion of α-NRXN1+ cells quantified 

by FACS was increased by 21 and 7-folds, respectively (Figure 23L,M). These results suggest that 

α-NRXN1+ cells are more resistant than α-NRXN1Neg cells to cisplatin/MTX-induced cell death, as it is 

described for certain cancer stem cells (Batlle and Clevers, 2017). Alternatively, these cytotoxic treat-

ments might have caused an up-regulation of α-NRXN1 expression. Interestingly, the proportion of 

α-NRXN1+ cells was restored to normal levels or reduced when cisplatin or MTX were removed from 

the medium for the last 3 days, arguing for a certain degree of plasticity of α-NRXN1 expression by NB 

cells (Figure 23L,M). 
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Taken together, these data obtained in vitro demonstrated that α-NRXN1+ NB cells present several 

biological properties classically assigned to cancer stem cells. We thus concluded that the expression 

of α-NRXN1 identifies a subpopulation of NB cells presenting cancer stem cell-like characteristics in 

vitro.

Figure-24. Supervised gene expression analysis of α-NRXN1High compared to α-NRXN1Neg population 
in NB cell lines and human NB PDXs

(A) Methodology used to FACS-sort human NB cell lines and patient-derived-xenografts (PDXs) 
samples based on α-NRXN1 expression for subsequent RNA analysis. (B) The heatmap shows gene 
expression profile (RT-qPCR) of FACS-sorted α-NRXN1High cells in relation to α-NRXN1Neg cells from 2 NB 
cell lines (SK-N-SH and SK-N-Be(2)c, n=4 biological replicates) and 3 human NB-PDXs (NB-012, NB-011 
& NB-007, n=1 biological replicate). f.c.: fold change; NB: neuroblastoma; Neg: negative.

Figure-23. High α-NRXN1 expression identifies NB cells with cancer stem cell-like phenotype in hu-
man NB cell lines and PDXs (previous page)

(A) Methodology used to FACS-sort NB cells based on endogenous α-NRXN1 levels (α-NRXN1Neg, 
α-NRXN1Low and α-NRXN1High) for subsequent comparison of their tumorigenic potential by 
sphere-forming assay. (B-E) Mean number of spheroids ± SEM generated by FACS-sorted α-NRXN1Neg, 
α-NRXN1Low and α-NRXN1High cells from SK-N-SH (B) and human PDX NB-012 (C), NB-011 (D) and, NB-
007 (E). Spheroid diameter (below or above 50μm) was taking into consideration during spheroid 
quantification. Error bars represent SEM interval of 4 biological (B) or technical replicates (C-E). (F) 
The proliferative capacity of α-NRXN1+ cells under extreme dilution conditions was compared to that 
of α-NRXN1Neg or to a control SK-N-SH sample. (G-H) Plates were stained with crystal violet (G) and 
cell density was quantified by measuring optic density at 570nm (OD570), shown as mean OD570 
± SEM (n=3 biological replicates) (H). (I-J) DNA content of α-NRXN1+ , α-NRXN1Neg cells and control 
SK-N-SH cells was quantified by FACS after Hoescht incorporation (I) and used to estimate and 
compare cell cycle distribution among the 3 different populations, shown as mean percentage of 
cells ± SEM (n=3 biological replicates) (J). (K-M) Response of α-NRXN1+ cells to cytotoxic insults was 
evaluated by exposing SK-N-SH cells to 3μM Cisplatin (L), 5ng/ml Mitoxantrone (M) or its vehicle dur-
ing increasing time periods. 3 days drug exposure followed by 4 days incubation in control growth 
media was used as a recovery condition. Percentage of α-NRXN1+ cells was quantified by FACS 
(L-M). Mean percentage of α-NRXN1+ cells ± SEM in Cisplatin-treated and Mitoxantrone-treated (M) 
conditions (n=4 biological replicates). Significance was assessed with the non-parametric Kruskal-
Wallis test + Dunn’s test (B-E, L, M), the two-way ANOVA + Tukey’s test (H), and non-parametric the 
Mann-Whitney test (J) *p<0.05, **p<0.01, ***p<0.001. NB: neuroblastoma; Neg: negative.
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3.3. Whether α-NRXN1+ cells are endowed with a specific transcrip-
tome remains unknown

To better understand the molecular signature underlying the biological features of α-NRXN1+ cells, 

we conducted a supervised gene expression analysis and compared by RT-qPCR the expression levels 

of selected genes in α-NRXN1+ cells and α-NRXN1Neg cells purified from two human NB cell lines (SK-

N-SH and SK-N-Be(2)c) and from 3 NB PDXs (Figure 24A). We quantified the transcript levels of 13 

genes which were selected based on the literature: 3 genes associated with pluripotency (NANOG, 

OCT4A, SOX2), 4 general cancer-stem cell markers (CXCR4, MDR1, KIT and CD133), 2 neural crest cells 

markers (SOX9 and p75NTR), 1 gen related to cell cycle (P21) together with 4 genes related to a bad 

(MYCN and ALK) or a good NB clinical prognosis (TRKA and CHD5). A differential expression between 

α-NRXN1+ cells and α-NRXN1Neg cells was observed for certain genes in different samples, but none 

of these 13 genes showed a consistent expression profile in all the samples (Figure 24B). Therefore, 

whether α-NRXN1+ cells are endowed with a specific transcriptomic signature that accounts for their 

CSC-like behaviour remains unknown to date.

3.4. α-NRXN1+ cells are required for NB growth in vivo

Next, we wondered how the subpopulation of α-NRXN1+ cells affects NB malignancy. To address 

this question, we performed a chick chorioallantoic membrane (CAM) tumour assay. The CAM assay 

has been successfully used to study NB tumour growth and/or metastatic behaviour in vivo (Rashidi 

and Sottile, 2009). In this assay, cells are embedded in matrigel and subsequently grafted in ovo on 

top of the richly vascularised CAM of 10 days-old chicken embryos. The putative growth of tumours 

derived from the engrafted cells is evaluated after 7 days of incubation. For our purpose, we thus set 

up an in vivo CAM assay in which we compared the growth potential of FACS-purified SK-N-SH cells 

depending on the presence or deprivation (by discarding the 10-12% of cells presenting the highest 

α-NRXN1 expression levels) of their α-NRXN1+ subpopulation (Figure 25A). One week after grafting, 

NB tumours were carefully removed and analysed. Compared to their control containing α-NRXN1+ 

cells, the grafts seeded with SK-N-SH cells deprived of their α-NRXN1+ subpopulation showed a 2-fold 

reduction in the final tumour volume and a concomitant 1.5 fold decrease in tumour weight (Figure 

25B,C). Moreover, the grafts seeded with SK-N-SH cells deprived of their α-NRXN1+ subpopulation 

showed numbers of NB tumour (HuNu+) cells per section and per area that were reduced to half the 

numbers quantified in tumour areas of similar size in the control grafts (Figure 25D-G). These results, 

although not statistically significant due to the low sample size, demonstrate the importance of the 

α-NRXN1+ cell subpopulation for localized NB tumour growth in vivo. 
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Taken altogether, the results presented in this section demonstrate that NB tumours contain a 

small subpopulation of cells expressing the NXPH1 transmembrane receptor α-NRXN1, and that these 

cells present cancer stem cell-like characteristics. Importantly, these α-NRXN1+ NBcsc-like cells appear 

to be crucial for NB growth and thus malignancy.

Figure-25. α-NRXN1High NB cells are required to sustain NB growth

(A) Methodology used for depleting α-NRXN1+ cells from SK-N-SH parental cell line (Depleted) prior 
to in vivo grafting onto chorioallantoic membrane of chick embryos (CAM assay). Depleted and 
non-depleted (control, Ctl) CAM tumours were analysed by immunofluorescence. (B-C) The medi-
an normalized tumour volume (B) and the median normalized tumour weight (B) in Depleted CAM 
tumours and their controls, obtained from 9-12 tumours per experimental condition. (D-G) The HuNu 
immunoreactivity in Depleted tumours and its controls (D), and the median HuNu+ cells per confo-
cal section (E), the median HuNu+ cells per tumour area in mm2 (F) and the median tumour area 
per confocal section (G) in Depleted CAM tumours and their controls. Each dot results from the 
quantification of 6-12 independent confocal sections obtained from 4-5 tumours per experimen-
tal condition. Significance was assessed with the non-parametric Mann-Whitney test. Scale bar: 
100μm. Ctl: control.
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4. NXPH1 and its receptor α-NRXN1 sustain NB growth

We next wished to define how NXPH1/α-NRXN signalling modulates NB malignancy. Since we pre-

viously established that α-NRXN1 expression identifies a subpopulation of NBcsc-like cells with rel-

evance for NB growth, we focused on this member of the α-NRXN family. We thus developed both 

gain- and loss-function strategies to modulate NXPH1 and α-NRXN1 activity and tested the conse-

quences of these modulations on NB growth in vitro and in vivo. 

4.1. Increasing NXPH1 activity promotes NB growth in vivo

4.1.1. The addition of rNXPH1 promotes NB growth in the CAM assa

In a first approach, we took advantage of the CAM assay (see the Results’ section 3.4 and Materi-

als and Methods) to explore how increasing NXPH1 activity would affect NB growth in vivo. To do so, 

SK-N-SH cells were grafted in matrigel in the presence of recombinant human NXPH1 (rNXPH1) or its 

vehicle (an equivalent concentration of BSA) and seeded on top of the richly vascularised CAM of 10 

days-old chicken embryos, which were then incubated for 7 days without receiving any further treat-

ment. The recombinant human NXPH1 protein used in this work was purchased commercially and has 

been reported to be biologically active (Kinzfogl et al., 2011). One week after grafting, the tumours 

that had formed were carefully removed and analysed (Figure 26A,B). While none of the 3 different 

doses of rNXPH1 used to treat SK-N-SH cells did significantly alter the tumour volume compared to 

the control condition, the intermediate dose (10µg/ml) of rNXPH1 caused a slight increase of the 

tumour weight (Figure 26C,D). The effects of this dose were thus studied more extensively, revealing 

that the addition of 10µg/ml of rNXPH1 increased by 62% and 82% the numbers of tumour (HuNu+) 

cells per section and per area quantified in tumour areas of similar size in the control grafts (Mean 

HuNu+ cells per section: +rNXPH1= 2,689 ± 719, Ctl=1,658 ± 671; average cell density: +rNXPH1=1,847 

± 599, Ctrl=1,011 ± 344; Figure 26E-H). These findings reveal that increasing NPHX1 activity promotes 

NB tumour growth in vivo. 

Using a similar experimental set-up, we tested the effects of a commercial recombinant extracel-

lular fragment of the rat α-NRXN1 receptor, which is proposed to act as a decoy and thereby prevents 

the normal function of the endogenous α-NRXN1 receptor (Figure 26I,J). Treating NB cells with dif-

ferent concentrations of the α-NRXN1 decoy before grafting tended to decrease NB tumour growth 

(Figure 26K,L). In particular, the intermediate dose (15 µg/ml) of decoy used to treat SK-N-SH cells 

reduced both the tumour volume and weight (Figure 26K,L). Unfortunately, its effects were not stud-

ied into further details. Nevertheless, these data suggest that blocking the endogenous activity of 
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α-NRXN1 is sufficient to reduce NB tumour growth in vivo. 

Figure-26. Exogenous NXPH1 promotes NB growth in CAM assay

(A-B) Methodology used for in vivo grafting of SK-N-SH cells in the presence of recombinant NXPH1 
(rNXPH1) protein or its vehicle onto the CAM. Vascularised 7-days CAM-tumours were detected 
onto the CAM and were analysed by immunofluorescence (B). (C-D) The median tumour volume 
(C) and the median tumour weight (D) in rNXPH1- or vehicle-treated CAM tumours, obtained from 
12-21 tumours per experimental condition. (E-H) The HuNu immunoreactivity in 10µg/ml rNXPH1- 
or vehicle-treated tumours (E) and the median HuNu+ cells per confocal section (F), the median 
HuNu+ cells per tumour area in mm2 (G) and the median tumour area per confocal section (H) in 
10µg/ml rNXPH1 or vehicle-treated CAM tumours. Each dot results from the quantification of 3-6 
independent confocal sections obtained from 8-13 tumours per experimental condition. (I) Sche-
matic representations of recombinant decoy α-NRXN1 (Decoy) protein and full length α-NRXN1 
receptor. (J) Methodology used for in vivo grafting of SK-N-SH cells in the presence of Decoy or its 
vehicle onto the CAM. (K-L) The median tumour volume (K) and the median tumour weight (L) in 
Decoy- or vehicle-treated CAM tumours, obtained from 13-23 tumours per experimental condition. 
Significance was assessed with the parametric unpaired T-test (C-D,F-H, L) or the non-parametric 
Mann-Whitney test (C-D,G,K) in order to compare rNXPH1-treated versus vehicle-treated condi-
tions. *p<0.05, **p<0.01. Scale bar: 100μm (E). Decoy: recombinant decoy α-NRXN1 protein; NB: 
neuroblastoma; rNXPH1: recombinant NXPH1 protein.
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4.1.2. The addition of rNXPH1 increases p75NTR expression and stimulates prolif-
eration

We further analysed the effects of rNPHX1 addition to gain insight into the mechanisms underlying 

its growth-promoting activity. Despite the increased number of HuNu+ NB cells found in the tumours 

treated with rNXPH1 (Figure 26E-H), we did not detect any effect of rNPHX1 addition on the propor-

tions of cycling (Ki67+) or apoptotic (activated cleaved-Caspase 3, cCasp3+) HuNu+ cells present in 

the tumours after 7 days (Figure 27A-D). We reasoned that the effects caused by a single treatment 

with rNPHX1 administered at the beginning of the experiment might be transient and thus be masked 

when analysed at the end of the experimental window. Therefore, we conducted another experiment 

in which NB cells received a 24 hours pulse of BrdU in vitro prior to treatment with rNXPH1 or BSA 

and grafting. This allowed us to assess long-term BrdU retention and thereby determined whether 

rNXPH1 addition might have modulated NB cell proliferation over the course of the 7 days incuba-

tion (Figure 27E,F). The NB cells that had incorporated BrdU in vitro and had later undergone one or 

multiple rounds of division in vivo, thereby diluting partially the BrdU labelling, appeared as partially 

stained after BrdU immunodetection (<100% BrdU+). The proportion of these partially-stained BrdU+ 

NB cells was increased by 1.5 folds in response to rNPXH1 treatment (Figure 27F,G), thus revealing 

that rNPHX1 had stimulated the proliferation of NB cells at some time point during the experimental 

window. The proportion of NB cells that had incorporated BrdU in vitro but did not divide during the 7 

days incubation in vivo, thereby retaining 100% of BrdU labelling at the end of the experiment (100% 

BrdU+), did not appear altered by rNXPH1 (Figure 27F,G), suggesting that rNPHX1 had not stimulated 

the proliferation of slow-cycling NB cells or cell cycle-arrested NB cells. To explore whether the ex-

posure of NB cells to rNXPH1 also affected their stem cell status, we carried out an immunostaining 

against the neural crest stem cell marker p75NTR. Interestingly, rNXPH1 addition doubled the propor-

tion of NB cells expressing p75NTR (Figure 27H, I). 

Collectively, these results demonstrate that NXPH1 is sufficient to increase NB growth in vivo in the 

CAM assay. Our findings further suggest that the growth-promoting activity of NXPH1 is due to its abil-

ity to stimulate the proliferation of actively dividing NB cells and/or to promote p75NTR expression. 

Whether these p75NTR+ cells correspond to the actively dividing tumour cells remains to be defined.

4.2. Inhibiting NXPH1 and α-NRXN1 expression impairs NB tumour for-
mation and growth in vivo

In a second approach, we decided to investigate how the inhibition of NXPH1 or α-NRXN1 activity 

would affect NB cell behaviour and malignancy, by generating clones of NB cells expressing sh-RNAs 

targeting specifically human NXPH1 or α-NRXN1 mRNAs. 
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Figure-27. Exogenous NXPH1 increases NB proliferation and the expression of neural crest stem cell 
marker p75NTR

(A-B) The Ki67 immunoreactivity in rNXPH1- or vehicle-treated tumours (A) and the median percent-
age of Ki67+HuNu+ relative to total HuNu+ NB cells (B). (C-D) The activated cleaved-Caspase 3 
(cCasp3) immunoreactivity in rNXPH1- or vehicle-treated tumours (C) and the median percentage 
of cCasp3+HuNu+ relative to total HuNu+ NB cells (D). (E) Schematic representation of BrdU reten-
tion experiment. BrdU was incorporated into the growth media 24h prior to in vivo grafting onto the 
CAM. (F-G) The BrdU immunoreactivity in a vehicle-treated tumour. Human NB (HuNu+) cells with 
100% BrdU retention (white arrowhead) or with uncomplete retention (<100%, empty arrowhead) 
could be seen in the high magnification images (F) and the median percentage of BrdU+HuNu+ 
relative to total HuNu+ NB cells (G). (H-I) The p75NTR immunoreactivity in rNXPH1- or vehicle-treated 
tumours (H) and the median percentage of p75NTR+PSA-NCAM+ relative to total PSA-NCAM+ NB 
cells (I). Significance was assessed with the parametric unpaired T-test (D) or the non-parametric 
Mann-Whitney test (B, G, I). Each dot results from the quantification of 2-3 independent confo-
cal sections obtained from 4-13 tumours per experimental condition. **p<0.01. Scale bar: 100μm 
(A,C,H) and 10μm (F). cCasp3: activated cleaved-Caspase 3; NB: neuroblastoma.
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4.2.1. Constitutive inhibition NXPH1 or α-NRXN1 impairs permanently SK-N-SH cell 
growth

First, we generated clones of SK-N-SH cells that produce short-hairpin RNAs targeting specifically 

human NXPH1 or α-NRXN1 mRNAs in a stable and constitutive manner. To that end, 2 different specif-

ic target sequences were selected for each gene and specific sh-RNA sequences were cloned into the 

constitutive pLKO.1-puro plasmid, while a scramble sequence was used as a control (Figure 28A, see 

also the Material and Methods’ section 4.1.1.1). After 3 days of selection in presence of puromycin, 

we assessed by RT-qPCR the efficiency of NXPH1 and α-NRXN1 mRNA knockdown triggered by the re-

spective sh-NXPH1 and sh-αNRXN1 clones and tested their putative effects on cell viability by an MTT 

assay (Figure 28B-E). Compared to the levels quantified in the sh-Ctl, the NXPH1 mRNA levels were 

decreased by more than 70% in the sh1-NPXH1 clone (Figure 28C). The NXPH1 transcript levels quan-

tified in the second shRNA sequence, sh2-NXPH1, were more variable, resulting in a less pronounced 

inhibition (≈30%, Figure 28C). However, the cell viability measured after 72 hours in both sh1-NXPH1 

and sh2-NXPH1 clones was reduced to less than half the one measured in control cells (Figure 28E). 

Similarly, the sh1-αNRXN1 and sh2-αNRXN1 clones showed levels of α-NRXN1 transcripts reduced 

by 37% and 87% compared to control levels (Figure 28D), and presented a cell viability decreased 

by 66% and 33%, respectively (Figure 28E). The reduction in cell viability caused by both NXPH1 and 

α-NRXN1 mRNA inhibition was maintained throughout the 3 weeks during which these clones were 

kept in culture. This reduced cell viability might result from an impairment of cell proliferation and/or 

cell survival. The latter option is supported by the presence of large amounts of cell debris that were 

observed in the culture dishes. Interestingly, changes in cellular morphology were also observed in 

all the sh-NXPH1 and sh-αNRXN1 clones (Figure 28F). Thus, we reasoned that constitutively reducing 

NXPH1 or α-NRXN1 expression in NB cells impairs their growth to such an extent that it would likely 

have prevented us from getting clear conclusions in future studies.

4.2.2. Inducible inhibition NXPH1 or α-NRXN1 impairs SK-N-SH cell growth

To overcome the cell viability issues caused by the constitutive inhibition of NXPH1 and α-NRXN1 

expression, we thought of generating clones of SK-N-SH that would express the sh-NXPH1 or sh-

αNRXN1 in an inducible manner. To this aim, we used an inducible system that produces miR-shRNA 

sequences, together with EGFP, in an inducible and reversible manner upon doxycycline treatment 

(Figure 29A,B; see also Materials and Methods’ section 4.1.1.2). The scramble and sh-RNA sequences 

previously inserted into the pLKO.1 plasmid and used to generate the constitutive sh-Ctl, sh1-NX-

PH1 and sh1-αNRXN1 clones, were selected and adapted to the inducible pSLIK-Neo platform. When 

grown without doxycycline and thus no sh-RNA was produced, the 3 transgenic clones generated 

(hereafter referred to as sh-Ctl, sh-NXPH1 and sh-αNRXN1) showed similar cell viabilities (Figure 29C). 
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To specifically select the cells in which the sh-RNAs were induced, cells were grown for 3 days in 

presence of doxycycline (1µg/ml), purified by FACS based on EGFP expression and seeded at equal 

densities (Figure 29D). A time-course analysis conducteded on these cells revealed a 15-20% reduc-

tion in the cell viability of the activated sh-NXPH1 and sh-αNRXN1 clones compared to the sh-Ctl, 

from 72 hours (Figure 29D). By comparing mRNA expression in the EGFP+ subpopulation compared to 

their EGFP- sister cells by RT-qPCR, we could confirm that NXPH1 and α-NRXN1 transcript levels were 

reduced by ≈50% in the corresponding sh-NXPH1 and sh-αNRXN1 clones as compared to the levels 

quantified in sh-Ctl (Figure 29E,F).

Figure-28. The constitutive inhibition of NXPH1 or α-NRXN1 expression prevents permanently NB cell 
growth in vitro

(A) Schematic representation of the pLKO.1-Puro vector driving a constitutive production of sh-RNAs 
(B) Methodology used to evaluate sh-RNA efficiency and cell viability after lentiviral infection of SK-
N-SH cells with pLKO.1-Puro particles. (C-D) RT-qPCR quantification of the NXPH1 (C) or α-NRXN1 
(D) relative mRNA levels indicating the mean relative levels ± SD in 3-4 independent sh-RNA clones. 
(E) The cell viability evolution in sh-RNA clones in terms of mean OD570-750 ± SD obtained from 4 
independent sh-RNA clones. (G) Bright field images of sh-RNA clones 96h after puromycin selection. 
Significance was assessed with the non-parametric Mann-Whitney test (C-D) or the 2-way ANOVA + 
Dunnett’s test (E). Scale bar: 100µm. 3’SIN LTR: 3’ self-inactivating long terminal repeat; 5‘LTR: 5’ long 
terminal repeat; Ctl: control; PGK: Human phosphoglycerate kinase promoter; puroR: puromycine 
resistance gene; shRNA: short hairpin RNA; U6: human U6 promoter.
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4.2.3. Inhibiting NXPH1 or α-NRXN1 expression reduces NBcsc activation in vitro

To further test how NXPH1 and α-NRXN1 inhibition impacts NB growth in vitro, SK-N-SH cells from 

the sh-NXPH1, sh-αNRXN1 and sh-Ctl clones were treated for 4 days with doxycyline to activate sh-

Figure-29. The inducible inhibition of NXPH1 or α-NRXN1 expression causes mild reduction of NB cell 
viability in vitro

(A) Schematic representation of the pSLIK-Neo-TTGmiRc2 vector driving an inducible and reversible 
production of sh-RNA. (B) SK-N-SH cells stably transfected with the pSLIK-Neo-TTGmiRc2 vector con-
comitantly produce EGFP and a shRNA only upon doxycycline treatment (+DOX vs -DOX), 2 days 
after initiation of the treatment. 3 days after DOX removal, most of the cells have lost or reduced 
EGFP fluorescence. (C) The cell viability evolution in non-induced SK-N-SH shRNA-clones in term of 
mean OD570-750 ± SD obtained from 2-4 independent sh-RNA clones. (D) The cell viability evolu-
tion in shRNA-(EGFP+)-producing SK-N-SH cells shRNA clones upon induction by doxycycline in term 
of mean OD570-750 ± SD obtained from 2-4 independent shRNA clones. (E-F) RT-qPCR quantifica-
tion of the NXPH1 (E) or α-NRXN1 (F) relative mRNA levels in the corresponding EGFP+-sorted cells 
compared to their EGFP- sisters cells, indicating the mean ratio ± SD in 3 independent shRNA clones. 
Significance was assessed with the 2-way ANOVA + Dunnett’s test (C-D) and the non-parametric 
Mann-Whitney test (E-F). *p<0.05, **p<0.01, ***p<0.001. Scale bar: 100µm. 3’SIN LTR: 3’ self-inactivat-
ing long terminal repeat; 5‘LTR: 5’ long terminal repeat; DOX: doxycycline; EGFP: enhanced-green-
fluorescent-protein; FLAP: region that contains central polypurine tract (cPPT/CTS); IRES: internal ri-
bosome entry site; miR-sh-RNA: miR-like short hairpin RNA; neoR: neomycine/G418 resistance gene; 
rtTA3: 3rd generation reverse tetracycline transactivator element; TTRE: tight tetracycline repressor 
element; Ubi-c: Human ubiquitine-c promoter; WRE: Woodchuck hepatitis virus post-transciptional 
regulatory element.
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RNA production, sorted and purified by FACS based on EGFP expression. These purified cells with 

active sh-RNA production were further grown in vitro for 7 days in basal culture conditions in the 

presence of doxycycline to sustain NXPH1 and α-NRXN1 inhibition (Figure 30A). In agreement with 

the results obtained with the MTT assay (Figure 29D), the number of EGFP+ cells quantified per image 

in both the sh-NXPH1 and sh-αNRXN1 clones after 7 days was partially decreased compared to the 

number quantified in the sh-Ctl clone (Figure 30B,C), thereby confirming the partial reduction in cell 

viability in response to NXPH1 and α-NRXN1 inhibition. The proportions of cycling (KI67+) and mitotic 

(pH3+) cells found in the sh-NXPH1 and sh-αNRXN1 clones were comparable to the ones quantified in 

the control (Figure 30D-F). Unexpectedly, cells from sh-NXPH1 clone showed an increase proportion 

of cells in S-phase, which was assessed after 2 hours of BrdU incorporation. S-phase index for sh-

αNRXN1 clone did not differ to that of the control (Figures 30G,H). Together, these findings indicated 

that NXPH1 and α-NRXN1 inhibition does not alter NB cell cycle kinetics in basal culture conditions. 

NXPH1 and α-NRXN1 inhibition does not noticeably alter NB cell survival either, as suggested by the 

comparable proportions of pyknotic nuclei measured for cells of the sh-NXPH1 and sh-αNRXN1 clones 

and their control (Figures 30G,I). Therefore, the inhibition of NXPH1 or α-NRXN1 activity does not ap-

pear to primarily affect proliferation or survival, at least in basal culture conditions. 

We previously defined that the NB cells expressing the α-NRXN1 receptor present CSC-like proper-

ties. We thus decided to test whether NXPH1 or α-NRXN1 inhibition would affect NB stem cell activa-

tion in vitro. To this aim, SK-N-SH cells from the sh-NXPH1, sh-αNRXN1 and sh-Ctl clones were treated 

for 4 days with doxycyline to activate sh-RNA production, then sorted and purified by FACS based on 

EGFP expression. These purified cells with active sh-RNA production were further grown in vitro for 1 

week in restrictive culture conditions to allow the formation of spheroids, and in the presence of dox-

ycycline to sustain NXPH1 and α-NRXN1 inhibition (Figure 30J). Compared to sh-Ctl cells, cells from 

the activated sh-NXPH1 and sh-αNRXN1 clones generated remarkably fewer spheroids, especially the 

larger ones (Figure 30K,L). This last result suggested that the activation of NBcsc is diminished when 

NXPH1 or α-NRXN1 activities are impaired.

4.2.4. Inhibiting NXPH1 or α-NRXN1 expression impairs NB tumour formation and 
growth in vivo

Finally, we tested the consequences of NXPH1 and α-NRXN1 inhibition on NB growth in vivo. To 

do so, cells from the sh-NXPH1, sh-αNRXN1 and sh-Ctl clones were treated for 4 days with doxycy-

line to activate sh-RNA production, then sorted and purified by FACS based on EGFP expression. The 

sorted cells were later injected sub-cutaneously in the flanks of immunodeprived NOD/SCID mice, 

which received doxycycline administration ad libitum to maintain the production of EGFP and sh-

RNAs throughout the experiment (Figure 31A; see also the Materials and Methods’ section 6.4.2). 
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Figure-30. The inducible inhibition of NXPH1 or α-NRXN1 expression reduces NB growth and tumori-
genic potential in vitro
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Cells from the sh-Ctl clone generated tumours that appeared palpable from the day 29 post-injection 

and which grew exponentially until the end of the experimental window (Figure 31B-D). By compari-

son, cells from both the sh-NXPH1 and sh-αNRXN1 clones generated fewer tumours, and the forma-

tion of these few tumours was delayed, thereby increasing the event-free survival (Figure 31B,C). Of 

note, the tumours generated by sh-NXPH1/sh-αNRXN1-derived cells appeared much less vascularized 

than the tumours derived from the sh-Ctl cells (Figure 31C). The average final volume of the tumours 

generated from sh-NXPH1 cells was reduced to 25% of the mean control volume, and their average 

weight decreased to 17% of the mean control value. The single sh-αNRXN1-derived tumour that was 

detected before day 53 showed a similar growth kinetic to that control tumours, but the average 

weight of the sh-αNRXN1-derived tumours decreased to 60% of the mean control value 53 days after 

grafting (Figure 31D,E). Therefore, inhibiting NXPH1 or α-NRXN1 expression strongly impairs NB tu-

mour formation and growth in vivo. 

Figure-30 continued. The inducible inhibition of NXPH1 or α-NRXN1 expression reduces NB growth 
and tumorigenic potential in vitro

(A) Methodology used to FACS-sort shRNA (EGFP+)-producing SK-N-SH clones in order to evaluate 
proliferation and cell death upon doxycycline treatment. (B-C) Wide-field fluorescent imaging of 
shRNA (EGFP+)-producing SK-N-SH clones (B) and the mean number of EGFP+ cells ± SD (C). (D-F) 
The Ki67 and phosphorylated-Histone 3 (pH3) immunoreactivity in shRNA (EGFP+)-producing SK-
N-SH clones (D), the mean percentage of Ki67+EGFP+ cells ± SD (E) and the mean percentage of 
pH3+EGFP+ cells ± SD (F) in relation to the total number of EGFP+. (G-I) The BrdU immunoreactivity in 
shRNA (EGFP+)-producing SK-N-SH clones and high magnification images showing pyknotic nuclei 
(G), the mean percentage of BrdU+EGFP+ cells ± SD (H) and the mean percentage of pyknotic 
nuclei EGFP+ ± SD (I) in relation to the total number of EGFP+. (J) Methodology used to FACS-sort 
shRNA (EGFP+)-producing SK-N-SH clones in order to evaluate tumorigenic potential upon doxy-
cycline treatment. (K-L) Representative images of the EGFP+ spheroids generated by the sh-RNA 
clones (K) and the mean number of spheroids ± SEM generated by the sh-RNA clones (L). Spheroid 
diameter (below or above 50μm) was taking into consideration during spheroid quantification. Er-
ror bars represent SEM interval of 8 technical replicates obtained from 2 independent experiments. 
Significance was assessed with the non-parametric Mann-Whitney test (E-F) or the Kruskal-Wallis test 
+ Dunn’s test (L). *p<0.05, **p<0.01, ***p<0.001. Each dot results from the quantification of 4-12 inde-
pendent images obtained from 4 independent shRNA clones (C,E-F,H-I). Scale bar: 10µm (G, high 
magnification) and 100µm (B, D, G low magnification). DOX: doxycycline; EGFP: enhanced-green-
fluorescent-protein; pH3: phosphorylated-Histone 3.
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To test whether the reduction in tumour growth caused by NXPH1 or α-NRXN1 inhibition could 

be related to stem cell activation and/or proliferation as our previous results suggested (see  sections 

4.2.1 to 4.2.3 from Results), we assessed the presence of cells expressing the NCC stem cell marker 

p75NTR in tumour sections by immunohistochemistry (Figure 32A,B). Considering the low number 

of tumours generated by either sh-NXPH1 and sh-αNRXN1 cells and their similar behaviour, the data 

obtained from these two experimental conditions were pooled together. No obvious difference in 

the proportion of p75NTR+ cells among EGFP+ tumour cells was detected between tumours derived 

from sh-Ctl and sh-NXPH1/sh-αNRXN1 cells (Figure 32A,B). The induction of an angiogenic response 

is essential for tumour burdening (Plaks et al., 2015), and the macroscopic analysis of the resected 

tumours suggested that the sh-NXPH1/sh-αNRXN1-derived tumours were poorly vascularized com-

pared to the control ones (Figure 31C). However, sections from the sh-Ctl-derived and sh-NXPH1/

Figure-31. The inducible inhibition of NXPH1 or α-NRXN1 expression reduces subcutaneous NB bur-
den and growth in mouse xenograft

(A) Methodology used to FACS-sort shRNA (EGFP+)-producing SK-N-SH clones in order to evaluate 
in vivo tumorigenic potential by subcutaneous xenograft. (B-C) The event-free survival probability of 
NOD/SCID mouse inyected with shCtl, sh-NXPH1 or sh-αNRXN1 clones (B) and the tumour appear-
ance 53 days after grafting (C). (D-E) The kinetics of tumour growth in terms of mean volume ± SD 
along 53 days (D) and mean weight ± SD at day 53 (E). Significance was assessed with the Mantel-
Cox logrank test (B), the 2-way ANOVA + Sidak’s test (D) and the non-parametric Mann-Whitney test 
(E). *p<0.05, **p<0.01; ***p<0.001. DOX: doxycycline; EGFP: enhanced-green-fluorescent-protein.
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sh-αNRXN1-derived tumours presented comparable numbers and densities of CD31+ blood vessels 

(Figure 32C,D). The reduced vascularisation of the tumours derived from sh-NXPH1 and sh-αNRXN1 

cells is thus likely to reflect the delayed and decreased growth of these tumours as compared to the 

control ones, rather than a more direct action of NXPH1/ αNRXN1 signalling on neoangiogenesis.

Figure-32. The inducible inhibition of NXPH1 or α-NRXN1 expression does not affect expression of 
p75NTR or neovascularization of NB tumours

(A-D) The p75NTR and CD31 immunoreactivity in sh-RNA-derived xenograft tumours (A), the me-
dian percentage of p75NTR+EGFP+ (B), the median number of CD31+ vessels (C), and the median 
CD31+ area per image (D). Significance was assessed with the non-parametric Mann-Whitney test. 
Each dot results from the quantification of 6 images obtained from 4-6 tumours. Scale bar: 100µm.
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‘…the fittest will survive,
 and a race will be eventually produced adapted to the conditions in which it lives’

A. R. Wallace

NBs are devastating paediatric tumours that appear in organs derived from the developing SA lin-

eage (Bolande, 1974; Tsubota and Kadomatsu, 2018). These tumours have an intriguing nature due to 

their heterogeneous clinical behaviour. In about 5 to 10% of the patients, the tumour will spontane-

ously regress despite a wide metastatic spreading, while half of the patients that present metastasis 

at diagnosis will succumb to the disease (Matthay et al., 2016; Nakagawara et al., 2018). Along the 

past decades major efforts have been done for the assessment and stratification of NB patients into 

risk groups, in order to optimize therapeutic approaches (Brodeur et al., 1993; Brodeur et al., 1988; 

Cohn et al., 2009; Monclair et al., 2009). According to the INRG, 36% of NB patients are diagnosed 

as HR (Cohn et al., 2009). Despite aggressive multimodal therapeutic protocols, the 5 years overall 

survival for HR cases remains below 30-40% (Matthay et al., 2016; Nakagawara et al., 2018; Simon et 

al., 2011). The therapeutic failure in these patients mainly results from metastatic dissemination and 

the development of therapy resistance. Recent studies suggest that the intra-tumour heterogene-

ity of NBs is a key factor contributing to tumour evolution and relapse following therapeutic failure 

(Boeva et al., 2017; Eleveld et al., 2015; Greaves, 2015; Schramm et al., 2015; van Groningen et al., 

2017). The main sources of intra-tumour heterogeneity are genetic, due to mutations that are clon-

ally expanded during tumour growth, and non-genetic, due to the persistence of epigenetic programs 

that assign a particular cellular identity to the tumour cells, or due to microenvironmental cues. The 

current data show that NB relapses present a reduction in the clonal heterogeneity as well as a diver-

gent transcriptomic profile and an increased mutational burden, mainly causing activating mutation 

in ALK, loss of function mutation in CHD5 and activating mutations in the RAS/MAPK pathway (Eleveld 

et al., 2015; Schleiermacher et al., 2014; Schramm et al., 2015). However, the recurrence rate of 

most of the detected mutations remained low even after relapse, pointing towards a relevant role of 

non-genetic sources of tumour heterogeneity (Boeva et al., 2017; Eleveld et al., 2015; Schramm et 

al., 2015; van Groningen et al., 2017). Compelling evidences suggest the existence of cell subpopula-

tions with tumour propagating capacity in NB tumours, called NBcsc (Boeva et al., 2017; Ciccarone 

et al., 1989; Hansford et al., 2007; Hirschmann-Jax et al., 2004; Hsu et al., 2013; Newton et al., 2010; 

Ross and Spengler, 2007; Ross et al., 1983; Ross et al., 2015; van Groningen et al., 2017; Walton et 

al., 2004). Whether NBs are hierarchically organized or not and the plasticity/shallowness of a puta-

tive hierarchy remain although controversial (Tomolonis et al., 2018). Defining NB heterogeneity and 

stemness potential is fundamental to uncover new therapies that will target the driving force of the 

NBcsc: their self-renewal ability.
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The general aim of this doctoral thesis was to identify a genetic signature for NBcsc, with the ulti-

mate goal of providing new specific molecular markers of these cells and candidate genes that might 

be useful for the development of future therapeutic strategies targeting NBcsc in HR NBs. I studied 

the involvement of the secreted glycoprotein NXPH1, one of the candidates identified by our double 

NB/NCC screening, in the regulation of NB malignancy. Our study established that NXPH1, acting 

probably through its receptor α-NRXN1, is a critical regulator of the tumour-propagating ability in 

human NB cells. The activities of both NXPH1 and α-NRXN1 are required for the primary growth of 

NB tumours in vivo. Importantly, α-NRXN1 appears to be specifically expressed by a subpopulation of 

NB cells that present tumour-propagating properties in vitro and that are required to sustain primary 

NB growth in vivo. Nevertheless to fully uncover the role of NXPH1 and of the α-NRXN1+ NB cells in 

tumour growth and progression, we need to carefully integrate the preclinical and clinical data. 

1. NXPH1 promotes primary NB growth through α-NRXN1+ 
NBcsc-like cells, but might inhibit metastasis and tumour pro-
gression

1.1. α-NRXN1+ NB cells are tumour-propagating cells.

Having identified novel molecular regulators of the tumour-propagating function made it possible 

to infer that the α-NRXN1 receptor might act as a specific surface marker of the CSCs in NB. Using 

a fluorescence-conjugated antibody, we showed that α-NRXN1+ cells are detected in NB cell lines 

and PDX samples with low frequencies and that these cells are required to sustain NB growth. Our 

functional characterization determined that these α-NRXN1+ cells are actively-cycling cells with an 

increased self-renewal capacity and a higher probability to survive upon chemotherapeutic insults. 

Nevertheless, the functional characterization of this α-NRXN1+ subpopulation is not complete and the 

various caveats of our data need to be discussed.

First, our data revealed that the α-NRXN1+ cells present a higher self-renewal capacity, at least at 

short terms. Deciphering the extent of their capacity is required to understand whether these cells 

are truly NBcsc and are thus endowed with long-term self-renewal potential, or if they rather repre-

sent transient amplifying progenitors able to expand the tumour pool only for short terms. Elucidating 

this question requires to test their tumour-initiating capacity after serial transplantations of a limited 

number of tumour cells (α-NRXN1+ cells and α-NRXN1-/bulk tumour cells) to ensure that the system 

is challenged and that the output of the most potent cells is measured. This type of transplantation 

is known as extreme limited dilution tumour-initiating cell assay (ELDA-TIC asssay). To this aim, we 
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are currently conducting a pilot ELDA-TIC assay whereby 4 dilutions of α-NRXN1+ or α-NRXN1- cells, 

previously purified by FACS, have been subcutaneously transplanted into immunodeficient Nod SCID 

Gamma (NSG) mice. This experimental setting aims to compare the tumorigenic potential of both 

cell subpopulations and should allow us to assess the number of tumour cells needed for a definitive 

assay.

Secondly, one conflicting aspect of our results might be to understand how α-NRXN1+ cells persist 

better upon chemotherapy despite their active cycling behaviour. Several evidences however suggest 

that a therapeutic treatment can induce the transition to a slow-cycling drug-tolerant state that pro-

tects the tumour cells from the drugs’ cytotoxic effects (Rambow et al., 2018). We have not explored 

the cycling profile of the α-NRXN1+ cells upon cisplatin or MTX exposure. It thus remains plausible 

that the α-NRXN1+ cells were not actively cycling during the treatment. Additionally, the CSCs as nor-

mal SCs frequently present self-guarding mechanisms to prevent DNA damage and the induction of 

apoptosis. The mechanisms described so far include a higher expression of pump transporters, an 

upregulation of pro-survival signals, an enhanced DNA repaired capacity or an upregulation of the de-

toxification pathways, among others (Cojoc et al., 2015; Zhou et al., 2009). Interestingly, lineage trac-

ing experiments in a mouse model of SCC showed how TGF-β signalling protects SCCcsc to cisplatin 

exposure via NRF2/p21, by enhancing the metabolic inactivation of the drug (Oshimori et al., 2015). 

Interestingly, in a steady state the α-NRXN1+ cells show a higher expression of p21 than their negative 

counterparts. Although we do not know how the drug exposure changes the transcriptomic profile of 

these cells, it suggests that p21 might protect α-NRXN1+ cells from drug-induced DNA damage by a 

similar mechanism than the one described for SCCcsc.

Finally, it remains to be explored whether α-NRXN1+ cells, compared to α-NRXN1- cells, possess a 

particular transcriptomic and/or epigenomic signature that endows them with a distinct functional 

behaviour. Identifying the transcriptomic/epigenomic profile of the α-NRXN1+ cells could be of clini-

cal relevance since it might allow inferring which pathways are required to sustain their tumour-

propagating potential. Unfortunately, our analysis of a panel of genes previously associated to a CSC/

SC phenotype has been inconclusive. The use of genome-wide approaches such as full length RNA-

sequencing or expression microarrays would be useful to define the transcriptome of this subpopula-

tion in comparison to that of their negative counterparts.

1.2. NXPH1 is required to sustain tumour growth in NB

Using lentiviral shRNA-mediated knockdown, we showed that NB cells are sensitive to modulations 

in the expression levels of NXPH1 and α-NRXN1. The reduction of both resulted in impaired tumour 

growth (in vivo & in vitro) and reduced short-term self-renewal capacity. Whether the long-term self-
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renewal capacity of NB cells is also affected by the downregulation of NXPH1 or α-NRXN1 remains 

to be explored. As mentioned above, the evaluation of the long-term self-renewal potential requires 

the serial transplant of limited cell numbers into immunocompromised mice. Our results suggest that 

the downregulation of NXPH1 or that of α-NRXN1 did not cause exactly the same effect over tumour 

growth. Reducing NXPH1 expression had a major impact over tumour growth and to a lesser extent 

on tumour incidence, as inferred from the EFS data. Conversely, the inhibition of α-NRXN1 expression 

preferentially reduced the tumour incidence but, the few tumours that developed present growth 

kinetics comparable to the ones shown by the control tumours. This could be due to the α-NRXN1 re-

ceptor responding to various ligands distinct to NXPH1, and/or NXPH1 acting through other α-NRXNs 

receptors also expressed by the NB cells. In this regard, the presence of α-NRXN2 on the cell mem-

brane of NB cells should not be discarded. Indeed, the expression of α-NRXN2 was also markedly 

increased in the human NB cell lines grown in conditions of stem cell-enrichment. Unfortunately, the 

absence of an available fluorophore-conjugated anti-α-NRXN2 antibody prevented the analysis of 

its expression in live samples. Previous data from rat and mouse models suggest that α-NRXN1 and 

α-NRXN2 can be co-expressed in the same neuron where they play partially overlapping functions 

(Missler et al., 2003; Ullrich et al., 1995). Therefore, it is plausible that NXPH1 is also acting through 

this receptor in NB cells. Elucidating the detailed mechanism by which NXPH1/α-NRXN1 signalling 

targets the growth of NB xenografts would be informative. Our data suggest that NXPH1 promotes 

NB growth by stimulating the proliferation of actively dividing cells and increasing the presence of 

p75NTR+ NB cells. p75NTR (also known as NGFR or CD271) is a surface marker of the pluripotent 

migratory NCCs in humans and other animals (Betters et al., 2010; Morrison et al., 1999). It codes for 

the Low Affinity Nerve Growth Factor Receptor that binds to NGF, BDNF, NT-3 and NT-4 (Dechant and 

Barde, 2002; Gentry et al., 2004). Its role in NCC development remains unclear, although it might control 

cell survival and cell death in response to Nerve Growth Factor (Cortazzo et al., 1996). Interestingly, 

the expression of p75NTR is increased in a transient drug-tolerant NCC-like population that appears 

during MRD in melanoma and that is responsible of tumour relapse (Rambow et al., 2018). Of note, 

in our CAM assay, p75NTR+ NB cells appeared to be preferentially located close to the vascular niche. 

The preferential location of the CSCs in close contact with the capillary bed has already been de-

scribed in other types of tumour (Bao et al., 2006; Calabrese et al., 2007; Charles et al., 2010; Fessler 

et al., 2015; Folkins et al., 2009; Li et al., 2009). Further experiments would be required to determine 

whether the growth-promoting activity of NXPH1 is due to the activation of the α-NRXN1+ NBcsc-

like subpopulation. Repeating the NXPH1 treatment in the presence of the decoy receptor might 

help answering this question. Additionally, it would be interesting to address whether α-NRXN1+ and 

p75NTR+ cells correspond to the same cell subpopulation or not. To assess these questions, we could 

study by FACS whether α-NRXN1 and p75NTR are expressed by the same cellular subpopulation. If 

it is the case, using the anti-p75NTR antibody will allow us to study the distribution of the p75NTR+/ 
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α-NRXN1+ NB cells within the tumour architecture. This data might be informative of the putative 

niche components of the α-NRXN1+ NBcsc-like. Conversely, if they are expressed by different sub-

populations, it would be interesting to clarify their causal relationship. In this scenario, the action of 

NXPH1 on the α-NRXN1+ cells might induce the proliferation of the neighbouring p75NTR+ subpopula-

tion through paracrine signalling. Alternatively, NXPH1 might promote the proliferation of α-NRXN1+ 

cells and induce the expression of p75NTR as two concomitant events. 

In conclusion, the revision of our preclinical data leads us to propose that NXPH1 stimulates pri-

mary NB growth, probably by activating α-NRXN1+ NBcsc-like cells (Figure 33A).

1.3. NXPH1 expression inversely correlates with bad prognosis and tu-
mour progression 

NXPH1 was retrieved by a double genetic screening aimed to recover genes involved in the regu-

lation of the NBcsc phenotype. In order to do so, we compared the genes that were differentially 

expressed between clinically relevant NB subgroups with those differentially expressed by early chick 

NCCs. Our double screening strategy identified 6 genes that are enriched in the early NCC population 

and differentially expressed in the pair-wise NB comparison. Surprisingly our 6 candidates show a 

strong correlation with a favourable outcome in the HSJD cohort. Using this data to devise the role of 

NXPH1 in NB requires reviewing the current model of tumour growth and progression. 

The evolution towards a more aggressive tumour growth is characterized by the emergence of 

therapy-resistant relapses and metastasis, and depends on the selection and expansion of tumour 

cells with tumour propagating capacity. The tumour microenvironment has a prominent role in the 

regulation of the plasticity and the proliferative behaviour of these CSCs; however, the progressive 

accumulation of genetic/epigenetic changes along tumour progression promotes the acquisition of 

a cell-autonomous self-renewal behaviour that is expanded to most of the tumour cells. These ge-

netic/epigenetic changes also cause the transient or steady acquisition of other malignant traits such 

as metastatic capacity or drug tolerance by different subsets of CSCs, turning the CSC phenotype 

progressively independent of the environmental control and favouring the metastatic dissemination 

and a more indolent tumour growth (Greaves, 2015; Kreso and Dick, 2014; Marjanovic et al., 2013; 

Meacham and Morrison, 2013).

A overall perspective of our clinical and preclinical data leads us to question how NXPH1 expres-

sion is inversely correlated with a bad prognosis if our results demonstrate that NXPH1 promotes NB 

growth, probably by activating α-NRXN1+ NBcsc-like cells. Considering the dynamic of tumour growth 

and the different constrains along tumour progression, our current hypothesis is that NXPH1 might 

play an inhibitory role in the acquisition of an aggressive phenotype, probably by repressing metas-
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tasis (Figure 33B). Interestingly, the loss of NXPH1 expression along tumour progression has already 

been described in breast cancer, pancreatic ductal adenocarcinoma and NB (Decock et al., 2016a; 

Faryna et al., 2012; Hong et al., 2012; Jin and Tsai, 2016; Tommasi et al., 2009; Warnat et al., 2007). 

During the course of this doctoral thesis, the methylation of NXPH1 promoter was proposed as a new 

Figure-33. NXPH1, through its receptor α-NRXN1, might control the tumour propagating capacity of 
NB cells upon metastatic disemination

(A) Early in tumour evolution NB seems to have higher levels of NXPH1 and the α-NRXN1+ tumour 
propagating cells might contribute to tumour growth in the primitive location. The presence of high 
levels of NXPH1 might avoid tumour dissemination and/or the effective engraftment of NB cells at 
secondary location (B) Along tumour evolution the progressive accumulation of genetic and epi-
genetic changes favours the acquisition of more malignant traits such as an increase in the tumour 
propagating potential or the acquisition of drug-tolerant or metastatic phenotypes. The downregu-
lation of NXPH1 expression along tumour progression might facilitate the metastatic burden of NB 
cells at secondary sites.
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prognostic biomarker in NB since the extensive hypermethylation of the CpG promoter region of 

NXPH1 gene largely correlates with a low OS and EFS of the patients (Decock et al., 2016a). Thereby, if 

our working model were to be validated experimentally, the epigenetic silencing of NXPH1 expression 

along NB progression might be related to the acquisition of certain malignant traits such as metastatic 

potential.

1.4. NXPH1 might inhibit NB metastasis and/or tumour dissemination

The relative NXPH1 levels in the HSJD cohort suggest that patients with a good prognosis (normally 

non-metastatic and without MYCN amplification) present a higher expression of NXPH1 than patients 

with a worst prognosis (normally metastatic and/or with MYCN amplification). To further validate our 

hypothesis we took advantage of the SEQC-498 dataset, a cohort of NB patients were the progres-

sion of the disease and the patients’ survival has been reported (Su et al., 2014). In the SEQC-498 co-

hort, NXPH1 is differentially expressed between the group of patients that do not progress and those 

whose disease progress (FC:2.22, p<0.001; Figure 34A). The relative levels of NXPH1 are independent 

of the patients’ outcome when the NB does not progress (Figure 34B). However, high levels of NXPH1 

are associated with a better outcome in patients showing tumour progression (Figure 34C). These 

data support a model where the downregulation of NXPH1 expression is induced or selected in the 

tumour cells during NB progression. Whenever NB cells with tumour propagating capacity (maybe 

the α-NRXN1+ NBcsc-like) manage to escape the primary tumour and settle into distant organs, the 

levels of NXPH1 might dictate whether these disseminated cells are able to self-renew outside of their 

original environment or not.

To test our working hypothesis, we are currently evaluating how reducing NXPH1 or α-NRXN1 

expression affects the metastatic capacity of NB cells using an experimental model of metastasis in 

NSG mice. To this aim, we have engineered our sh-RNA clones to express a luciferase reporter, so that 

the metastatic seeding and the subsequent formation of “secondary” tumours can be monitored in 

vivo. Tumour cells are directly introduced into the systemic circulation via an injection into the left 

ventricle of the heart. The intra-cardiac injection allows assessing the homing of the tumour cells to-

wards their preferential target organs and the metastatic growth. If our working model is correct, the 

downregulation of NXPH1 should increase the metastatic growth of NB cells. Testing the behaviour of 

the sh-αNRXN1 cells will help us elucidating whether the expression of α-NRXN1 is also required for 

metastatic dissemination.

To the best of our knowledge our work provides the first experimental evidence showing that 

NXPH1 exerts a functional role in NB progression and malignancy. If our working model were to be 

validated experimentally, it would provide a framework for the development of new therapeutic ap-
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proaches aimed at targeting the self-renewal potential of metastatic NBcsc and thereby improving the 

outcome of HR NB patients.

2. A NCC-like program might have different roles during NB 
initiation and tumour progression

The fact that the CSCs and the normal SCs of their tissue of origin share many similarities has been 

exploited to identify CSC populations in different types of cancers (Dalerba et al., 2011; Merlos-Suarez 

et al., 2011; Pece et al., 2010; Spike et al., 2012). In the case of NB, a major handicap in performing 

a comparative transcriptomic analysis between NB tumours and their normal stem cell counterparts 

is the absence of the original tissue (the NCCs) at the moment of tumour diagnosis. The NCCs are a 

transient embryonic population that is specified very early during embryonic development. In the 

human embryo, the specification and the onset of migration of the NCCs occur as early as 2.5 to 4 

weeks of gestation. Migration, proliferation and differentiation of committed SA precursors occur con-

comitantly from the week 4 until around birth; although some immature neuroblasts remain inter-

mingled with the more differentiated sympathetic neurons/chromaffin cells during infancy (Bolande, 

1974; Turkel and Itabashi, 1974). Hence, at the moment of tumour diagnosis the equivalent healthy 

stem cell population does not exist anymore. Cultures of NCCs derived from in vitro differentiation of 

human embryonic stem cells (hESCs) and of primary human NCC purified from early abortions have 

Figure-34. NXPH1 is downregulated along tumour progression

(A) Violin plots showing NXPH1 expression levels in SEQC cohort subgroups showing or not NB pro-
gression (B-C) Kaplan-meier overall survival curves in the SEQC cohort subdivided according to the 
absence of disease progression (B) or effective progression (C), based on high (above the aver-
age) and low (below the average) NXPH1 expression. Statistical significance was assessed using 
Mann-Whitney test (A) or it was automatically assessed by R2-server using logrank test (B-C).  OS: 
Overall survival.
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been used as alternative sources (Bajpai et al., 2010; Thomas et al., 2008). This type of material has 

been used to unravel the epigenomic regulation of the NCC plasticity and migratory behaviour (Bajpai 

et al., 2010; Rada-Iglesias et al., 2012; Thomas et al., 2008). During the course of this doctoral thesis, 

these models were used for the prospective identification of NCC-like cellular states in primary and 

cell line-derived NBs by two independent groups (Boeva et al., 2017; van Groningen et al., 2017). 

However, the long term in vitro culture of primary human NCCs or hESCs-derived NCCs might not 

faithfully reflect the endogenous NCC population, especially with regards to their relation with their 

physiological microenvironment.

In our study, we used freshly sorted embryonic NCCs to identify a transcriptome shared with NB 

cells. In order to do so, we took advantage of the early chick embryo as a source of NCCs. The analogy 

of human and chick embryos during early development is widely accepted and is especially relevant 

for the study of NCC development (Le Douarin, 2004; Zheng et al., 2017). In a previous study fulfilled 

in our lab, LMO4 was retrieved from a meta-analysis comparing our NCC signature and a NB signature 

accessible through the Neuroblastoma Gene Server. This study further demonstrated that the func-

tional role of LMO4 during NCC delamination as well as in the migratory and invasive behavior of NB 

cells (Ferronha et al., 2013). To identify more specifically the genes that might be relevant for NB ma-

lignant progression, we took advantage of a pair-wise comparison between clinically and biologically 

relevant NB subgroups (Gomez et al., 2015). Our double screening strategy identified 6 genes that 

are enriched in the early NCC population and differentially expressed in the pair-wise NB comparison.

2.1. The process of malignant transformation is accompanied by a re-
activation of a NCC-like program

Despite the undeniable prognostic value of all the genes retrieved by our double screening, two 

major issues caught our attention. Firstly, the scarcity of the ‘signature’ retrieved by our screening and 

secondly, its unexpected correlation with a better patient outcome. The latter might be particularly 

counterintuitive; especially considering that we aimed to discover a CSC signature. Nevertheless, at 

least 2 distinct arguments might explain our findings.

The first possibility might be that we somehow recovered a ‘differentiation’ signature; a notion 

that would explain why all our candidates correlate with a better prognosis. Remarkably, 2 (NXPH1 

and PMP22) out of the 6 genes retrieved, are induced during neuronal differentiation and play roles in 

neural development and synapse formation (Apostolova et al., 2007; Petrenko et al., 1996). However, 

all the tumour biopsies included in the expression array were carefully examined by a pathologist 

and only those with less than 30% of healthy neighbouring tissue were included for further profiling. 

It raises the possibility though that the ‘differentiation’ signature could result from the presence of 
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maturing NB cells naturally present in these tumour samples. NB tumours from the good prognosis 

groups present a favourable histology characterized by the presence a low proportion of maturing 

malignant neuroblasts (less than 5% of the total cancer cells) (Shimada et al., 1999). We cannot dis-

card that a strong expression coming from these cells contaminated our signature. Yet, it is intriguing 

to note that the same ‘differentiation’ genes were also enriched in the early migratory and pre-mi-

gratory NCC signature, considering that these cells are still pluripotent and do not present any pro-

spective sign of lineage commitment at this early developmental stage (Baggiolini et al., 2015; Furlan 

et al., 2017; Soldatov et al., 2019; Thomas et al., 2008). Therefore, the recovery of a ‘differentiation’ 

signature appears unlikely and does probably not account for the complexity of our results.

The second possibility considers the nature of our double-screening and the dynamic of tumour 

growth and progression. We took for the double screening only those genes that were differentially 

expressed between clinically relevant NB subgroups. This implies that the genes were differentially 

expressed between the healthy tissue (for instance the adrenal gland or the sympathetic ganglia) and 

the tumour tissue (the NB) but that remained stable along tumour progression were initially discard-

ed. However, the putative contribution of the latter to the deregulation of the self-renewal potential 

of the non-cancer or cancer cells cannot be neglected. Therefore, our stringent pre-requisite might 

have introduced a bias in our screening towards those genes whose expression is modulated along 

with tumour progression. To infer the putative relevance of our candidate genes in early NB disease, 

I have compared the expression of our 6 candidate genes in the HSJD cohort with two samples of hu-

man foetal adrenal gland that were included in the same expression microarray but discarded from 

further used (Figure 35A-B). Consistent with a putative role in malignant transformation or the initial 

tumour expansion, the expression of our 6 candidates is increased in the NB samples compared to the 

foetal adrenal gland (Figure 35B). These data suggest that the process of malignant transformation 

in NB appears to be accompanied by a re-activation of certain NCC features (Figure 36, left panel). 

Figure-35. Double genetic screening genes are downregulated along tumour progression

(A) The relative expression of our candidate genes in the NB HSJD cohort was compared to their rel-
ative expression in human foetal adrenal gland. (B) Violin plot showing relative mRNA levels of each 
of our candidate genes in the HSJD cohort (purple) and in the human foetal adrenal gland (grey). 
AG: adrenal gland; DEGs: differentially expressed genes; FC: fold change; NB: Neuroblastoma.
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Nevertheless, it might be interesting to repeat the NB/NCC double screening using the broad tran-

scriptome of the HSJD cohort in order to faithfully retrieve the complete NCC-like fingerprint of NB 

tumours. 

2.2. The process of tumour progression is accompanied by a deacti-
vation of certain NCC features and the loss of the niche-dependency

The control that the environment exerts over the NB tumour cells has been revealed in preclinical 

models. NB cells from cell lines and primary samples are able to respond to the embryonic cues that 

drive normal NCC development. Upon transplantation into their physiological environment in the 

chick embryo, NB cells integrate into the stereotypic migratory pathways of the NCCs to reach their 

‘natural’ destination (Delloye-Bourgeois et al., 2017). Once arrived at the presumptive adrenal gland 

and depending on the initial cell input, NB cells are able to integrate into the normal tissue architec-

ture and even display morphological changes associated with an incipient differentiation (Carter et 

al., 2012). When transplanted in substantial numbers, NB cells formed tumour masses in the adre-

nal primordia (Delloye-Bourgeois et al., 2017). Interestingly, the embryonic environment, through 

SEMA3C/NRP/PLXNA4 signalling, ‘imposes’ a benign cohesive behaviour to the NB cells that in re-

sponse form compact and well-defined tumours. Conversely, inhibiting the activity of this pathway 

induces the dispersion of the cells from the primary tumour and their metastatic spreading to local 

and distant secondary organs (Delloye-Bourgeois et al., 2017). This elegant work highlights the plastic 

nature of the NB cells and the undeniable role of the tumour microenvironment in the regulation of 

NB malignancy. It also raised the question about whether the loss of the genes involved in the com-

munication between the tumour cells and their microenvironment might contribute to the metastatic 

dissemination and tumour progression in the patients. 

Figure-36. Working model of NB initiation and progression where the loss of NB/NCC signature might 
be required for disease progression

Timeline of neuroblastoma initiation and progression, showing the putative upregulation of the NB/
NCC signature during malignant transformation or early tumour growth and how these genes are 
downregulated along tumour progression. These seem to occur concomitantly with the acquisition 
of other malignant traits such as an increase in the cell-autonomous tumour propagating capacity, 
the shallowness of the underlying developmental hierarchy or the acquisition of metastatic capac-
ity. CSC: cancer stem cell; NCC: Neural crest cells; NB: Neuroblastoma.
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If the NB/NCC signature is truly associated with the CSC phenotype, we might have restricted the 

scope of our double screening to those genes plausibly involved in: 1) the maintenance of the hierar-

chical organization of the tumour, 2) the environmental control of the self-renewal potential, 3) the 

repression of the other malignant traits that are acquired by the self-replicative NBcsc along tumour 

growth such as the ‘metastatic’ phenotype. To be the case, the loss of these genes along tumour pro-

gression might: 1) expand the self-renewal capacity of the NB cells, increasing the number of NBcsc 

in the tumour, 2) render the NBcsc progressively independent of the environmental signals, 3) favour 

the acquisition of other malignant traits such as a ‘metastatic’ phenotype or drug tolerance by sub-

populations of NBcsc. Either of these circumstances will contribute to a more virulent behaviour and 

the progression of the disease. Interestingly, when we check the expression of our candidate genes in 

relation with NB progression, all of them show a similar profile to that of NXPH1 (Figure 34 and data 

not shown).

Collectively, our data together with the previous literature suggest that NB progression might be 

accompanied by a deactivation of certain NCC-related features such as the environmental control of 

the NBcsc phenotype/behaviour. If so, the downregulation of the expression of the NB/NCC candidate 

genes might ‘lock’ somehow the tumour cells in a cell-autonomous state with self-renewal potential 

and possibly metastatic/drug-tolerant properties at the expense of their capacity to respond to envi-

ronmental cues (Figure 36, right panel). How the expression of these genes is lost or reduced remains 

unknown although their epigenetic silencing by DNA methylation appear to beas a plausible possibil-

ity. Reinstating the environmental control over NB cells arises as a new and promising therapeutic 

approach to hamper tumour progression in high risk patients. Further research will be needed to 

validate this hypothesis. 

2.3. What is known about these other candidate genes in the context 
of NB and cancer

A systematic review of the previous literature confirmed the role of some of our candidate genes in 

cancer progression, supporting the relevance of our approach to uncover genes potentially implicat-

ed in NB malignancy. A brief description of these candidates (other than NXPH1) is included hereafter:

 ᴏ The gene PMP22 codes for the transmembrane protein Peripheral Myelin Protein 22, that is an 

important component of the myelin sheath. PMP22 is expressed by the Schwann cells in the pe-

ripheral nervous system (PNS), where it participates in PNS development. It might also contribute 

to the regulation of cell growth in other tissues (Baechner et al., 1995; Notterpek et al., 2001; 
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Snipes et al., 1992). A role for PMP22 in the proliferation and invasion of osteosarcoma and breast 

cancers has been described in preclinical models, but no clinical validation has been published to 

date (Tong et al., 2010; van Dartel and Hulsebos, 2004; Winslow et al., 2013).

 ᴏ The gene PIK3R1 codes for the Regulatory Subunit 1 of the Phosphoinositide-3-Kinase (also known 

as p85 or p85α). PI3KR1 is one of the main intracellular components of the PI3K/AKT/mTOR path-

way that controls cell polarity, growth, proliferation and survival in response to various extracel-

lular signals (Bilanges et al., 2019). Somatic mutations in PIK3R1 have so far been reported in 

endometrial and bladder cancers (Ross et al., 2013; Urick et al., 2011). Detection of PI3KR1 levels 

together with those of 5 other PI3K isoforms were proposed to be predictive of the disease stage 

in NB (Fransson et al., 2013).

 ᴏ The gene FYN codes for the proto-oncogene TKs FYN. FYN belongs to the Src family of non-recep-

tor TKs and acts downstream of several TK surface receptors and integrins commonly involved in 

cell growth, axon guidance and neurite extension, and T and B-cell signalling (Saito et al., 2010). In 

prostate and GB tumours, the overexpression of FYN is associated to cancer progression and me-

tastasis (Gururajan et al., 2015; Lu et al., 2009; Posadas et al., 2009). Conversely, its expression is 

reduced during NB progression and was proposed to be predictive of the long-term survival of NB 

patients independently of MYCN amplification (Berwanger et al., 2002). As it maybe anticipated 

from its role in normal neural development, a role of FYN of NB differentiation was also suggested 

in experimental models (Berwanger et al., 2002).

 ᴏ The gene AGPAT4 codes for the 1-Acylglycerol-3-Phosphate O-Acyltransferase 4, one of the key 

enzymes involved in lipid metabolism. AGPAT4 resides in the endoplasmic reticulum where it ca-

talyses the first steps of triacylglycerol synthesis, the conversion of glycerol-3-phosphate or acyl-

CoA to 1-acylglycerol-3-phosphate (Takeuchi and Reue, 2009). A putative role of AGPAT4 in cancer 

biology has not been reported to date.

 ᴏ The gene KCTD1 codes for the Potassium Channel Tetramerization Domain Containing 1 protein, a 

poorly characterized transcriptional repressor. The direct repression of of the activity of the fam-

ily of AP2 TFs by KCTD1 has been reported in experimental models, but whether it occurs physi-

ologically is unknown (Ding et al., 2009). Nevertheless, the AP2 TF family has an essential role in 

neural crest induction during early embryogenesis (de Croze et al., 2011). A FGFR2-KCTD1 fusion 

protein was recently described in a genomic analysis of biliary tract cancer patients (Nakamura et 

al., 2015). A putative role for KCTD1 in NB has not been reported to date.
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3. The road ahead: unravelling tumour heterogeneity in the 
single cell genomics era

Tumours are complex ecosystems composed of multiple malignant and non-malignant cell popula-

tions that cooperate and compete to foster tumour growth (Greaves, 2015; Suva and Tirosh, 2019). 

Tumour growth has to be addressed in the context of an evolutionary framework, where the intra-

tumour heterogeneity is the starting material for the evolution of the tumour. The ultimate goal of the 

dynamic of tumour growth will be thus to maximize the fitness of the tumour ecosystem (McGrana-

han and Swanton, 2017). The way towards new therapeutic approaches requires the integrative study 

of the different sources of intra-tumour heterogeneity and of the biological pathways that drive the 

different tumour growth dynamics (Hanahan and Weinberg, 2011; McGranahan and Swanton, 2017). 

A major criticism of the CSC model is that it over-simplifies a very complex genetic disease (Kreso, 

2012). So far, most studies described the presence of CSCs without any reference to their genetic sta-

tus, thus underestimating the intrinsic heterogeneity of these cells. The advent of single-cell genom-

ics enables for the first time the profiling of the genetic and transcriptomic diversity of a tumour at a 

cellular level. The main advantages of single-cell profiling are that: 1) it enables the unbiased profiling 

of the different cellular populations that comprise the tumour; 2) it does not require prior population/

cell type enrichment; 3) it requires a very low material input. Despite presenting several drawbacks 

such as its cost or the sub-optimal resolution of extremely rare cell populations and low expressed 

transcripts, the use of single-cell multi-OMICs should allow answering several complex questions in 

the coming years. Some relevant conundrums that might benefit from this approach could be:

 ᴏ To what extent does the cellular composition of a tumour correlate with the genetic alterations 

harboured by tumour cells?

 ᴏ What is the evolutionary relationship between the different genetic clonal populations and what 

is the relationship between the different cellular states?

 ᴏ How does the genetic and/or functional diversity of the tumour evolve throughout the progres-

sion of the disease? 

 ᴏ Are the therapy-driven changes observed in the tumour population dependent on genetic chang-

es or on the epigenetic reprograming of pre-existing clones?

Up to now, single-cell genomics have already enabled the identification of new biologically mean-

ingful markers of CSCs in GB and melanoma (Neftel et al., 2019; Rambow et al., 2018), the charac-

terization of the functional diversity of non-malignant cell populations of the tumour microenviron-

ment (Kumar et al., 2018), the identification of transient and rare cell states previously undetected 
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in melanoma (Rambow et al., 2018), to infer the putative cell of origin in H3K27M gliomas (Filbin et 

al., 2018), to provide a definitive stratification of tumour subtypes in medulloblastoma (Hovestadt et 

al., 2019) or to distinguish the contributions of the genetic and non-genetic mechanisms causing the 

intra-tumour heterogeneity in acute myeloid leukaemia, H3K27M-glioma, IDH-glioma and oligoden-

droglioma (Filbin et al., 2018; Tirosh et al., 2016; van Galen et al., 2019; Venteicher et al., 2017). 

Regarding NB, no one has so far reported the tumour diversity at the single-cell level. The cellular 

composition of NB tumours has been only inferred from the analysis of primary samples and cell lines 

by bulk RNA-seq and Chip-seq, hence the authors could not evaluate the genetic status of the cellular 

states identified (Boeva et al., 2017; van Groningen et al., 2017). Therefore, uncovering NB hetero-

geneity at the light of the new single-cell multi-omics tools should allow a more comprehensive and 

nuanced understanding of NB complexity along tumour progression and should pave the way for the 

development of new therapeutic approaches that will tackle this fatal disease. In the present work, 

employing such techniques should allow us to define the specificity of the transcriptomic profile and 

the genetic status of α-NRXN1+ cells, and might further help us determining whether α-NRXN1+ cells 

indeed correspond to the bona fide NBcsc or if they rather represent a subpopulation of NBcsc.
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The work realized during the course of this doctoral thesis led to the main following conclusions: 

1. We identified 6 genes (NXPH1, PMP22, FYN, AGPAT4, PIK3R1 and KCTD1) that are both differ-

entially expressed between clinically-relevant NB subgroups and enriched in early NCCs, and 

which might thus be relevant to NB tumour propagating potential and malignancy. 

2. The expression of our candidate gene NXPH1 and that of its receptors α-NRXN1/2 positively 

correlates with NB stemness in vitro. 

3. The expression of the NXPH1 receptor, α-NRXN1, identifies a subpopulation of NB cells that 

present stem cell-like properties in NB cell lines and PDXs. 

4. This subpopulation of α-NRXN1+ NB cells is required for NB growth in vivo.

5. The activity of NXPH1 and α-NRXN1 sustains NB growth in vivo. 

6. NXPH1 seems to promote NB growth by stimulating the activation or proliferation of NB cells 

with tumour propagating potential.
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