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ABSTRACT

Neuroblastoma (NBL) is the most common solid tumor in infants and accounts for 10% of all
pediatric cancer deaths. Several risk factors predict NBL outcome, such as age at time of
diagnosis, stage, chromosome alterations, and amplification of the oncogene MYCN, which
characterizes the subset of the most aggressive neuroblastomas with an overall survival below
30%. MYCN-amplified tumors develop resistance against all treatment modalities and show a
high metastatic capacity. These properties have been linked to alterations in the apoptotic
machinery, either by silencing components of the extrinsic apoptotic pathway (e.g. caspase-8)
or by overexpression of anti-apoptotic regulators (e.g. BCL-2, MCL-1 or c-FLIP). Very little is
known on the implication of death receptors and their antagonists in NBL. In this thesis, the
expression levels of several death receptor antagonists were analyzed in multiple human NBL
data sets. We report that Lifeguard (LFG/FAIM2/NMP35) is downregulated in the most
aggressive tumors and that low LFG levels correlate with poor patient survival. Intriguingly,
although LFG has been initially characterized as an anti-apoptotic protein, we have found a
new association with NBL differentiation. Moreover, LFG repression resulted in reduced cell
adhesion, increased sphere growth and enhanced migration, thus conferring a higher
metastatic capacity to NBL cells that was confirmed in vivo. Furthermore, LFG expression was
found to be directly repressed by MYCN at the transcriptional level. Our data, which support a
new functional role for a hitherto undiscovered MYCN target, provide a new link between

MYCN overexpression and increased NBL metastatic properties.
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RESUMEN

El neuroblastoma (NBL) es el tumor sélido mas comun en la infancia y representa un 10% de todas
las muertes pedidtricas por cancer. Existen varios factores de riesgo que predicen el alcance de
la enfermedad, tales como la edad en el momento del diagndstico, el estadio, alteraciones
cromosomicas y la amplificacién del oncogén MYCN, que caracteriza el grupo de NBLs mas
agresivos con una probabilidad de supervivencia inferior al 30%. En general, los tumores MYCN
amplificados desarrollan resistencia a todas las modalidades de tratamiento y muestran una
alta capacidad metastatica. Estas propiedades han sido atribuidas a alteraciones en la
magquinaria apoptdtica, ya sea por silenciamiento de componentes de la via extrinseca (como
caspasa-8) o por sobreexpresion de reguladores anti-apoptéticos (como BCL-2, MCL-1 o c-
FLIP). Hasta hoy se sabe muy poco de la implicacién de los receptores de muerte y sus
antagonistas en NBL. En esta tesis se analizaron los niveles de expresién de varios antagonistas
de receptores de muerte en multiples bases de datos de NBL humano. Nuestro trabajo
muestra que la expresion de Lifeguard (LFG/FAIM2/NMP35) se ve disminuida en los tumores
mas agresivos y que bajos niveles de LFG correlacionan con una peor supervivencia del
paciente. Curiosamente, aunque LFG fue inicialmente caracterizada como una proteina anti-
apoptética, nosotros describimos una nueva asociacidon de esta proteina con la diferenciacion
del NBL. Asimismo, la represidn de LFG resulté en una reduccidn de la adhesion celular, una
mayor habilidad de formar de esferas y un aumento en la capacidad de migracién de las
células, confiriéndoles una mayor capacidad metastdtica que pudo ser confirmada en
experimentos in vivo. Ademas, descubrimos que la expresién de LFG estaba directamente
reprimida por MYCN a nivel transcripcional. Por tanto, nuestros datos respaldan una nueva
funcién para una diana de MYCN antes desconocida y proporcionan una nueva conexién entre

la sobreexpresiéon de MYCN y la mayor capacidad metastatica del NBL.
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Medical terms

Anhidrosis
Ataxia
Contralateral

Ecchymosis

Hematogenous
Hepatomegaly
Ipsilateral
Locoregional
Miosis

MKC index

Proptosis

Ptosis

Medical terms

Absence of sweating.

Loss of coordination of voluntary muscular movements.

Located on or affecting the opposite side of the body.

A hemorrhagic spot in the skin or a mucous membrane caused by a
diffuse extravasation of blood.

Disseminated through the blood stream.

Enlargement of the liver.

Located on or affecting the same side of the body.

Limited to a localized area, as contrasted with systemic or metastatic.
Contraction of the pupil.

Mitosis-karyorrhexis index, which indicates the percentage of cells that
are undergoing division or apoptosis.

A bulging, protrusion or forward displacement of an organ, especially
an eyeball.

Abnormal lowering or drooping of the upper eyelid caused by muscle

weakness or paralysis.
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Introduction

1. Introduction

1.1. Neuroblastoma

Neuroblastoma (NBL) is the most common solid tumor of infancy. It is the most frequently
diagnosed neoplasm during early infancy, since a 90% of these tumors are diagnosed during
the first 5 years of life, with a median age at presentation of 18.8 months (Figure 1) (Owens
and Irwin 2012). NBL is by far the most prevalent cancer during the first year of life, with an
incidence rate almost double than leukemia, the next most prevalent malignancy (Fisher and
Tweddle 2012). In western countries, the annual incidence of NBL is 10.5 cases per million
children below 15 years of age, and it occurs in 1 of 7000 live births (Ora and Eggert 2011,
Park, Bagatell et al. 2013). NBL accounts for 8% of all childhood malignancies, while it causes
around 10% of pediatric cancer deaths (Johnsen, Kogner et al. 2009) (SEER Cancer Statistics;

http://seer.cancer.gov/).

800

Number of cases
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b(‘o ©

NN I A
2

AN RN R S S R

Age (months)

Figure 1. Age range for patients diagnosed with NBL. The age distribution is characterized by a peak
incidence in the first year of life, followed by a rapid decline in subsequent years. Adapted from

(Friedman and Castleberry 2007). Data from Children’s Oncology Group.

NBL is an extremely heterogeneous malignancy, with prognosis ranging from spontaneous
regression to fatal demise (Maris, Hogarty et al. 2007). Therefore, these tumors have
disoriented, fascinated and frustrated oncologists and laboratory investigators due to their
incredibly variable behavior. The following points will gradually explain the current
understanding about the biological features of NBLs that make them so heterogeneous and
that need to be clarified in order to correctly diagnose and assign the best therapeutic

approach for each patient.
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1.1.1. Neuroblastoma: cell of origin

In 1910, James Homer Wright pointed for the first time that NBL tumors were derived from
neural cells ((Wright 1910), reviewed in (Owens and Irwin 2012)). In particular, NBL arises from
cells derived from the neural crest during embryonic development. In fact, these tumors mimic
the behavior of cells of the sympathetic lineage in terms of growth, migration and

differentiation (Takahashi, Sipp et al. 2013).

Neural crest cells (NCCs) appear in the human embryo between the third and fifth week of
pregnancy inside the neural folds of the newly formed neural tube (Figure 2). During the fusion
of the neural folds, which ultimately yields a tube that will become the central nervous system,
NCCs detach and undergo an epithelial-to-mesenchymal transition (EMT). This EMT transition
provides cells with enhanced migratory abilities and decreased requirements for intercellular
contact, which allows the NCCs to leave the dorsal neural tube and migrate throughout the

body, integrating nearly every organ (Saint-Jeannet 2006).

The induction of NCCs is a complex process involving interactions between the neural plate,
the non-neuronal ectoderm and the underlying mesoderm (Figure 2A). These interactions are
thought to switch on the EMT program and induce cell detachment from the neural epithelium
in order to become pluripotent migratory mesenchymal cells in a process known as
delamination (Figure 2B). The EMT process includes a loss of apico-basal polarity, a
modification of cell-cell and cell-matrix properties, a local degradation of extracellular matrix
(ECM) or membrane receptors and acquisition of motility (Strobl-Mazzulla and Bronner 2012,
Theveneau and Mayor 2012). EMT is controlled by an array of transcription factors
downstream WNT and Bone Morphogenetic Protein (BMP) signaling. The main regulators of
NCC EMT include SNAI1/2 (Nieto, Sargent et al. 1994), FOXD3 (Dottori, Gross et al. 2001),
SOX9/10 (Cheung and Briscoe 2003), TWIST1 and ZEB1 (Cheung, Chaboissier et al. 2005, Sauka-
Spengler and Bronner-Fraser 2008). WNT pathway plays a role in inducing MYCN expression, a
proto-oncogene required for migration, differentiation and survival of the migrating cells
(Grimmer and Weiss 2006). Together, these factors control various aspects of EMT required for
delamination and in particular, they control changes in cell adhesion. Cells must switch to a
different repertoire of adhesion molecules, and thus, these transcription factors directly
repress the transcription of E-Cadherin, Cadherin6B and N-Cadherin, leading to loss of
adherent junctions and cell polarity (Kerosuo and Bronner-Fraser 2012, Gheldof and Berx
2013). In addition, they induce the expression of multiple type-ll cadherins, which mediate

weaker adhesion forces (Taneyhill, Coles et al. 2007, Wheelock, Shintani et al. 2008,
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Theveneau and Mayor 2012). This cadherin switch liberates NCCs and contributes to
migration, supported by ECM rearrangements and integrin activation. A similar EMT may also

play a role in NBL metastasis.
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Figure 2. Neural crest development. A, Dorsal view of a vertebrate embryo at early developmental
stages. B, Neural tube formation and neural crest delamination. C, Main NCCs migration routes through

the embryo. (Fort and Theveneau 2014).

Therefore, NCCs are a transient population of progenitor cells that have the ability to migrate
and give rise to a variety of differentiated cell types, including the entire peripheral nervous
system (sensory, autonomic and enteric ganglia), pigment cells, the adrenal medulla and cells
of the craniofacial skeleton (Figure 2C) (Nicole M. Le Douarin 1999, Saint-Jeannet 2006, Jiang,

Stanke et al. 2011, Takahashi, Sipp et al. 2013).

There is a fine balance between cell death, proliferation, cell renewal, migration and
differentiation that is crucial for neural development. However, genetic factors or exposure to
environmental cues sometimes result in inappropriate NCC differentiation, leading to
uncontrolled cell cycle and causing many pediatric pathologies, including NBL (Saint-Jeannet
2006). Several evidences set embryonic tumors apart from adult solid tumors. Since embryonic
tumors develop from progenitor cells that are already proliferating as a normal part of the
developmental process, these tumors show an extremely short latency period. Moreover,
childhood solid tumors develop with fewer genetic aberrations (activation of oncogenes or loss
of tumor suppressor genes) than adult cancers (Scotting, Walker et al. 2005). Instead, most

genes expressed in embryonic tumors are critical regulators of the normal neural crest
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development, such as MYCN in NBL (Grimmer and Weiss 2006). These defects in embryonic
genes controlling neural crest development are likely to cause unbalances during proliferation
and differentiation of neural precursors. But, are all NBLs derived from a common precursor?
Instead of having a common precursor, their clinical behavior may reflect different stages of
neuronal differentiation, where the most aggressive tumors probably originate from the less

differentiated progenitor cells.

1.1.2. Neuroblastoma Oncogenes

Certain genes have been strongly associated to NBL development. In the early 1980’s, the
amplification of the oncogene MYCN was identified in NBL tumors (Brodeur, Seeger et al.
1984) and it was associated to neoplasic transformation and high-risk NBL in subsequent
studies (Weiss, Aldape et al. 1997). A few years later, mutations of genes such as PHOX2B
(Mosse, Laudenslager et al. 2004) and ALK (Mosse, Laudenslager et al. 2008) were associated
to familial NBLs, which account for 1-2% of cases. These oncogenes and their implication in

NBL development are discussed below.
1.1.2.1. MYCN

Amplification of MYCN (v-Myc avian myelocytomatosis viral oncogene neuroblastoma derived
homolog), mapping to 2p24.1, is present in 20% of NBL cases and remains one of the most
important genetic abnormalities associated with malignant progression of the disease

(Domingo-Fernandez, Watters et al. 2013).

MYCN is a transcription factor that belongs to the MYC proto-oncogene family, together with
¢c-MYC and MYCL. MYCN controls the expression of many target genes that are involved in a
myriad of fundamental cellular processes related with proliferation, cell growth, protein

synthesis, metabolism, apoptosis and differentiation (Eilers and Eisenman 2008) (Figure 3).

MYCN protein consists of an N-terminal transcription activator domain and a C-terminal DNA
binding and protein interaction domain. MYCN recognizes and binds E-Box sequences
(CACGTG) in a heterodimeric complex with its partner MAX and this complex recruits
transcription co-factors and histone acetyl transferases (HATs) to induce transcription.
Likewise, MYCN can also repress the expression of genes involved in adhesion and
differentiation by binding to other transcription factors such as MIZ1 and SP1 (Gartel and
Shchors 2003, Eilers and Eisenman 2008) (Figure 3).
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Figure 3. Cellular processes influenced by MYCN regulation of transcription. Left panel depicts
transcription activation by MYCN/MAX dimer after binding to an E-Box sequence. They recruit HATSs,
leading to an open chromatin state and phosphorylate RNA polymerase I, resulting in stimulated
transcriptional elongation. Right panel represents MYCN mediated repression of transcription.
MYCN/MAX dimer recruits histone deacetylases (HDACs) and DNA methylase 3a (Dnmt3a) that mediate

a repressed chromatin state. Adapted from (Westermark, Wilhelm et al. 2011).

In mice and human tissues, MYCN expression is restricted to certain tissues of the developing
embryo, while its expression is very low or absent in adult tissues (Zimmerman, Yancopoulos
et al. 1986, Grady, Schwab et al. 1987, Mugrauer, Alt et al. 1988). A number of in vitro and in
vivo evidences demonstrate the profound role of MYCN in embryonic development. On the
one hand, mutations of the MYCN gene cause birth defects. Mice knockout for MYCN die at
embryonic day 11.5 and show hypoplasia in several organs and tissues, including central and
peripheral nervous system (Charron, Malynn et al. 1992, Stanton, Perkins et al. 1992, Sawai,
Shimono et al. 1993). On the other hand, Cotterman and colleagues demonstrated that MYCN
induces the expression of pluripotency markers in NBL and neural cells (Cotterman and
Knoepfler 2009). Moreover, exogenous MYCN expression, as well as c-MYC, promotes
reprogramming of somatic cells to induced pluripotent stem cells (Nakagawa, Koyanagi et al.
2008). MYCN has an essential role in the expansion of neural progenitor cells, maintaining
embryonic stem cell pluripotency, and controls early differentiation steps in the nervous

system (Grady, Schwab et al. 1987, Hirning, Schmid et al. 1991, Knoepfler, Cheng et al. 2002,
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Alam, Cui et al. 2009, Varlakhanova, Cotterman et al. 2010). Other studies show that the
expression of MYCN needs to be downregulated to achieve terminal neuronal differentiation

(Wakamatsu, Watanabe et al. 1997, Alam, Cui et al. 2009, Smith, Singh et al. 2010).

In 1997, Weiss and collaborators demonstrated that targeted overexpression of MYCN in
neuroectodermal cells caused NBL in transgenic mice and that tumor formation was dosage-
dependent (Weiss, Aldape et al. 1997). The obtained tumors mimicked histological
characteristics of human NBLs, expressed human NBL markers such as synaptophysin and
neuron-specific enolase and developed chromosome gains and losses in regions syntenic with

those observed in human NBL.

1.1.2.2. PHOX2B

PHOX2B (paired-like homeobox 2B) is a homeodomain-containing transcription factor that
plays an essential role during the development of the autonomic nervous system. PHOX2B
binds to the promoter of noradrenergic marker genes such as tyrosine hydroxylase and
dopamine-B-hydroxylase and activates their transcription (Lo, Morin et al. 1999). PHOX2B
induces the differentiation of NCCs to noradrenergic neurons (Stanke, Stubbusch et al. 2004)
and is an essential determinant of the noradrenergic phenotype, since homozygous PHOX2B-
deficient mice die during gestation and the cause of death is the complete absence of

noradrenergic neurons (Pattyn, Morin et al. 1999).

PHOX2B was the first identified gene predisposing to neuroblastic tumors (Bourdeaut, Trochet
et al. 2005). Inherited frame-shift and missense mutations that result in a truncated protein
have been reported in familial NBL. These mutations are often associated to other disorders
derived from NCCs, such as Hirschprung’s disease (a congenital cause of constipation) or
congenital central hypoventilation syndrome (CCHS), characterized by an impaired
autonomous breathing. Mutations in PHOX2B gene are only found in a 2-6% of familial cases
and are rarely detected in sporadic NBLs (van Limpt, Schramm et al. 2004, Raabe, Laudenslager
et al. 2008), indicating that it is not a major tumor-initiating event. Moreover, the mechanism
by which these mutations exert their effect is still not clear (van Limpt, Chan et al. 2005, Fisher

and Tweddle 2012).

1.1.2.3. ALK

Anaplastic lymphoma receptor Tyrosine kinase (ALK) gene maps to 2p and plays a role in
normal development of the nervous system. Two heparin-binding growth factors (pleiotrophin

and midkine) have been identified as candidate ALK ligands (Stoica, Kuo et al. 2001, Stoica, Kuo
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et al. 2002). After the stimulation by its ligand, ALK receptor mediates its signaling through
several pathways, including JAK/STAT (Janus kinase/signal transducer and activator of
transcription), RAS/MAPK (rat sarcoma/mitogen-activated protein  kinase), PI3K
(phosphatidylinositol 3-kinase) and PLCy (phospholipase C gamma), leading to proliferation

and differentiation and impairing apoptosis (Sridhar, Al-Moallem et al. 2013).

Several chromosomal rearrangements and mutations that over-activate ALK have been
reported in human cancers since it was described for the first time in anaplastic large cell
lymphomas in 1994 (Murga-Zamalloa and Lim 2014). Recently, somatic and hereditary
mutations and amplifications in the ALK gene have been identified as drivers of NBL
progression (Figure 4) (De Brouwer, De Preter et al. 2010). These mutations often lead to
constitutive phosphorylation of ALK or higher ALK activity, thus promoting downstream
signaling events involved in proliferation and survival, conferring cells an increased oncogenic
potential. In fact, newly published reports demonstrate that ALK is a transcriptional target of
MYCN and that it mediates MYCN effects on proliferation, migration and invasion (Hasan,

Nafady et al. 2013).

i. il Transmembrane
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Figure 4. ALK protein structure and mutations found in NBL. The most frequent mutations in NBL are
F1174, F1245 and R1275; the frequency of these mutations is provided in brackets. Other low frequency
mutations are indicated with an asterisk. Some ALK inhibitors against its kinase domain such as crizotinib
are undergoing clinical trials. Antibodies against the extracellular domains are also under development.

Adapted from (Carpenter and Mosse 2012).
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Although ALK mutations do not correlate with NBL stage, they occur in approximately 50% of
familial NBL cases (Azarova, Gautam et al. 2011). Knockdown of mutant ALK in NBL cell lines
significantly reduced cell proliferation and led to apoptosis, highlighting its oncogenic effect
(George, Sanda et al. 2008). Recently, two mouse models for ALK-driven NBL have been

F1174L
mutant, capable

established and both works demonstrate that the overexpression of ALK
of autophosphorylation, causes in vivo NBL (Berry, Luther et al. 2012, Heukamp, Thor et al.

2012).

1.1.3. Clinical presentation of neuroblastomas

Clinical presentation of NBL is dependent upon site of tumor origin, disease extent and the
presence of paraneoplastic syndromes. Thus, clinical presentations range from tumors that

undergo spontaneous regression to metastatic disease resistant to all treatments.

NBL tumors arise along the developing sympathetic chain, but the majority of cases arise in the
abdomen (65%), frequently in the adrenal medulla, where the sympathoadrenal lineage is
specified. Other cases are found in the paraspinal sympathetic ganglia in places such as the
neck (5%), chest (20%), and pelvis (5%) (Figure 5). A small percentage of patients have no

detectable primary tumor (Maris, Hogarty et al. 2007, Park, Eggert et al. 2008).

Figure 5. Localization of NBL tumors. A, NBL primary tumours arise in the sympathetic nervous system,
including the adrenal medulla, sympathetic ganglia and paraganglia. Adapted from (Johnsen, Kogner et
al. 2009). B, Primary NBL mass in the left abdomen with metastatic disease in the skeleton (red arrows)

123

detected by bone scan and “I-MIBG. Adapted from (Howman-Giles, Shaw et al. 2007).
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Symptoms are extremely variable depending on the localization of the primary tumor and the
presence or absence of metastasis. Generally, locoregional tumors show biologically favorable
characteristics and most of them are successfully treated with surgery alone. In fact, patients
with localized tumors often lack symptomatology and some of them are detected by chance

during routine analyses.

Nevertheless, around 50% of patients present widely metastatic tumors at the moment of
diagnosis. The most common metastatic sites are bone, bone marrow, liver, lymph nodes and
skin. Less frequent metastatic sites are lungs and central nervous system. In this case, patients
present multiple systemic symptoms derived from NBL (Owens and Irwin 2012). Anemia often
appears as a result of the infiltration of the bone marrow, while pain is caused by bone
metastases (Berthold 2005). NBL has also propensity to metastasize to the eye orbits, causing
ecchymosis and proptosis. These are the so called “racoon eyes”, which are sometimes
accompanied by visual loss or even blindness (Lau, Trobe et al. 2004). Infiltration of the liver
can cause hepatomegaly, which was already described by Pepper in 1901 (Pepper 1901).
Cervical or upper thoracic tumors that compress the sympathetic chain result in Horner’s
syndrome, characterized by ptosis, miosis and anhydrosis (Mahoney, Liu et al. 2006).
Paraspinal tumors may present with acute spinal cord compression, causing weakness and
decreased lower limb movements, requiring immediate chemo or radiotherapy (Katzenstein,
Kent et al. 2001). Finally, a small percentage of NBLs are presented as a paraneoplasic
syndrome known as Opsoclonus-Myoclonus Ataxia (OMA) that combines rapid eye
movements, jerking limb movements and ataxia. It is hypothesized that OMA results from
cross-reaction of antibodies raised against the tumor mass by the immune system that
recognize host neural cells, particularly in the cerebellum. These children often survive with

long-term motor and cognitive impairments (Hayward, Jeremy et al. 2001).

Diagnosis of NBL is based on an increase in catecholamines and catecholamine metabolites in
the urine and/or serum of the patient and in histological diagnosis of a tumor specimen and/or
a bone marrow aspirate (Brodeur, Pritchard et al. 1993). A small percentage of tumors do not
produce catecholamines. In these cases, other markers such as neuron specific enolase are
used. Moreover, imaging technologies allow clinicians to detect potential metastases (Figure 5)

(Ora and Eggert 2011).

23



Introduction

1.1.4. Biological behavior of neuroblastomas

Besides the clinical heterogeneity of NBLs, they have also a wide range of biological behaviors.
Instead of following a common pattern of disease progression, NBLs have the unique

characteristic of displaying extremely different, or even opposite behaviors.

NBL tumors, even with metastatic disease, can often undergo spontaneous regression, which is
especially common for stage 4S tumors. It is characterized by a massive death of immature
neuroblasts. First studies documenting spontaneous regression of NBLs were already
published during the 1940’s-1960’s (Genest, Lapointe et al. 1964, Di Cagno and Ravetto 1967,
Bill 1968, Carlsen 1990). There are several hypotheses that explain this phenomenon, based on
mechanisms involving the immunologic system (Redlinger, Mailliard et al. 2004), the lack of
neurotrophic factors in the tumor environment (Nakagawara 1998), and alterations of
differentiation mechanisms (Bolande 1985,) or programmed cell death (Li and Nakagawara
2013). A murine model of liver metastasis showed the involvement of the immune system in
tumor regression, since IL-2 infusion induced liver infiltration with natural killer cells,
prompted tumor regression and cured animals. Histological analysis of livers dissected from
those animals showed the same regression as seen in stage 4S human tumors (Ishizu, Bove et
al. 1994). The involvement of neurotrophin receptors has been widely described in the normal
development of the nervous system. Absent expression or abnormal function of these
receptors or their ligands may render cells unable to undergo differentiation, so they would
continue growing when they should differentiate, and surviving when they should die. The
delayed activation of these normal developmental pathways could explain the spontaneous
regression of the tumor (Brodeur, Minturn et al. 2009). Finally, many studies report that
programmed cell death occurs in the spontaneous regression of NBLs, involving the activation
of caspases and classical morphological markers of apoptosis such as DNA fragmentation.
Nevertheless, other processes have been involved in this regression, such as autophagy or
lysosomal-mediated cell death (Oue, Fukuzawa et al. 1996, Kitanaka, Kato et al. 2002, Inoue,
Misawa et al. 2009). This suggests that NBL regression is a complex process that involves many

cellular mechanisms.

In some cases, NBLs undergo maturation and spontaneously differentiate towards a benign
neuroma or maturing NBL. Neuroblastic tumors mainly consist of two cellular populations:
neuroblastic cells and Schwann cells (Ciccarone, Spengler et al. 1989, Walton, Kattan et al.
2004, Ross and Spengler 2007). In normal tissues, there is an interaction between normal

neuroblasts and Schwann cells (Reynolds and Woolf 1993) and the same situation could
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happen within the tumor. Some authors suggest that neoplasic neuroblasts produce mitogen
agents and chemotactic factors that recruit Schwann cells. These cells, once in the transformed
tissue, produce and release factors that inhibit proliferation and induce neuroblasts
differentiation (Ambros, Zellner et al. 1996). Maturation ability is frequently related to

neurotrophins and neurotrophin receptors (Park, Eggert et al. 2008).

Around 50% of NBLs, instead of having favorable biological behavior, present aggressive
patterns. These tumors have the ability to metastasize and become refractory to all

therapeutic strategies (Maris, Hogarty et al. 2007).

1.1.5. Neuroblastoma stratification and staging

Given the wide spectrum of clinical presentations and natural behaviors of NBLs, translational
research has focused on defining and refining risk groups for these tumors. Over the last
decades, these changing risk groups have been a guide to minimize or eliminate therapy for
patients with lower risk tumors, to improve therapy for intermediate-risk tumors, and to

identify new therapeutic strategies for high-risk disease.

Several classification attempts have been made since Dr. Audrey Evans developed the first NBL
staging system (Evans, D'Angio et al. 1971), some of them detailed below. However, it is crucial
to go further and unravel new factors implicated in the biology of NBL that will improve the

management of patients and treatment effectiveness.
1.1.5.1. Histological classification

In 1984, Shimada and collaborators established a classification scheme that relates the
histopathological features of the tumor to its clinical behavior. This way, tumors are classified
as favorable or unfavorable depending on the degree of neuroblast differentiation, the content
of Schwannian stroma, the mitosis-karyorrhexis index (MKC, which indicates the percentage of
cells that are undergoing division or apoptosis) and age at diagnosis (Shimada, Chatten et al.
1984). Subsequent studies drove to a modification of the Shimada system. Thus, since 1999,
tumors were classified using the International Neuroblastoma Pathology Classification System
(INPC) (Shimada, Umehara et al. 2001). According to the INPC, tumors are assigned to one of
four morphologic categories: neuroblastoma, ganglioneuroblastoma intermixed,
ganglioneuroblastoma nodular and ganglioneuroma, as specified in the following scheme

(Figure 6).
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Figure 6. International Neuroblastoma Pathology Classification. Neuroblastoma tumors (Schwannian
stroma-poor) consist of small, round cells called neuroblasts, which often do not show evidence of
neural differentiation. This category comprises three subtypes: undifferentiated, poorly differentiated
and differentiating. Other tumors show partial histological differentiation and are called
ganglioneuroblastoma intermixed (Schwannian stroma-rich) and ganglioneuroblastoma nodular
(composite, Schwannian stroma-rich, stroma-dominant and stroma-poor). The most differentiated
tumors are ganglioneuromas (Schwannian stroma-dominant), consisting of clusters of mature neurons

surrounded by a dense stroma of Schwann cells (Brodeur 2003, Park, Eggert et al. 2008).
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1.1.5.2. INSS Classificatiton

The International Neuroblastoma Staging System (INSS) criteria were initially formulated in
1988 (Brodeur, Seeger et al. 1988), and revised in 1993 (Brodeur, Pritchard et al. 1993). The
aim of this classification was to embody and standardize the most important elements of the
already existing classification criteria. The proposed staging system was based on clinical,
radiographic and surgical evaluation of children, as an approach to facilitate comparisons

between different institutions.

The INSS definitions for NBL stages are listed in Table 1 and illustrated in Figure 7. Basically,
completely resected tumors are classified as stage 1, while partially resected regional tumors
with or without regional nodal involvement are classified as stages 2 and 3, dependent upon
the amount of tumor resection, local invasion and regional lymph node involvement. Stage 4 is
defined by the presence of distant nodal or hematogenous spread of the disease. There is a
special case, stage 4S, with a unique pattern of dissemination limited to liver, skin and minimal
bone marrow involvement. Stage 4S tumors have a high potential for spontaneous regression,

in contrast to the disseminated aggressive disease seen in stage 4 tumors.

Table 1. International Neuroblastoma Staging System. (Adapted from (Maris, Hogarty et al. 2007))

Stage 1 Localized tumor with complete gross excision, with or without microscopic residual disease;
representative ipsilateral lymph nodes negative for tumor microscopically (nodes attached and
removed with the primary tumor may be positive).

Stage 2A Localized tumor with incomplete gross excision; representative ipsilateral nonadherent lymph
nodes negative for tumor microscopically.

Stage 2B Localized tumor with or without complete gross excision, with ipsilateral nonadherent lymph nodes
positive for tumor. Enlarged contralateral lymph nodes must be negative microscopically.

Stage 3 Unresectable unilateral tumor infiltrating across the midline®, with or without regional lymph node
involvement; or localized unilateral tumor with contralateral regional lymph node involvement; or
midline tumor with bilateral extension by infiltration (unresectable) or by lymph node involvement.

Stage 4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver, skin
and/or other organs (except as defined for stage 4S).
Stage 4S Localized primary tumor (as defined for stage 1, 2A or 2B), with dissemination limited to skin, liver

and/or bone marrow® (in infants <1 year of age).

® The midline is defined as the vertebral column. Tumors originating on one side that “cross the midline”
must infiltrate to the opposite side of the vertebral column.

®In stage 4S, marrow involvement should be minimal. If >10% of total nucleated cells are identified as
malignant, it will be considered as stage 4.
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Figure 7. International Neuroblastoma Staging System
1.1.5.3. INRG Classification

Since INSS classification included surgical criteria, and surgical approaches differ from one
institution to another, INSS stage for patients with locoregional disease can vary substantially.
So many efforts were made to develop a consensus approach to permit the comparison of
outcomes for patients with NBL around the world. In 2005, representatives from pediatric
cooperative NBL groups worldwide met to devise a new International Neuroblastoma Risk
Group (INRG) stratification. They reviewed data obtained from patients around the world
between 1990 and 2002 to define a pre-surgical staging system that allows defining extent of
disease at diagnosis in a uniform manner (Cohn, Pearson et al. 2009, Monclair, Brodeur et al.

2009).

The prognosis significance of 13 factors was tested in order to find the best ones to define
homogeneous patient cohorts. Stage, age, histologic category, grade of tumor differentiation,
amplification status of the MYCN oncogene, presence/absence of chromosome 11q
aberrations and DNA ploidy were found to be the most relevant markers for patient

stratification.

Stage

The International Neuroblastoma Risk Group designed a new clinical staging system (INRGSS)
with the premise that a staging system based on preoperative diagnostic image will be more
robust and reproducible that one based on operative approaches. So this system is based on

clinical criteria and the so called image-defined risk factors (IDRFs). IDRFs consist of features
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detected by imaging technologies that will make impracticable a safe tumor excision, such as

compression or invasion of other tissues and organs (Monclair, Brodeur et al. 2009).

Patients are subdivided in stages as indicated in Table 2.

Table 2. International Neuroblastoma Risk Group staging. Adapted from (Monclair, Brodeur et al. 2009)

Stage Description

L1 Localized tumor confined to one body compartment and not involving vital structures

L2 Locoregional tumor with presence of one or more image-defined risk factors

M Distant metastatic disease, except those included in stage MS

MS Metastatic disease in children younger than 18 months. Metastases confined to skin, liver and/or
bone marrow

Age at diagnosis

Age is an important clinical prognostic factor. The predictive ability of age has shown to be
continuous, because outcome gradually worsens with increasing age (Figure 8A). However,
using two age groups was considered more feasible for patient classification and the optimal
“cutoff” was set at 18 months (Figure 8B) (London, Castleberry et al. 2005, Cohn, Pearson et al.
2009). In fact, other authors also report that younger children mainly show localized tumors

while metastases are more frequent in older children (Sano, Bonadio et al. 2006).
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Figure 8. Overall survival curves correlating age at diagnosis with patient survival. A, Overall survival
decreases dramatically with the increase of age. B, Patients can be divided in two age groups (<18 or
>18 months), maintaining the prognostic precision. Data obtained from GSE16476.

Histology and grade of differentiation

NBLs are also known as “small blue round cell tumors”, since the typical NBL is composed of
small, uniformly sized cells containing dense hyperchromatic nuclei and scant cytoplasm. The

differentiation state of the tumor, as explained before, has prognostic significance by itself and
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has been previously used for patient stratification (Shimada, Chatten et al. 1984, Shimada,

Umehara et al. 2001).
MYCN amplification

Amplification of the MYCN oncogene at 2p24 was first described by Schwab and collaborators
in 1983 (Schwab, Alitalo et al. 1983) and is one of the few prediction markers for poor
outcome (Westermark, Wilhelm et al. 2011). It occurs in about 20% of all NBLs, mainly
associated to the most aggressive tumors, advanced stages and poor prognosis (Figure 9)
(Reviewed in (Fisher and Tweddle 2012)). MYCN amplification status is routinely used in clinical

practice to assign therapeutic intensity and predict prognosis.
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Figure 9. MYCN amplification in high-risk NBL. A, MYCN amplification (green) demonstrated by
fluorescence in situ hybridisation (FISH). CEP2 probes (red) hybridize with centromeric regions. Left
image shows non-altered cells, while right image displays MYCN-amplified NBL cells. Image adapted
from (Wang, Zhou et al. 2013). B, Kaplan-Meier curve based on MYCN amplification. Data obtained from
GSE16476.

Chromosome 11q

Allelic loss or imbalance of chromosome 11q occurs in 35-40% of NBLs. Although loss of 11q is
associated with unfavorable NBL, it inversely correlates with MYCN amplification. Thus, 11q
deletions and MYCN amplification appear to represent two distinct subgroups of aggressive

NBLs at the molecular level (Ora and Eggert 2011).

In a study of 1000 patients performed by the Children’s Oncology Group, unbalanced deletion
of 11g showed to be an independent prognostic factor for outcome in a multivariate analysis

(Attiyeh, London et al. 2005).
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DNA ploidy

DNA index is also a prognostic marker, especially for patients younger than 2 years who have
disseminated disease. NBLs can be divided into those with a near-diploid nuclear DNA content
and those near-triploid tumors. Near-triploid tumors are characterized by whole chromosome
gains and losses, importantly without structural genetic aberrations. For this reason, near-
triploid tumors are more often localized and show a favorable outcome. Near-diploid NBLs are
characterized by the presence of genetic aberrations and chromosomal reorganizations that
often enhance tumor aggressiveness. It seems that less aggressive tumors have a defect in
mitosis, associated with whole chromosome gains and losses, while malignant NBLs show
genomic instability, resulting in chromosomal rearrangements and unbalanced translocations

(Brodeur 2003) (Maris, Hogarty et al. 2007).

Taking into account these criteria, an INRG classification system was developed. Patients were
divided into 16 pre-treatment groups (Table 3). However, based on 5-year event-free survival,
these 16 groups could be arranged into four risk categories: very low risk (EFS more than 85%),
low risk (EFS between 75% and 85%), intermediate risk (EFS between 50% and 75%) or high
risk (EFS less than 50%).

Table 3. International Neuroblastoma Risk Group Consensus Pre-treatment Classification Schema.
Adapted from (Cohn, Pearson et al. 2009).

INRG Age Histologic Grade of MYCN 11q Ploidy Pretreatment
stage (months) category differentiation Aberration risk group
L1/L2 GN  maturing; Very low
GNB intermixed
L1 Any, except GN NA Very low
maturing or Amp High
GNB intermixed
L2 <18 Any, except GN NA No Low
maturing or Yes Intermediate
GNB intermixed
NA No Low
Differentiating
_ GNB nodular; Yes Intermediate
- neuroblastoma  Poorly diff or NA Intermediate
undifferentiated
Amp High
M <18 NA Hyperdiploid Low
<12 NA Diploid Intermediate
12 to NA Diploid Intermediate
<18
<18 Amp High
>18 High
MS NA No erry low
<18 Yes High
Amp High

GN, ganglioneuroma; GNB, ganglioneuroblastoma; Amp, amplified; NA, non-amplified; Diff,

differentiated.
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1.2. Therapy

1.2.1. Treatment overview

The therapeutic approach used to treat NBL is based upon a patient’s risk stratification. After
assigning a patient to a risk group, clinicians assess the requirement for surgical resection,

chemotherapy or radiotherapy, following the general principles that are outlined here:

Low-risk tumors show excellent survival rates with surgical resection as the unique treatment.
This therapy is chosen for localized and resectable tumors, including those of stage 1, 2A, 2B
(L1) and stage 4S MYCN non-amplified with favorable characteristics. In some cases of
recurrence, progressive disease, or organ dysfunction due to the tumor mass, chemotherapy is

used as a complementary treatment (Maris, Hogarty et al. 2007).

Intermediate-risk group includes a wide spectrum of the disease that generally is treated with
surgical resection and moderate-dose multi-agent chemotherapy. With this strategy, survival
rates for tumors of stage 3 and 4 with favorable behavior are higher than 95% (Maris, Hogarty
et al. 2007). In fact, international groups have successfully reduced chemotherapy doses to
minimize acute and long-term toxicity of the treatment, maintaining excellent survival rates

(Baker 2007).

High-risk tumors, which account for 50% of NBL cases, remain the main challenge for pediatric
oncologists. This group consists of MYCN-amplified tumors of all stages and metastatic stage 4
over the age of 18 months (INRG group M). Standard therapy for high-risk tumors includes at
least 4 phases: induction therapy, local control, consolidation therapy, and biological agents to
treat minimal residual disease (Owens and Irwin 2012). This protocol has evolved during the

last 20 years, based on international cooperative groups, and is detailed here:

Induction therapy

The main goal of induction therapy is to reduce the entire tumor burden — both at the primary
site and metastases — in order to ease the later surgical resection. Induction therapy consists of
a combination of chemotherapeutic agents including anthracyclines, alkylators, platinum
compounds and topoisomerase Il inhibitors. This combination is known as COJEC: cisplatin,
vincristine, carboplatin, etoposide, and cyclophosphamide (Owens and Irwin 2012). At Vall

d’Hebron Hospital, COJEC is administered during three months at 10-day intervals (Figure 10).
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Local control

An efficient surgical resection of the primary tumor, combined with radiotherapy at the
primary site, strongly associates with complete remission of the tumor (Modak and Cheung

2010).

Consolidation therapy

The role of consolidation therapy is to remove any residual tumor cells after surgery. This
phase has been one of the most recent improvements in overall survival (Adkins, Sawin et al.
2004). It is based on myeloablative chemotherapy cycles followed by autologous stem cell
transplantation to re-populate the bone marrow. There are ongoing clinical trials to determine
the best myeloablative chemotherapeutic approach: most current protocols use either
carboplatinum/etoposide/melphalan or busulfan/melphalan (BuMel) as conditioning for
autologous stem cell transplantation, often as randomized strategies (Owens and Irwin 2012).

Patients at Vall d’"Hebron Hospital are nowadays treated with the BuMel approach (Figure 10).

Biological therapy

Since relapse occurs frequently after autologous bone marrow transplantation, biological
therapy has been included to eliminate persistent minimal residual disease. Differentiation is
thought to play a major role in the spontaneous regression and/or maturation sometimes
observed in these tumors, hence differentiating agents have been added to the therapeutic
approach. The use of retinoids is widely extended, since they have shown to induce terminal
differentiation and reduce proliferation of NBL cell lines (Encinas, Iglesias et al. 2000). Some
reports show the benefits of the addition of immunotherapy to retinoids, which improves
event-free survival. This has been achieved by the use of the anti-GD2 antibody ch14.18,
interleukin 2 and GM-CSF (Yu, Gilman et al. 2010). The standard non-cytotoxic therapy consists
of immunotherapy with monoclonal antibodies against GD2 and the differentiating agent 13-

cis-retinoic acid, plus or minus IL-2.
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Figure 10. Treatment sequence for high-risk NBL at Vall d’Hebron Hospital. Induction therapy is
accompanied by the growth factor G-CSF that stimulates the bone marrow to produce stem cells,
granulocytes and neutrophils. When no response to COJEC is achieved, two doses of TVD are
administered at the end of this phase. Induction is followed by a BuMel myeloablative therapy (MAT)
and autotransplantation of peripheral blood stem cells (PBSC). After radiation, patients are randomized
into two biological therapy strategies, including retinoids, the anti-GD2 antibody Ch14.18 and IL-2
(Aldesleukin).

Despite these improvements in NBL treatment, the prognosis for patients assigned to the high-
risk group remains very poor: only 50% of patients with newly diagnosed aggressive tumors

and less than 10% of patients with recurrent disease will survive (Park, Bagatell et al. 2013).

Many patients experience tumor recurrence soon after the treatment, especially those with
MYCN amplification, and more than half of the long term survivors suffer from late sequelae,
like high frequency hearing loss and endocrine defects (Hobbie, Moshang et al. 2008). For this
reason, more effective therapies with less long-term sequelae are urgently needed, opening

the door to novel targeted therapies.

1.2.2. Targeted therapies

In order to improve high-risk NBL outcome, there is extensive laboratory research and some
early clinical trials investigating antibodies and small molecule inhibitors directly targeting
relevant pathways implicated in NBL proliferation or antigens frequently expressed in NBL

tumors. Below are summarized some of these approaches.
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1.2.2.1. Targeting the human norepinephrine transporter with MIBG

B!_metaiodobenzylguanidine (MIBG) is an aralkylguanidine norepinephrine analogue originally

developed to visualize tissue of sympathetic neural origin (Matthay, Shulkin et al. 2010). It has
recently been introduced for targeted radiopharmaceutical treatment for high-risk tumors.
This molecule targets the norepinephrine transporter, which is present in 90% of NBLs, for cell

specific uptake. Then, it destroys cells by directed radiation (Carlin, Mairs et al. 2003).

Early clinical trials in relapsed NBLs showed that this molecule produced significant response
rates and that the principal acute toxicity was myelosuppression, which could be abrogated by
hematopoietic stem cell transplant (Hutchinson, Sisson et al. 1992, Matthay, DeSantes et al.
1998). It has also been tested in combination with chemotherapy or other radiosensitizers

(DuBois and Matthay 2008, DuBois, Chesler et al. 2012).

B1_MIBG is a promising strategy and its practicability is rapidly increasing, with several

pediatric centers in North America and in Europe that regularly administer this therapy

(Matthay, George et al. 2012).

1.2.2.2. Anti-GD2 Immunotherapy

The surface glycolipid disialoganglioside (GD2) is expressed on more than 98% of NBLs, and
other tumors as melanoma, glioma and sarcomas. In normal tissues, GD2 expression is weak
and exclusively restricted to neurons, melanocytes and peripheral pain fibers (Hara 2012).

Thus, GD2 becomes a great antigen for immunotherapy of these tumors.

Many monoclonal GD2-directed antibodies — murine, chimeric and humanized — have been
developed and investigated in phase | and Il studies. They have been combined with IL-2 and
tested on high-risk NBL patients, with pain as the main toxic effect. Since GD2 antibody
treatment only achieves partial responses, the treatment is nowadays used to eliminate
minimal residual disease (Cheung, Lazarus et al. 1987, Cheung, Kushner et al. 1998, Matthay,
George et al. 2012). Even more, given the documented synergism in other cancer types
between chemotherapy and anti-cancer monoclonal antibodies (mAbs), such as trastuzumab
(Slamon, Leyland-Jones et al. 2001), it will be interesting to assess the effectiveness of

combining anti-GD2 mAbs with chemotherapy.

1.2.2.3. ALK inhibitors

The newly developed targeted therapy for NBL is the use of inhibitors against the ALK tyrosine

kinase receptor. ALK-targeted therapies are a new but promising strategy, firstly because ALK
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is expressed on the surface of most NBL cells, acting as a tumor-associated antigen (Lamant,
Pulford et al. 2000). And most importantly, ALK inhibition (either wildtype or mutated) in these

cells leads to cell death (Carpenter and Mosse 2012).

In this line, ALK inhibitors have been previously developed for adult tumors with ALK
translocations, such as anaplastic large cell lymphoma, non-small cell lung cancer and
inflammatory myofibroblastic tumors. The first drug approved by the FDA for the treatment of
ALK-rearranged cancers was crizotinib (PF2341066; Pfizer), which binds to the inactive
conformation of ALK and has shown remarkable effects in adult tumors (Christensen, Zou et al.
2007, Butrynski, D'Adamo et al. 2010, Gambacorti-Passerini, Messa et al. 2011). Currently,
crizotinib is being tested in phase | and Il trials for NBLs and other pediatric malignancies
bearing ALK mutations and rearrangements (Clinical trial identifier NCT00939770,
ClinicalTrials.gov). However, inhibition of mutated ALK is complex when compared with

translocated ALK and remains a therapeutic challenge.

1.3. Resistance to therapy

Cancer cells may either exhibit a significant primary resistance to chemotherapeutic drugs
(intrinsic resistance), or acquire characteristics of multidrug resistance (MDR) during
chemotherapy (acquired resistance). The presence of a MDR phenotype of cancer cells
severely limits the success of anti-cancer therapy. Three major mechanisms have been
proposed to explain MDR in cancer (Figure 11) (Nooter and Stoter 1996, Szakacs, Paterson et

al. 2006, Chai, To et al. 2010):

- Decreased uptake of water-soluble drugs, such as cisplatin, which requires
transporters to enter cells.

- Changes in cancer cells that affect their susceptibility to cytotoxic drugs, including
alteration of fundamental cellular processes, such as cell cycle control, apoptosis, DNA
repair and metabolism of drugs.

- Increased energy-dependent efflux of hydrophobic cytotoxic drugs that enter cells by
diffusion through the plasma membrane keeping intracellular concentrations below
the cell-killing threshold. The efflux of cellular cytotoxic drugs is attributed to the
overexpression or enhanced activity of a family of energy-dependent multi-drug

transporters known as ATP-binding cassette (ABC) transporter proteins. These trans-
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membrane proteins use the energy from the hydrolysis of ATP to actively export drugs

from the cell, thus avoiding the drug-related toxic effects.

| Decrease uptake of drug
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Figure 11. Mechanisms of multi-drug resistance of cancer cells. Transformed cells develop drug
resistance by various mechanisms: reduced drug uptake, increased drug metabolism, altered or mutated
drug targets, defects in the apoptotic machinery, alterations in cell cycle checkpoints or reducing
intracellular drug concentration by exporting the chemotherapeutic agent. Adapted from (Chai, To et al.

2010).

Most current treatment approaches primarily exert their antitumor activity by triggering
programmed cell death. However, evasion of apoptosis is a hallmark of basically all human
cancers, conferring resistance to treatment (Hanahan and Weinberg 2000). As it will be
explained later, many alterations in apoptotic mechanisms have been described for NBL

tumors.

1.3.1. Apoptosis

Apoptosis is a physiological mechanism of programmed cell death that is crucial to control the
number of cells during the development as well as during the entire life of an organism. De-
regulation of apoptosis signaling may break the homeostasis of an organism and cause a wide

range of pathologies.
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This process was first described by Kerr, Wyllie and Currie in 1972 (Kerr, Wyllie et al. 1972) in
order to define the morphological characteristics of the dying cell. The main morphological
features characterizing apoptosis are loss of adhesion and rounding of adherent cells, cell
shrinkage, chromatin condensation, nuclear fragmentation, formation of irregular bulges in
the plasma membrane known as blebbing, and the formation of the apoptotic bodies, without
structural alterations in the organelles (Saraste and Pulkki 2000) (Figure 12). These apoptotic
bodies are later engulfed by macrophages through a process called phagocytosis without
releasing intracellular contents and causing inflammation in the surroundings of the dying cell

(Arends and Wyllie 1991, Cohen, Duke et al. 1992, Cohen 1994).

A B

Figure 12. Hallmarks of apoptosis. A, Hoechst 22258 staining of apoptotic cells shows condensed
chromatin and fragmented nucei (red arrows). B, Ladder resulting from oligonucleosomal DNA

degradation after an apoptotic stimulus (+). Adapted from (Iglesias-Guimarais, Gil-Guinon et al. 2013).

All morphological changes are consequence of biochemical events that lead to disassemble
and remove the cell. The main biochemical processes that take place during apoptosis are
internucleosomal DNA degradation that can be visualized as DNA “ladders” when the nucleic
acid is run on an agarose gel (Figure 12B) (Cohen, Sun et al. 1994), externalization of the
phospholipid phosphatidylserine in order to allow macrophage recognition of the apoptotic
cell (Martin, Reutelingsperger et al. 1995) and a complex cascade of proteolytic signaling

(Martin and Green 1995).
1.3.1.1. Classical apoptotic pathways

There are two main apoptotic pathways that differ in the initial apoptotic stimuli and the
mediators that are involved (Hengartner 2000). Initiation of apoptosis occurs through either

intrinsic or extrinsic pathway (Figure 13), as detailed here:
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The intrinsic pathway, also known as the mitochondrial pathway is activated in response to
extracellular cues and internal insults such as DNA damage (Mignotte and Vayssiere 1998).
This pathway proceeds through the mitochondria and involves the permeabilization of the
outer mitochondrial membrane (MOMP) and the release of cytochrome ¢, a component of the
respiratory chain, from the intermembrane space of the mitochondria into the cytoplasm.
Cytoplasmatic cytochrome c then associates with APAF-1 (apoptotic protease activating factor-
1) and caspase-9 to form the apoptosome. This structure will activate caspase-9 through
dimerization and caspase-9, in turn, will cleave and activate downstream effector caspases,

such as caspase-3 (Cai, Yang et al. 1998, Slee, Harte et al. 1999).

The extrinsic pathway originates at the plasma membrane when a specific extracellular ligand
binds a cell surface transmembrane death receptor (DR), inducing its trimerization (Ashkenazi
and Dixit 1999). Receptor clustering induces in turn the recruitment of adaptor proteins to the
intracellular domain of the receptor in order to form a complex known as death-inducing
signaling complex (DISC). These proteins bind the pro-domain of initiator caspases (i.e.
caspase-8), promoting their dimerization and activation through “induced proximity” (Kischkel,
Hellbardt et al. 1995). Caspase-8 activation can be blocked by recruitment of DR-antagonists
such as the caspase homologue c-FLIP (Scaffidi, Schmitz et al. 1999), FAIM, (Segura, Sole et al.
2007) or Lifeguard (Fernandez, Segura et al. 2007). When caspase-8 becomes active, it can
directly cleave and activate effector caspases, like caspase-3, that will cleave multiple

substrates to induce cell death.
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Apoptotic substrates

Figure 13. Intrinsic and extrinsic apoptotic pathways. The DR pathway (left) is triggered by members of
the DR superfamily, such as Fas/CD95. The intrinsic pathway initiates at the mitochondria (right) in
response to stimuli such as DNA damage. Both pathways trigger a proteolytic cascade and subsequent

cell death. Adapted from (Hengartner 2000).

Both pathways converge at the level of caspase-3 activation, yet there is a crosstalk between
them upstream caspase-3 activation. Integration between the DR and mitochondrial pathways
is provided by BID. BID is a pro-apoptotic BCL-2 family member that can be cleaved by caspase-
8 into tBID. The resulting resulting truncated form can be then translocated to the
mitochondria, where it promotes its permeabilization and cytochrome c exit (Gross, Yin et al.

1999).
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1.3.1.2. Mediators of apoptosis
1.3.1.2.1. Caspases

Caspases are the central mediators of apoptosis and the major responsible of all the previously
stated morphological changes. They are a group of proteases specifically activated in apoptotic
cells that are highly conserved between organisms. As their name indicates, Caspases are
cysteine proteases that preferentially break bonds at aspartate residues (Cysteine-Aspartate
Proteases). Given the critical role they play during apoptosis, and that they provoke
irreversible changes within the dying cell, their activity must be highly specific and regulated.
Caspases are synthesized as inactive zymogens without significant enzymatic activity and
become active after being cleaved by another protease or by auto-activation. The basic
structure of the pro-enzyme consists of an amino-terminal pro-domain and a carboxy-terminal
protease domain, which contains the catalytic cystein residue (Figure 14) (Zimmermann,

Bonzon et al. 2001, Shi 2002).

Pro-domain linker Inter-subunit linker
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Figure 14. Pro-caspase organization. A prodomain precedes the catalytic domain, composed of two
covalently linked subunits. Sites for (auto)proteolysis at Asp residues are indicated. Adapted from (Pop

and Salvesen 2009).

During the last decades, 14 distinct caspases have been identified in mammals, 11 of them
found in humans, and not all of them are involved in the apoptotic process (Riedl and Shi
2004). Caspases involved in apoptosis are divided into two classes, based on the position they

occupy in the signaling cascade:

- Initiator caspases in mammals include caspase-2, -8, -9, and -10. This group
acts apically in the apoptotic pathway and shares a common structure that consists of
long pro-domains that include sequence motifs that promote their interaction with
initiator molecules (a caspase-recruitment domain, named CARD, or a death effector
domain, known as DED). These caspases are activated through “induced proximity”
when their pro-domains interact with adaptor proteins that induce caspase

dimerization (Bouchier-Hayes and Martin 2002, Valmiki and Ramos 2009).
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- Effector caspases, which in mammals are caspase-3, and -7. These
caspases are downstream the initiator enzymes and generally have shorter pro-
domains. These enzymes exist in the cell as preformed homodimers that become
active after cleavage mediated by an initiator caspase. When activated, they act on
multiple and specific cellular substrates to dismantle the cell (Thornberry and Lazebnik

1998).
1.3.1.2.2. Inhibitor of Apoptosis Proteins

Inhibitor of apoptosis proteins (IAPs) are a conserved family of proteins that block cell death
induced by a wide spectrum of apoptotic stimuli, including DRs, viral infection, growth factor
withdrawal, radiation or chemotherapeutic agents (LaCasse, Baird et al. 1998, Deveraux and
Reed 1999). IAPs were first identified in baculovirus as a mechanism to inhibit the apoptotic
response of the host cell and allow viral propagation (Crook, Clem et al. 1993), but
subsequently they were found in a range of species from Drosophila to vertebrates. This group
of proteins is defined by the presence of at least one Baculovirus IAP Repeat (BIR) domain
within the protein. BIR is a conserved zinc-binding fold of 70 amino acids that mediates
protein-protein interaction and is essential for caspase inhibition (Silke and Vaux 2001). There
are eight human IAPs described so far: X-linked Inhibitor of Apoptosis Protein (XIAP), cellular
IAP1 (clAP1), cellular IAP2 (clAP2), IAP-Like Protein 2 (ILP2), Melanoma Inhibitor of Apoptosis
Protein (ML-IAP), Neuronal IAP (NIAP), Survivin and BIR-containing Ubiquitin Conjugating
Enzyme (BRUCE) (Figure 15).
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Figure 15. Human inhibitor of apoptosis protein family. IAPs contain between one and three BIR
domains that allow them to interact with proteins such as TRAF2, caspases, and IAP antagonists. In
addition, they include other functional domains. The RING domain confers IAPs E3 ligase activity that
induces ubiquitin-proteasome degradation of its targets. CARDs are Caspase-Recruitment Domains that
mediate protein-protein interactions and also prevent E3 ligase activity by blocking RING dimerization
and blocking E2 binding and activation (Blankenship, Varfolomeev et al. 2009, Lopez, John et al. 2011),
reviewed in (Darding and Meier 2012). The Ubiquitin-conjugation (UBC) domain binds to ubiquitin

chains. Adapted from (Eckelman, Salvesen et al. 2006).

Among these proteins, clAP1, clAP2 and XIAP are the ones with the most remarkable role on
DR-induced apoptosis. They all contain three BIR domains and one RING domain (Figure 15)
and are able to bind caspases (Eckelman, Salvesen et al. 2006). XIAP can directly bind and
inhibit the effector caspases -3 and -7 through its second BIR domain and the initiator caspase-
9 through its third BIR domain (Deveraux, Leo et al. 1999, Silke, Ekert et al. 2001). XIAP
overexpression efficiently inhibits caspase activation and cell death induced both by the
mitochondrial or the extrinsic pathways (Deveraux, Takahashi et al. 1997, Wilkinson, Cepero et
al. 2004). Moreover, the single BIR2 domain of XIAP has been reported to be sufficient to
inhibit caspases -3 and -7 and partially block FasL-induced apoptosis (Takahashi, Deveraux et
al. 1998). This inhibitory action of XIAP can be antagonized by mitochondrial proteins such as
SMAC/DIABLO, which are released during an apoptotic stimulus (Du, Fang et al. 2000). clAP1
and clAP2 were initially thought to directly bind and inhibit caspases in the same way as XIAP
(Roy, Deveraux et al. 1997). However, even though they are the closest paralogues of XIAP,
they can bind caspases but are not able to directly inhibit them due to critical substitutions in
the regions that target caspase inhibition found in XIAP (Eckelman and Salvesen 2006). The
mechanism by which clAPs have been reported to inhibit caspases is by ubiquitination,

targeting them for proteasomal degradation (Choi, Butterworth et al. 2009).

IAPs have an important role in cell survival and tumorigenesis, since they positively regulate
NF-kB signaling through non-degradative ubiquitination of components within the pathway.
clAP1 plays a role in TNFa-induced NF-kB activation by ubiquitylating several components of
TNF-R1 complex I, including RIP1 and clAP1 itself, and promoting a Ub-dependent stabilization
of the complex. Thus, loss of clAP1 completely abrogates ubiquitylation of RIP1 and NF-kB
activation (Bianchi and Meier 2009). Interestingly, NF-kB induces expression of clAP1, clAP2,

and XIAP, thereby promoting its activation in a positive feedback loop (Jin, Lee et al. 2009).
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Survivin has a special interest in oncology, as its overexpression has been widely demonstrated
to occur in various types of cancer, including NBLs (Azuhata, Scott et al. 2001, Cheung, Huang
et al. 2013, Coumar, Tsai et al. 2013). Indeed, high survivin levels often correlate with tumor
progression, aggressiveness and resistance to therapy (Azuhata, Scott et al. 2001, Waligorska-
Stachura, Jankowska et al. 2012, Cheung, Huang et al. 2013). Unlike other IAPs, survivin is not
expressed in differentiated normal tissues, but only during embryonic and fetal developmental
stages (Cheung, Huang et al. 2013). Besides apoptosis inhibition, many roles have been
attributed to survivin, such as inhibition of autophagy (Roca, Varsos et al. 2008), an important
implication in mitosis (Kelly, Ghenoiu et al. 2010) and a role in enhancing DNA repair capability

in cancer cells (Jiang, Ren et al. 2009) [For review, see (Coumar, Tsai et al. 2013)].
1.3.1.2.3. BCL-2 family

BCL-2 (B-cell lymphoma 2) was first identified as a proto-oncogene in a chromosome
translocation breakpoint in follicular B-cell lymphoma. This translocation caused a relocation of
the immunoglobulin heavy chain gene, joining it to the gene BCL2 (Bakhshi, Jensen et al. 1985,
Cleary and Sklar 1985, Tsujimoto, Gorham et al. 1985). As a result, overexpression of BCL-2 was
able to block apoptotic cell death (Vaux, Cory et al. 1988). Thus, BCL2 was identified as the first
oncogene that inhibited cell death, instead of promoting cell proliferation. Later, it was
recognized as a mammalian homologue of the apoptosis repressor ced-9 in C. elegans,
unraveling that cell death components are highly conserved throughout evolution (Vaux 1993,
Hengartner and Horvitz 1994). Since then, at least 19 members of this family have been
identified in mammalian cells. Their complex network of interactions regulates cytochrome ¢
release, a key step in apoptosis, thus determining the cell fate (Garcia-Saez 2012). The
dynamics of this regulation are still controversial, and different models have been developed
to explain the interactions between different BCL-2 family members that lead to MOMP
(Kuwana, Bouchier-Hayes et al. 2005, Willis, Fletcher et al. 2007, Edlich, Banerjee et al. 2011,
Llambi, Moldoveanu et al. 2011).

Proteins of the BCL-2 family are classified into three groups, depending on their structure and

function (Garcia-Saez 2012) (Figure 16).
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Figure 16. Members of the BCL-2 family. All members possess at least one of four conserved motifs
known as BCL-2 Homology domains (BH1, BH2, BH3 and BH4). Anti-apoptotic proteins possess all four
BH domains and inhibit apoptosis by interacting with the pro-apoptotic members of the family. Pro-
apoptotic members are grouped into two subfamilies: the multi-domain members, which promote

MOMP, and the BH3-only proteins. Adapted from (Shamas-Din, Kale et al. 2013).

After an apoptotic stimulus, the pro-apoptotic BCL-2 family members are activated and
promote MOMP. It has been reported that the pro-apoptotic multi-domain members BAX and
BAK are the final effectors of MOMP, since double knock-out for bax and bak cells (and no
simple knockouts) become resistant to MOMP induction (Wei, Zong et al. 2001). Upon
activation, BAX and BAK change their conformation, insert into the outer mitochondrial
membrane and oligomerize to induce its permeabilization (reviewed in (Czabotar, Lessene et
al. 2014)). Consequently, proteins contained within the mitochondrial inter-membrane space

are released, including the key player cytochrome c.
1.3.1.2.4. Death receptors and ligands

DRs belong to the TNFR family (Tumor Necrosis Factor Receptor Family), which comprises
around 27 members and encompasses a range of functions related to apoptosis, proliferation
and differentiation (Locksley, Killeen et al. 2001, Bhardwaj and Aggarwal 2003). All members of
this family are characterized by the presence of two to five copies of cysteine-rich extracellular
repeats. DRs are type | transmembrane proteins, exposing their N-terminal domain to the
extracellular part of the cell, while the C-terminal domain is intracellular (Tartaglia, Ayres et al.
1993, Curtin and Cotter 2003). The basic structure of DRs consists of cysteine-rich extracellular

domains, one single transmembrane domain and an intracellular Death Domain (DD) of around
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80 amino acids that interacts with adaptor proteins and recruits them to the signaling complex

(Wilson, Dixit et al. 2009).

Eight human DRs are known to date (Figure 17). These are tumor necrosis factor receptor 1
(TNFR1; also known as DR1, CD120a, p55 and p60) (Fuchs, Strehl et al. 1992), CD95 (also
known as DR2, APO-1 and Fas), DR3 (also known as APO-3, LARD, TRAMP and WSL1)
(Chinnaiyan, O'Rourke et al. 1996, Marsters, Sheridan et al. 1996, Bodmer, Burns et al. 1997),
TNF-related apoptosis-inducing ligand receptor 1 (TRAILR1; also known as DR4 and APO-2)
(Pan, O'Rourke et al. 1997), TRAILR2 (also known as DR5, KILLER and TRICK2) (Schneider,
Bodmer et al. 1997, Schneider, Bodmer et al. 1997), DR6 (Pan, Bauer et al. 1998), ectodysplasin
A receptor (EDAR) (Mikkola, Pispa et al. 1999) and nerve growth factor receptor (NGFR or
p75"™") [Reviewed in (French and Tschopp 2003, Wajant 2003)].

There is an additional group of related receptors known as decoy receptors, which lack the
intracellular DD signaling motif and function as inhibitors of apoptosis by acting as dominant
negatives (Ashkenazi and Dixit 1999). Therefore, decoy receptors operate as a system that
modulates cell sensitivity to death ligands and death receptor signaling in vivo. Four decoy
receptors have been identified so far: DcR1 (Sheridan, Marsters et al. 1997), DcR2 (Marsters,
Sheridan et al. 1997), DcR3 (Pitti, Marsters et al. 1998,) and osteoprotegerin (OPG) (Simonet,
Lacey et al. 1997) [Reviewed in (Lavrik, Golks et al. 2005)].
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Figure 17. Death ligands and receptors. Ligands are represented on their membrane-bound form. Both
functional receptors and decoy receptors are illustrated on this figure. Cysteine-rich motifs are
represented as diamonds, transmembrane domains as black lines and cytoplasmic death domains are

indicated in red. Adapted from (Lavrik, Golks et al. 2005).
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Triggering DRs by their specific ligands causes the rapid recruitment of molecules to their
cytoplasmic DD and the formation of the DISC. This domain is responsible for coupling the DR
either to a cascade of caspases, leading to induction of apoptosis, or to the activation of kinase

signaling pathways, resulting in pro-survival signals.

Differences found in the extracellular and intracellular domains of DRs determine both their
affinity for different ligands and the recruitment of different adaptor proteins leading to the
formation of signaling complexes with different fates. Thus, two types of DR signaling
complexes can be distinguished. The first group comprises the DISCs that are formed at the
CD95 receptor, TRAILR1 or TRAILR2. All three receptors recruit DISCs containing the adaptor
protein FADD (Fas Associated Death Domain). In these cases, DISC formation results in the
activation of caspase-8 and transduction of the apoptotic signal. The second group comprises
the TNFR1, DR3, DR6 and EDAR. These recruit TRADD as an adaptor to form a protein complex
that can transduce both apoptotic and survival signals (Chinnaiyan, O'Rourke et al. 1996,
Marsters, Sheridan et al. 1996, Peter and Krammer 2003, Ermolaeva, Michallet et al. 2008,
Pobezinskaya, Kim et al. 2008, Wilson, Dixit et al. 2009). It has been demonstrated that TRAIL
receptors can also recruit TRADD in some situations, including pro-survival signaling

(Varfolomeev, Maecker et al. 2005, Cao, Pobezinskaya et al. 2011).

1.3.1.2.5. Death receptor antagonists

DR signaling can be modulated at different levels by their post-translational modification or
through the activity of several types of molecules, such as decoy receptors, IAPs and BCL-2
family members (Keppler, Peter et al. 1999, French and Tschopp 2003). In addition, there are
other proteins capable of shutting down apoptotic signaling directly at the DR level. These
proteins are known as death receptor antagonists. DR antagonists have a special interest in the
nervous system, where DRs are involved in cell survival, differentiation and neuronal plasticity
rather than cell death induction (Desbarats, Birge et al. 2003, Marchetti, Aucoin et al. 2004).
Many evidences show that a variety of DR antagonists are expressed in the nervous system

(Table 4):
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Table 4. DR-antagonists expressed in the nervous system

Protein name Alias
Zinc finger protein A20 A20
Bifunctional Apoptosis Regulator BAR
Fas apoptosis inhibitory molecule FAIM
Fas associated phosphatase-1 FAP-1
FLICE inhibitory protein FLIP
Phosphoprotein Enriched in Astrocytes PEA-15
Silencer of Death Domains SODD
Small ubiquitin-related modifier 1 SUMO-1
Lifeguard LFG
Zinc Finger protein A20

A20 was identified in endothelial cells as a primary response gene induced upon treatment
with TNFa (Dixit, Green et al. 1990) and was initially characterized as an inhibitor of TNFa-
induced apoptosis. It consists of a 80 kDa protein with seven Cys,/Cys, zinc finger domains on
C-terminal (Opipari, Boguski et al. 1990, Opipari, Hu et al. 1992). Stable overexpression of A20
in a panel of cell lines resulted in partial resistance to TNFa-induced apoptosis. This protection
correlated with reduced collapse of mitochondrial membrane potential and decreased
activation of caspase-3 (Beyaert, Heyninck et al. 2000). Apart from TNFa-induced apoptosis,
A20 has also been shown to inhibit cell death by other stimuli as serum depletion (Varani,
Dame et al. 1995), p53 overexpression (Fries, Miller et al. 1996), interleukin 1B (Jaattela,
Mouritzen et al. 1996) or LPS (Hu, Yee et al. 1998).

Besides being an anti-apoptotic molecule, A20 is a ubiquitin-editing enzyme that potently
suppresses NF-kB canonical pathway, while it functions as a positive regulator of the non-
canonical pathway by promoting the stabilization of NIK (Yamaguchi, Oyama et al. 2013). As a
NF-kB regulator, many studies highlight the role of this protein in inflammation and

autoimmunity (Reviewed in (Catrysse, Vereecke et al. 2014)).

A recent study determined the regional distribution of A20 mRNA and protein levels in
different brain regions, finding the highest levels in medulla and hippocampus (Pranski, Van
Sanford et al. 2012). Some reports involve A20 in TRAIL and TNFa resistance of glioblastoma
cells (Verbrugge and Johnstone 2012). More precisely, A20 seems to be overexpressed in
glioblastoma stem cells, conferring them resistance to TNFa-mediated apoptosis. In this
system, downregulation of A20 causes a decrease in cell proliferation and survival (Hjelmeland,

Wu et al. 2010).
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Bifunctional Apoptosis Regulator (BAR)

BAR was first discovered as an inhibitor of BAX-induced cell death by a yeast-two-hybrid
approach (Zhang, Xu et al. 2000). This 450 kDa protein is mostly localized at the endoplasmic
reticulum (ER) and antagonizes both intrinsic and extrinsic apoptotic stimuli. On the one hand,
it interacts with BCL-2 and BCL-xL to supress BAX-induced cell death. On the other hand, BAR
contains DED-like domains, which enable its interaction with DED-containing pro-caspases to
suppress Fas-induced apoptosis. Furthermore, BAR is able to bridge procaspase-8 and BCL-2
into a protein complex capable of bridging the two major apoptosis pathways. This theory was
supported by the fact that active caspase-8 subunits are sequestered to BCL-xL/BAR
complexes, thus preventing further cleavage of caspase-8 substrates and apoptosis signaling

(Stegh, Barnhart et al. 2002).

The role of BAR in the nervous system was later demonstrated by Roth and colleagues (Roth,
Kermer et al. 2003). They provide evidence of BAR expression both in the central and
peripheral nervous system and demonstrate that BAR overexpression/downregulation
respectively protects or sensitizes neuronal cells from a broad range of cell death stimuli.
These insults included treatment with the general kinase inhibitor staurosporine, serum
starvation, TNFa and FasL stimulation and thapsigargin, a specific antagonist of the ER Ca*'-

ATPase that causes ER stress.
Fas Apoptosis Inhibitory Molecule (FAIM)

FAIM was initially isolated in B-lymphocytes as a protein that conferred resistance to Fas-
induced cell death (Schneider, Fischer et al. 1999). Some years later, analysis of the genomic
locus of FAIM identified two putative transcription initiation sites that generate two
transcripts: the already isolated form, named FAIMs, and a 22-aminoacids longer protein

known as FAIM, (Figure 18) (Zhong, Schneider et al. 2001).
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Figure 18. Genomic organization and splice variants of FAIM gene. The genomic structure of FAIM
locus gives two alternative splicing results, FAIMs and FAIM,, that share part of the 5’-UTR. The
additional 22 amino acid sequence is indicated above the FAIM_ scheme. Image from Atlas of Genetics
and Cytogenetics in Oncology and Haematology, http://atlasgeneticsoncology.org (Segura, Sole et al.

2010).

Studies performed in our laboratory show that both isoforms are expressed in neurons, yet
they have different physiological roles. On the one hand, FAIMs promotes neurite outgrowth in
an ERK and NF-kB dependent manner in neuronal models such as the rat pheochromocytoma
cell line PC12 and mouse primary neuronal cultures (Sole, Dolcet et al. 2004). However, it does
not protect neurons from apoptotic stimuli such as FasL- or TNFa-induced cell death or trophic
factor deprivation. On the other hand, FAIM, isoform is exclusively expressed in neurons and
protects them from DR-induced cell death. Unlike FAIMs, FAIM, is not required for neurite
outgrowth. FAIM, can bind Fas receptor and prevent the activation of caspase-8, shutting
down the apoptotic pathway at the level of the initiator caspases (Segura, Sole et al. 2007).
Importantly, another mechanism of action has recently been described for FAIM, in our
laboratory, downstream in the apoptotic pathway. We have demonstrated that FAIM, is an
IAP-binding protein that interacts with XIAP, inhibiting its auto-ubiquitinylation and
proteasomal degradation. Thus, FAIM, also protects neurons from apoptosis by stabilizing XIAP

levels (Moubarak, Planells-Ferrer et al. 2013).
Fas-associated phosphatase-1 (FAP-1)

FAP-1 was also isolated by yeast-two-hybrid as a tyrosine phosphatase protein capable of
interacting with the cytosolic domain of Fas. Upregulation of this protein partially abolished
Fas-induced apoptosis in a T-lymphocyte derived cell line (Sato, Irie et al. 1995). Some years
later, FAP-1 was shown to be expressed in several human cell types, including neurons, and
also in the majority of cancers analyzed (Lee, Shin et al. 1999). FAP-1 might be promoting
resistance to Fas-induced cell death by dephosphorylating tyrosine residues that could be
necessary to recruit proteins such as FADD at the DISC (Foehr, Lorente et al. 2005). Other
studies explain an alternative mechanism, where FAP-1 expression reduces the presence of Fas
receptor at the plasma membrane (Ivanov, Lopez Bergami et al. 2003). Several authors relate
FAP-1 expression to TRAIL, p75"™" and Fas resistance, and point it as a possible mechanism of
tumor resistance to DR-induced apoptosis (Irie, Hachiya et al. 1999, Lee, Shin et al. 1999, Lee

and Amoscato 2004, Yao, Song et al. 2004, Foehr, Lorente et al. 2005, Ivanov, Ronai et al. 2006,
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Wieckowski, Atarashi et al. 2007). It has also been considered as a marker of chemo/radio

sensitivity and prognosis for oral squamous cell carcinoma (Nariai, Mishima et al. 2011).
FLICE inhibitory protein (FLIP)

FLIP was first identified in 1997 as a viral protein (v-FLIP) in search for inhibitors of apoptosis
induced by DRs (Thome, Schneider et al. 1997). Soon after characterization of v-FLIPs, human
cellular homologues were identified (c-FLIPs). Three c-FLIP isoforms have been identified at the
protein level: c-FLIP long (c-FLIP,, 55kDa), c-FLIP short (c-FLIPs, 27kDa) and c-FLIP Raji (c-FLIPg,
25kDa) (Figure 19) (Irmler, Thome et al. 1997).
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Figure 19. Human isoforms of c-FLIP. Three c-FLIP isoforms have been described, all of them containing
two DEDs that are structurally similar to the N-terminal part of procaspase-8 and are required for the
recruitment of c-FLIP at the DISC. The long form additionally carries two caspase-like subunits (p20 and
p10), which are catalytically inactive due to critical amino acid substitutions. Moreover, it can be cleaved
by caspase-8, generating the N-terminal fragments p22 and p43 of c-FLIP. Adapted from (Ozturk,
Schleich et al. 2012).

c-FLIPs are well described inhibitors of DR-mediated apoptosis. It has been shown that c-FLIP
blocks FasL, TRAIL and TNFa-induced apoptosis (Irmler, Thome et al. 1997, Scaffidi, Schmitz et
al. 1999, Yeh, Itie et al. 2000, Krueger, Schmitz et al. 2001, Golks, Brenner et al. 2005). The
short isoforms of c-FLIP block DR-induced apoptosis by binding to the DISC and inhibiting
procaspase-8 processing and activation. However, the mechanism of action of the long isoform
has been controversial. It has been shown that c-FLIP, can act similar to c-FLIP,, and that c-FLIP,
knockdown sensitizes cells towards DR-induced cell death (Sharp, Lawrence et al. 2005). Other

reports suggest that c-FLIP, acts as a pro-apoptotic molecule by facilitating the activation of
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caspase-8 at the DISC (Yeh, Itie et al. 2000, Chang, Xing et al. 2002, Micheau, Thome et al.
2002).

Besides their role as apoptosis modulators, c-FLIPs have an essential function in NF-kB
activation (Hu, Johnson et al. 2000, Kataoka, Budd et al. 2000) and neuronal differentiation
(Moubarak, Sole et al. 2010). Elevated c-FLIPs levels are found in many cancers, including NBL
(Poulaki, Mitsiades et al. 2001, Fulda 2013). High levels of c-FLIP often correlate with more
aggressive tumors that show resistance towards DR-induced cell death. This includes
resistance to TRAIL, a promising cancer therapeutic since it is highly selective for malignant
cells rather than normal cells. Downregulation of c-FLIP can overcome TRAIL resistance in
several tumor cells (Safa, Day et al. 2008, Shirley and Micheau 2013). This renders c-FLIP as an

important therapeutic target to restore apoptotic response in transformed cells.
Phosphoprotein Enriched in Astrocytes-15 (PEA-15)

PEA-15 is a 15 kDa cytosolic protein ubiquitously expressed in human tissues, but especially
enriched in astrocytes (Araujo, Danziger et al. 1993). Many studies have revealed that PEA-15
serves as a multiprotein binding molecule that interacts and modulates the function of
proteins involved in proliferation, apoptosis and glucose metabolism (Condorelli, Vigliotta et
al. 1999, Renault, Formstecher et al. 2003, Vigliotta, Miele et al. 2004). It is highly expressed in
the nervous system (Estelles, Yokoyama et al. 1996) and can be found in three different
phosphorylation isoforms within the cell (Danziger, Yokoyama et al. 1995). In fact, two
different serine phosphorylation sites have been identified: Sers, Which is a protein kinase C
(PKC) substrate and Serize, which is phosphorylated by Ca®*/calmodulin kinase 1l (CaMKII) and
by PKB (Kubes, Cordier et al. 1998). It contains an N-terminal DED domain that allows the
interaction with different DED-containing proteins, such as Fas Receptor, TNFR1, caspase-8 or
FADD (Renault, Formstecher et al. 2003). PEA-15 was reported to inhibit apoptotic responses
to FasL and TNFa in different cell types by stably associating to both FADD and caspase-8 and
interfering with the formation of the DISC (Condorelli, Vigliotta et al. 1999). It also protects
from TRAIL-induced apoptosis in malignant glioma cells and silencing of PEA-15 renders glioma
cells sensitive to apoptosis (Hao, Beguinot et al. 2001, Eramo, Pallini et al. 2005). Besides
antagonizing the extrinsic pathway, PEA-15 also protects from intrinsic stimuli such as

oxidative agents or serum deprivation (Condorelli, Trencia et al. 2002).

In addition, PEA-15 has been shown to restrain cellular proliferation by controlling the ERK
pathway (Formstecher, Ramos et al. 2001). Nevertheless, PEA-15 phosphorylation by PKC,

CaMKII or PKB facilitates the release of ERK and switches its binding specificity to FADD,
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indicating that this protein has enormously versatile roles that must be tightly controlled
(Renganathan, Vaidyanathan et al. 2005). Accordingly, the role of PEA-15 in cancer is
controversial: some reports suggest that PEA-15 exerts tumor suppressor activity by inhibiting
ERK (Gaumont-Leclerc, Mukhopadhyay et al. 2004, Glading, Koziol et al. 2007), while other
authors suggest its contribution to development of malignancy in several tumors such as
human gliomas or mammary carcinomas (Hwang, Kuo et al. 1997, Hao, Beguinot et al. 2001,

Stassi, Garofalo et al. 2005).

Silencer of Death Domains (SODD)

Abundance of DRs in the plasma membrane can induce their spontaneous oligomerization and
activation of the apoptotic cascade without the interaction with their ligand. However, DRs are
constitutively expressed and present in the plasma membrane, often forming such oligomers
but without inducing cell death (Chan, Chun et al. 2000). This suggests the presence of other
molecules that keep them inactive. Concretely, SODD was found by Jiang and collaborators in a
yeast-two-hybrid approach, while searching partners of DR3. They found that SODD was a 60
kDa protein capable of binding DR3 and TNFR1, but not Fas, DR4 or DR5. Overexpression of
SODD suppressed TNFa-induced cell death and NF-kB activation (Jiang, Woronicz et al. 1999,
Harrington 2000). Later studies involved SODD in Fas resistance as well (Eichholtz-Wirth, Fritz
et al. 2003). In vivo approaches with SODD knockout mice are controversial: SODD does not
seem essential for development, but its silencing increases the response to TNFa and
enhances TNFa-induced activation of NF-kB. However, the apoptotic arm of TNFa signaling is
not hyper-responsive in SODD-deficient cells, indicating that there might exist some functional

redundancy (Takada, Chen et al. 2003).

Several reports demonstrate the significance of SODD expression in childhood and adult
cancers. SODD mRNA levels are increased in pancreatic cancer in comparison to normal
control tissues (Ozawa, Friess et al. 2000). Moreover, SODD expression seems to correlate with
clinical classification, response to therapy and prognosis of acute lymphoblastic leukemia (Tao,
Liu et al. 2014). In melanoma, SODD has an important role in protecting aggressive melanoma

cells from apoptosis (Reuland, Smith et al. 2013).

Small ubiquitin-related modifier 1 (SUMO-1)

SUMO-1 was another protein found by yeast-two-hybrid approach using the cytoplasmic death
domain shared by Fas and TNFR1 as bait. In this case, Okura et al. isolated a cDNA that coded

for a 101-amino acid protein that interacts both with Fas and TNFR1, but not with FADD or
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CD40. When overexpressed, it provides protection against both Fas- and TNFa-induced cell
death (Okura, Gong et al. 1996). SUMO-1 has 18% sequence identity and 48% similarity to
ubiquitin and both proteins share the same tertiary structure (Welchman, Gordon et al. 2005).
Through post-translational modification of cellular proteins, SUMO-1 is involved in an
innumerable amount of biological events related with cell cycle progression, the maintenance
of genome integrity, nuclear transport and apoptosis (Seufert, Futcher et al. 1995, Pichler and
Melchior 2002, Steffan, Agrawal et al. 2004, Hay 2005). SUMO-1 modifies several proteins
involved in apoptosis, such as caspase-2, caspase-7, caspase-8, ASK-1 or the NEMO/IKKy
complex, thus affecting NF-kB activity (Huang, Wuerzberger-Davis et al. 2003, Besnault-
Mascard, Leprince et al. 2005, Lee, Jang et al. 2005, Hayashi, Shirakura et al. 2006).

Lifeguard (LFG)

LFG (also known as FAIM2, NMP35) was originally isolated by Somia and colleagues in 1999 as
an anti-apoptotic protein that protected cells from FaslL-induced cell death, but not from
TNFa-induced apoptosis. They found LFG while searching for molecules that inhibited Fas
signaling in the Fas-resistant human lung fibroblast cell line MRC-5. LFG was expressed in most
human tissues, predominantly in brain. Immunofluorescence and immunoprecipitation
experiments demonstrated that LFG is associated to membranes and directly interacts with
the Fas receptor, without displacing FADD binding. Moreover, overexpression of LFG in cell
lines showed that exogenous LFG protected Hela and Jurkat cells from FasL-induced apoptosis
(Somia, Schmitt et al. 1999). Homology search revealed that this protein is the human
homologue of a previously reported rat protein known as neural membrane protein 35
(NMP35). NMP35 was identified by differential display to find genes that were regulated
during development of the rat sciatic nerve (Schweitzer, Taylor et al. 1998). The identified
cDNA coded for a 35 kDa protein that is predominantly expressed in the adult central nervous
system, with a neuronal expression pattern. NMP35 seemed to localize in somas, dendrites
and postsynaptic membranes, suggesting a role in synapses of the adult central nervous

system (Schweitzer, Suter et al. 2002).

The anti-apoptotic role of LFG in the nervous system was demonstrated by Beier et al. in 2005,
when they reported LFG function in inhibiting Fas-induced neural cell death. In particular, they
showed that LFG silencing by interfering RNAs leads to sensitization of rat cerebellar granular
neurons to Fas-induced caspase-8 cleavage and cell death. They report that the expression of
LFG that protected from cell death was dependent on the PI3K-AKT/PKB (phosphatidylinositol

3-kinase-Akt/protein kinase B) pathway, which is known to have a central pro-survival role in
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many cellular systems (Beier, Wischhusen et al. 2005). The protective role of LFG has also been
described in Purkinje cells (PCs), where loss of LFG increased caspase-8 and caspase-3 activity
and sensitized organotypic cerebellar cultures to Fas-mediated apoptosis (Hurtado de
Mendoza, Perez-Garcia et al. 2011). Fernandez et al. demonstrate that LFG antagonizes Fas-
induced cell death in cortical neurons. Moreover, they report that LFG is localized in
membrane microdomains known as lipid rafts, where it may interact with Fas receptor

(Fernandez, Segura et al. 2007).

In silico analysis shows that LFG is evolutionarily conserved and has cytoprotective homologues
in many species. Amino acid sequence analysis of LFG revealed a multi-transmembrane
protein that shared structure with members of the TMBIM (Transmembrane BAX Inhibitor-1
Motif-containing) protein family (Figure 20) (Reimers, Choi et al. 2006). The TMBIM family is
composed by 6 members in mammals: TMBIM1 or RECS1, TMBIM?2 or LFG, TMBIM3 or GRINA,
TMBIM4 or GAAP, TMBIMS5 or GHITM, and TMBIM6 or BI-1. All these proteins have anti-
apoptotic activity at different levels of the cascade, and are also involved in modulating

calcium homeostasis at the ER, ER stress signaling and autophagy (Rojas-Rivera and Hetz
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Figure 20. Protein domains and topology prediction of the TMBIM protein family. Comparison of the
primary structure of Bl-1 with other BI-1 family proteins revealed 32% identity with TMBIM4, 31%
identity with GHITM, and 25% identity with Lifeguard (FAIM2). All members contain a conserved
hydrophobic transmembrane domain, known as UPFO005 (uncharacterized protein family 0005), which

mediates the localization of these proteins in membranes. Adapted from (Kim, Lee et al. 2012).
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In the context of cancer, only four reports linking LFG and tumors have been published. All
studies have been performed in breast cancer models and describe LFG as an anti-apoptotic
protein that contributes to cancer progression (Bucan, Adili et al. 2010, Bucan, Reimers et al.
2010, Bucan, Choi et al. 2011, Dastagir, Lazaridis et al. 2014). Bucan and colleagues found that
LFG was overexpressed in malignant breast cancer cell lines and that its expression levels
correlated with a reduced sensitivity to Fas-induced cell death. High levels of LFG were found
by immunohistochemistry in breast carcinoma when compared to control tissues in tissue
microarrays. These data allowed them to hypothesize that LFG might have a role in protecting
breast cancer cells from apoptosis, conferring them a more aggressive phenotype (Bucan,
Reimers et al. 2010). One year later, the same authors reported that LFG downregulation
enhanced sensitivity to an agonistic Fas antibody and to perifosine, an alkylphospholipid that
induces apoptosis by inhibiting the AKT and PI3K pathway (Bucan, Choi et al. 2011). Recent
studies describe a new LFG isoform known as LFGJ, which lacks one transmembrane domain.
This isoform maintains its anti-apoptotic potential and has been found strongly expressed in

breast tumor tissues (Dastagir, Lazaridis et al. 2014).

1.3.2. Targeting apoptosis pathways in neuroblastoma

Based on the concept that childhood malignancies show defective apoptosis, several
approaches have been taken to directly induce cell death or, alternatively, lower the threshold

for apoptotic induction by another stimulus.

On the one hand, there are strategies that directly target the extrinsic pathway. The death
receptor ligand TRAIL has been reported to induce apoptosis in pediatric cancer cell lines
(Petak, Douglas et al. 2000, Yang and Thiele 2003). Recombinant soluble TRAIL or monoclonal
antibodies that specifically target TRAIL receptors (TRAIL-R1 and TRAIL-R2) are currently on
clinical trials (Smith, Morton et al. 2010). However, it is frequent to find primary or acquired
resistance towards TRAIL-induced apoptosis. This strongly limits the success of TRAIL as a
therapeutic approach; however, several strategies have been developed to enhance sensitivity

towards TRAIL-induced cell death (Gasparini, Vecchi Brumatti et al. 2013).

On the other hand, mitochondria plays a central role in regulating programmed cell death, so
targeting this pathway remains as an alternative strategy to trigger apoptosis in cancer cells
(Fulda, Galluzzi et al. 2010). In NBL, the expression of the anti-apoptotic molecules such as
MCL-1 and/or BCL-2 have been linked to high-risk disease (Lestini, Goldsmith et al. 2009). Thus,

BCL-2 inhibitors and antisense oligonucleotides have been evaluated in preclinical and clinical

56



Introduction

trials in combination with chemotherapy, resulting in partial anti-tumor activity (Rheingold,

Hogarty et al. 2007, Lock, Carol et al. 2008).

Finally, several approaches have been developed during the last years to counteract the anti-
apoptotic functions of IAP proteins in childhood cancers. These approaches include the use of
SMAC mimetics or antisense oligonucleotides against XIAP and survivin (Fulda 2013). In the
case of survivin, YM155 is the most functionally evaluated small molecule inhibitor in both pre-
clinical and clinical studies. Its anti-tumor activity relays on binding the promoter of survivin to

inhibit its transcription and induce cell death (Nakahara, Kita et al. 2007).

1.3.3. Apoptotic deregulation in neuroblastoma

NBLs show several defects in their apoptotic machinery that could be the origin of their
extended resistance to chemotherapy and radiotherapy. Indeed, these defects may impede

the success of therapies that directly target the apoptotic pathways.
1.3.3.1. Silencing of caspase-8

Silencing of caspase-8 expression, an essential mediator of the extrinsic apoptotic pathway, is
the most common and characterized apoptotic defect in NBL. Caspase-8 gene is frequently
inactivated in unfavorable NBLs by hypermethylation of CpG islands (Lazcoz, Munoz et al.
2006, Kamimatsuse, Matsuura et al. 2009). Some authors correlate this epigenetic silencing to
MYCN amplification, and show that caspase-8-null NBL cells become resistant to DR- and
doxorubicin-induced apoptosis (Teitz, Wei et al. 2000, Kamimatsuse, Matsuura et al. 2009).
Moreover, reintroduction of caspase-8 into NBL cell lines restored drug-induced apoptosis
(Teitz, Lahti et al. 2001). Conversely, other authors did not find any correlation between
caspase-8 silencing and MYCN amplification (lolascon, Borriello et al. 2003, Lazcoz, Munoz et
al. 2006). However, caspase-8 might be acting as a tumor suppressor gene in NBL, since its
silencing provides resistance to treatment-induced apoptosis. Stupack and collaborators
hypothesize that the loss of caspase-8 specifically potentiates NBL metastasis. They reported
that caspase-8 induced apoptosis in NBL cells that lost attachment and invaded the
collagenous stroma. This kind of cell death is known as integrin-mediated death. Loss of
caspase-8 rendered cells immune to integrin-mediated death, allowing survival, migration and

metastasis (Stupack, Teitz et al. 2006).

Some approaches have aimed to restore caspase-8 expression and, thus, re-sensitize NBL cells

to programmed cell death. Pre-treatment of NBL cells with the DNA methyltransferase
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inhibitor 5-aza-2’-deoxycytidine and interferon-c sensitized cells to TRAIL-induced apoptosis
(Fulda and Debatin 2006), as well as exogenous expression of caspase-8 (Muhlethaler-Mottet,
Balmas et al. 2003). Indeed, inhibition of caspase-8 enzymatic activity with the specific
inhibitor z-IETD-FMK and the pan-caspase inhibitor z-VAD-FMK also inhibited apoptosis
sensitization by caspase-8 re-expression (Fulda, Kufer et al. 2001). However, restoration of
caspase-8 expression did not re-sensitize cells to TRAIL-induced cell death in all the studied
models (Johnsen, Pettersen et al. 2004). Therefore, we assume that additional factors must be

conferring resistance to DR-induced cell death.

1.3.3.2. Overexpression of anti-apoptotic proteins

Besides caspase-8 epigenetic silencing, overexpression of anti-apoptotic proteins such as MCL-

1, BCL-xL, BCL-2, c-FLIP or survivin has been reported for high-risk NBL.

First, immunohistochemical analysis of primary NBL tissue microarrays showed that MCL-1
levels directly correlate with clinical prognostic factors and patient survival. At the functional
level, MCL-1 knockdown induced apoptosis in various high-risk NBL cell lines and increased
sensitivity to several chemotherapeutic agents, including etoposide, doxorubicin and small
molecule inhibitors of the BCL-2 protein family (ABT-737 and AT-101). This suggests that MCL-1
has a pro-survival role in these tumors (Lestini, Goldsmith et al. 2009). Recently, a new variant
of MCL-1 has been cloned from human NBL. This variant lacks 45 bp that encode for highly
conserved amino acids and shows increased anti-apoptotic activity during DR-induced cell
death. Thus, this new form of MCL-1 present in NBL could provide these cells a survival

advantage (Hagenbuchner, Kiechl-Kohlendorfer et al. 2013).

Dole and colleagues show that BCL-xL is expressed in most NBL cell lines, conferring them
resistance to apoptosis induced by the chemotherapeutic agents cisplatin and 4-hydroperoxy-
cyclophosphamide (Dole, Jasty et al. 1995). Many evidences demonstrate that BCL-2 is
implicated in NBL resistance to therapy: Castle et al. demonstrated that BCL-2 is widely
expressed in NBL and correlates with poor prognosis markers such as unfavorable histology
and MYCN amplification (Castle, Heidelberger et al. 1993). Furthermore, BCL-2 overexpression
renders cells resistant to cisplatin and etoposide in a dose-dependent manner, enhancing the
malignant phenotype of Shep-1 NBL cell line (Dole, Nunez et al. 1994). Fang et al
demonstrated that BCL-2 up-regulation leads to resistance to doxorubicin (Fang, Gu et al.
2008), while Fulda and colleagues reported that high levels of BCL-2 conferred resistance to
TRAIL-induced apoptosis (Fulda, Meyer et al. 2002). Besides the fact that BCL-2 protects from

cell death in NBL cell lines, the effect of BCL-2 has also been investigated in primary tumors.
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Gallo et al. investigated BCL-2 and BAX expression in 15 cases of NBL. They detected that high
levels of BCL-2 expression correlated with shorter survival of the patient than those with weak
or moderate expression. In contrast, the expression of the pro-apoptotic protein BAX

correlated with longer survival (Gallo, Giarnieri et al. 2003).

c-FLIP, as well as BCL-2 is frequently expressed in NBL tissues, preventing caspase-8 activation
and FasL-induced cell death (Poulaki, Mitsiades et al. 2001) and also SMAC mimetics-induced
cell death (Cheung, Mahoney et al. 2009). Other studies demonstrate that c-FLIP, expression is
also involved in resistance to TRAIL induced apoptosis of NBL cells, and that FLIP, down-
regulation restores DR-induced apoptosis in SH-EP NBL cell line (Flahaut, Muhlethaler-Mottet
et al. 2006).

Finally, survivin is a member of the IAP family that is associated with tumors of high-risk and
unfavorable prognosis. Moreover, its expression is associated with an increase of proliferation
and a greater resistance to drug-induced and immune-mediated cell death (Azuhata, Scott et

al. 2001).
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2. Hypothesis and objectives

Our knowledge about deregulation of apoptotic pathways in NBL increases progressively, but
is still not sufficient to overcome tumor chemoresistance and improve survival of high-risk
patients. Hence, it is extremely necessary to further understand signal transduction pathways
that regulate sensitivity to apoptosis in pediatric malignancies in order to open new treatment
perspectives and find new molecular targets. Death receptor antagonists play a key role in
cancer progression. Their implication in NBL has been poorly studied, since the extrinsic
apoptotic pathway is often compromised due to caspase-8 silencing. Nevertheless, tumors
that express caspase-8 still show resistance to therapy; therefore alternative resistance
mechanisms must exist. We hypothesize that DR antagonists are involved in NBL behavior,
either acting as anti-apoptotic proteins or by playing alternative roles. Thus, modulation of

their expression can probably impact on tumor progression and aggressiveness.

Even though NBL outcome can be predicted by several risk factors, it is also crucial to find new
biomarkers to improve the stratification of patients and we hypothesize that DR antagonists

may be useful as prognostic markers.

The main purpose of this work is to unravel the possible implication of neuronal DR
antagonists in NBL behavior, which will be addressed by the following objectives:

- Objective 1: Analyze the expression levels of DR-antagonists in primary NBL tumors
data bases and correlate their expression with clinical variables such as patient
survival.

- Objective 2: Study the functional role of the DR-antagonist that best correlates with
clinical data to characterize its implication in NBL aggressiveness, both in vivo and in
vitro.

- Objective 3: Test the prognostic value of DR-antagonists in NBL.
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3. Materials and Methods

3.1. Reagents

All reagents used for this work were dissolved to a stock solution following the manufacturer’s
recommendations. Afterwards, they were diluted in the appropriate culture media to reach
the desired working concentrations. All biochemicals used for this study along with the

working concentrations and their suppliers are listed in the following table:

Table 5. Reagents used for this study.

Diluti Worki
Product Description nu I?n or mg. Provider
media concentration
All-trans Retinoic Acid Indu.cer of r?et{ronal DMSO 10 uM Sigma
differentiation
Doxycycline hyclate Tetracycline antibiotic H,0 100ng/mL Sigma
Sodium Butyrate HDAC inhibitor PBS 1mM Sigma
DNA methylt f .
5-aza-2’-deoxycytidine anh}/bi:Z?S erase DMSO 1uM Calbiochem

3.2. Analysis of mRNA neuroblastoma data sets

Publicly available microarray expression data sets allow us to re-analyze these data and to
establish preliminary correlations that give us clues for future hypothesis and help orientate
our research. Moreover, these facilities give us the opportunity to extend our initial study to a
wide range of candidates, and to a later stage, prioritize the most interesting ones for in vitro

and in vivo studies.

In order to analyze the implication of death receptor antagonists expressed in the nervous
system in NBL behavior, we used two public websites:
- R2: Genomics Analysis and Visualization Platform http://hgserverl.amc.nl/cgi-
bin/r2/main.cgi

- Oncogenomics Section Data Center: http://pob.abcc.ncifcrf.gov/cgi-bin/JK

On the one hand, we used expression data from two different primary NBL datasets to find
changes in mRNA levels (either up- or downregulation) between tumor stages. The expression
of each individual DR-antagonist was analyzed comparing Stage 4 MYCN-amplified tumors
versus the other stages present in the study (i.e. Stage 1, 3 and 4 without MYCN amplification).
On the other hand, gene expression data of human samples from independent data sets were

used to generate Kaplan-Meier survival curves. Kaplan-Meier analyses are used in medical
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research to measure the fraction of patients that are alive for a certain amount of time.
Therefore, Kaplan-Meier curves allow us to plot survival functions of patients. Patients were
divided into two groups that expressed high or low levels (above or below median) of the gene
of interest. Afterwards, survival curves were plotted in order to find differences in survival that
correlated with the expression levels of a certain gene. The primary NBL data sets that were

used for this thesis are listed in this table:

Table 6. NBL expression and prognosis data sets employed in this work.

Dataset Number of cases Used for... Reference

GSE3960 101 mRNA levels (Wang, Diskin et al. 2006)

GSE16237 51 MRNA levels (Ohtaki, Otani et al. 2010)

GSE16476 88 Kaplan-Meier (Molenaar, Koster et al. 2012)
GSE3446 102 Kaplan-Meier (Asgharzadeh, Pique-Regi et al. 2006)
Oberthuer lab 251 Kaplan-Meier (Oberthuer, Berthold et al. 2006)

3.3. Human samples

Primary tumor tissue samples from 38 NBL patients enrolled at the Vall d’Hebron Hospital
(Barcelona, Spain) were obtained immediately after surgery and snap-frozen in liquid nitrogen
and stored at -80°C until processing. Primary tumor samples were used for RNA and protein
extraction and analysis, as explained later.
Tumors were examined by the pathologists in order to confirm NBL diagnosis. Pathologists also
confirmed the presence of at least 80% of tumor tissue sample and carried out a histo-
pathological classification of the sample. The 38-samples cohort included tumors from
different stages, which were divided in four groups:

(A) Stage 1 tumors, n=10

(B) Stage 3 tumors, n=9

(C) Stage 4 tumors, n=10

(D) Stage 4 MYCN amplified tumors, n=9

Further patient characteristics are detailed in the following table:

68



Materials and Methods

Table 7. Clinical characteristics of the Vall d’"Hebron Cohort of patients

Variables n (%)
Age
> 18 months 12 (31.6)
< 18 months 26 (68.4)
Sex
Male 16 (42.1)
Female 22 (57.9)
Stage
1 10 (26.3)
3 11 (28.9)
4 17 (44.8)
MYCN Status
Amplified 7 (7.0)
Non amplified 31(93.0)
Anatomic Location
Suprarenal 20 (52.6)
Abdominal 9(23.7)
Thoracic 5(13.1)
Other 3(10.6)
Metastatic
18 (47.3)
Yes
No 20 (52.7)

Parents of all patients gave written informed consent.

3.4. Gene expression analysis by qPCR

3.4.1. RNA extraction

Total RNA was extracted from NBL cell lines and tumor samples using the RNeasy Mini Kit
(Qiagen) following the provider’s instructions. Briefly, it consists on a guanidine-isothiocyanate
sample lysis and homogenization. Then, ethanol is added to the lysate to provide ideal binding
conditions of RNA to the silica membrane used for purification, allowing contaminants to be

washed away. RNA is then efficiently eluted with RNase-free water.

3.4.2. Quantitative PCR

RNA was retro-transcribed using High Capacity RNA to cDNA kit (Applied Biosystems) following

the manufacturer’s protocol. Briefly, between 0.5 pug and 1 ug of total RNA was mixed with
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retro-transcription buffer and enzymes and the reaction was loaded into a thermal cycler to
undergo the following steps:

1. 37°C, 60 minutes, to retro-transcribe RNA.

2. 95°C, 5 minutes, to stop the reaction.

3. 4°C, oo, to maintain samples in optimal conditions.

The obtained cDNA was stored at -20°C until the qPCR reaction was carried out. Gene
expression analyses were performed using TagMan® probes and, as a reaction buffer, we used
TagMan® Gene Expression Master Mix (Applied Biosystems). Briefly, cDNA samples were
diluted 1:20 and the gPCR reaction was performed in a 384-well plate with the following mix:

- 5 ul 2x Reaction Buffer, that includes AmpliTag Gold® DNA Polymerase and dNTPs

- 0.5 ul of the desired probe

- 4.5 ul of the diluted cDNA

All reactions were carried out in triplicates. In order to compare samples and to ensure that
equal amounts of DNA were loaded on the plate, all expression analyses were normalized

versus 18S housekeeping gene. All probes used in this work are detailed in Table 8.

Alternatively, gene expression was also detected by qPCR using Power SYBR® Green PCR
Master Mix (Applied Biosystems) as a reporter and normalized against L27 with the primers

shown in Table 9.

In all cases, analysis was performed using the 7900HT Sequence Detection Systems 2.3
Software (Applied Biosystems). There are two classical methods to analyze data from a real-
time gPCR, which are absolute and relative quantifications. Absolute quantifications are
employed to determine the input copy number using a standard curve, while relative
guantifications give us relative changes in expression comparing the target group to a control
reference. For this study, we used relative quantifications to assess expression differences
after different treatments. The relative fold-change in expression was determined by the

comparative 2™ method (Livak and Schmittgen 2001).

70



3.4.2.1. qPCR probes and primers

Table 8. TagMan Probes used for this study.

Materials and Methods

Probe Reporter Reference

LFG FAM Hs00392342_m1
TRKB FAM Hs00178811_m1
FGF14 FAM Hs00738588_m1
STK36 FAM Hs00379662_m1
BCL2 FAM Hs00608023_m1
RAP1A FAM Hs01092205_g1
TJP1 FAM Hs01551861_m1
ITGA9 FAM Hs00979865_m1
185 FAM Hs03928990_g1

Table 9. Primers used for this study

Gene

ABCG2

CD133

ERBB3

GFP

KLF4

KRT19

L27

MYCN

NANOG

NESTIN

NOTCH

Primer Sequence

Forward 5-CGGGTGACTCATCCCAACAT-3’
Reverse 5’-TCTGGAGAGTTTTTATCTTTTCAGC-3’
Forward 5’-AAGCTGGACCCATTGGCATT-3’
Reverse 5’-AGATTACAGTTTCTGGCTTGTCA-3’
Forward 5'-CTGATCACCGGCCTCAAT-3'
Reverse 5'-GGAAGACATTGAGCTTCTCTGG-3'
Forward 5-GGACGACGGCAACTACAAGA-3’
Reverse 5’-TTGTACTCCAGCTTGTGCCC-3’
Forward 5’-TACCAAGAGCTCATGCCACC-3’
Reverse 5-CGCGTAATCACAAGTGTGGG-3’
Forward 5'-GCCACTACTACACGACCATCC-3'
Reverse 5'-CAAACTTGGTTCGGAAGTCAT-3'
Forward 5’-AGCTGTCATCGTGAAGAA-3’
Reverse 5’-CTTGGCGATCTTCTTCTTGCC-3’
Forward 5’-CCTGAGCGATTCAGATGATGA-3’
Reverse 5-GGTGAATGTGGTGACAGCCT-3’
Forward 5’-CAATGGTGTGACGCAGAAGG-3’
Reverse 5-GAAGGTTCCCAGTCGGGTTC-3’
Forward 5’-CTCAGCTTTCAGGACCCCAA-3’
Reverse 5’-GTCTCAAGGGTAGCAGGCAA-3’
Forward 5'-GGGCCACTATGTGAGAACCC-3’

Reporter

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green

SYBR green
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Reverse 5’-TCAAACCCAGGAAGACAGGC-3’

OCT4 Forward 5’-GCCCGAAAGAGAAAGCGAAC-3’ SYBR green
Reverse 5’-CTCGGACCACATCCTTCTCG-3’

SNAI1 Forward 5'-AGATGCACATCCGAAGCCAC-3' SYBR green
Reverse 5'-AGTGGGGACAGGAGAAGGG-3'

SNAI2 Forward 5'-TGGTTGCTTCAAGGACACAT-3' SYBR green
Reverse 5'-GTTGCAGTGAGGGCAAGAA-3'

sox2 Forward 5'-GGGGAAAGTAGTTTGCTGCC-3’ SYBR green
Reverse 5'-CGCCGCCGATGATTGTTATT-3’

TCF3 Forward 5'-CTCGGTCATCCTGAACTTGG-3' SYBR green
Reverse 5'-TCTCCAACCACACCTGACAC-3'

TWIST1 Forward 5'-AAGGCATCACTATGGACTTTCTCT-3' SYBR green
Reverse 5'-GCCAGTTTGATCCCAGTATTTT-3'

ZEB1 Forward 5'-GGGAGGAGCAGTGAAAGAGA-3' SYBR green
Reverse 5'-TTTCTTGCCCTTCCTTTCTG-3'

3.5. Protein extraction and detection

3.5.1. Protein extraction

Cells were rinsed once with ice-cold PBS pH 7.2 before lysis. Proteins must be extracted
efficiently and without degradation to ensure an accurate representation of their physiological

state in the living cell. With that purpose, different methods of protein extraction were used.

Cell homogenates were obtained in Triton lysis buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM
EDTA, 1% Triton™ X-100) and tissue homogenates were obtained in commercial RIPA buffer
(Pierce/ThermoFisher Scientific), both supplemented with 1x EDTA-free complete protease
inhibitor cocktail (Roche). Buffers were added keeping a proportion of 1:20 between cell pellet
and lysis buffer. Cells were incubated in ice for 20 min prior centrifugation at 16,000 xg, 4°C for
5 min. Under these conditions, most nuclear and cytoskeleton proteins remain in the excluded
pellet while the supernatant is enriched in cytosolic proteins. Supernatants were harvested

and kept at -20°C.

Since LFG is a membrane protein, non-ionic detergents such as Triton may not release it
completely and therefore, this could impair its detection by Western Blot. For this, reason,
samples were lysed in SET lysis buffer (10 mM Tris-HCI pH 7.4, 150mM NaCl, 1mM EDTA and

1% sodium dodecyl sulfate (SDS)) when indicated. Denaturing cell lysis with SDS breaks
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interactions between proteins and releases proteins from macromolecular structures,
enhancing extraction efficiency. SET buffer was not supplemented with protease inhibitors
because SDS completely denaturalizes and inactivates all enzymes in the sample, including
proteases. SET buffer was added maintaining a relation of 1:50 (pellet:buffer). Samples were
then heated at 95°C for 10 minutes in order to ensure fragmentation of genomic DNA and,

consequently, reduce viscosity of the sample. Lysates were stored at -20°C.

3.5.2. Protein quantification

Protein concentration was quantified by a modified Lowry assay (DC protein assay, Bio-Rad).
Once quantified, samples were prepared for further analysis in SDS-Polyacrylamide gel
electrophoresis (SDS-PAGE) and Western Blot. 20-30ug of protein were mixed with Laemmli’s
loading buffer (60mM Tris-HCI pH 6.8, 4mM EDTA, 10% Glycerol, 2% SDS, 100mM
dithiothreitol (DTT) and traces of Bromophenol blue) and denatured by incubating them at
95°C for 5 min. DTT reduces disulphide bonds and SDS is a powerful ionic detergent, which has
an hydrophobic end and a negatively charged part. The hydrophobic dodecyl part interacts
with hydrophobic amino acids in proteins, destroying 3D structures and transforming proteins
into linear molecules coated with negatively charged SDS groups. More importantly, these
charges give every protein the same charge-to-mass ratio and, therefore, they will only run

depending on their molecular weigh when loaded on an SDS-PAGE.

3.5.3. SDS-PAGE

SDS-PAGE is a widely used method to separate proteins based on their electrophoretic

mobility, formulated by Ulrich K. Laemmli in 1970 (Laemmli 1970).

Polyacrylamide gels are formed by the polymerization of acrylamide by the action of the cross-
linking factor bis-acrylamide, an initiator and a catalyzer, all in the presence of 0.1% SDS.
Acrylamide and bis-acrylamide are used in a final proportion of 37.5:1. The final percentage of
acrylamide/bis-acrylamide determines the separation range of the gel. Chemical
polymerization is initiated by ammonium persulfate (APS) 0.05% (w/v), which is a source of
free radicals (persulfate ions, S;0g). TEMED (N, N, N', N'-tetramethylethylenediamine) 0.1%
(v/v) is commonly used as a catalyzer, since it accelerates the rate of formation of free radicals

from persulfate and improves polymerization.

73



Materials and Methods

The SDS-PAGE method is based on a discontinuous pH gel system, since gels are composed of
two different parts that mainly differ in their pH and the acrylamide concentration: the
stacking and the resolving gels. The resolving gel is buffered with Tris-HCI adjusted to pH 8.8,
while the stacking is adjusted to pH 6.8. Running buffer is composed of Tris 25mM, Glycine
192mM and SDS 0.1%, pH 8.3. Glycine is a weak acid that at low pH is protonated and thus
uncharged. At higher pH it is negatively charged. For this reason, in the stacking gel glycine
ions lose a lot of their charge and slow down. Together with the chloride ions that move faster,
glycine creates a tight band were all the proteins concentrate. This way, all the proteins reach
the resolving gel at the same time, where protein migration is truly a function of their

molecular size.

Electrophoresis was performed in a Mini-PROTEAN cuvette (Bio-Rad), at constant amperage

(25 mA/gel).

3.5.4. Protein immunodetection by Western Blot

Immediately after migration, proteins were transferred to polyvinyl difluoride (PVDF)
membranes (Millipore) that were previously activated with 100% methanol and washed with
MilliQ water to hydrate them. Once proteins are transferred to the membrane, they become
accessible for immunodetection with specific antibodies. Transference is done at 100 V for 90

min in ice-cold transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20% methanol).

After transference, membranes were blocked in TBS-T (20 mM Tris—HCI, 150 mM NaCl pH 8
and 0.1% Tween 20) containing 5% nonfat dry milk, for 1 h at room temperature. Blocking of
the membrane prevents unspecific binding of the antibodies that will be used at a later stage.
Once blocked, membranes were washed three times for 5 min with TBS-T to eliminate excess
blocking solution. Primary antibody was added at the required dilution (Table 10) and
incubated overnight at 4°C or for 1 h at room temperature. Membranes were probed with the

antibodies and dilutions detailed in 3.5.4.1.

Before incubating with the secondary antibody, membranes were washed again with TBS-T for
5 min three times to eliminate excess of primary antibody. Secondary antibody was diluted in
blocking solution. The secondary antibody is coupled to the horseradish peroxidase enzyme
(HRP), which allows detection. Incubation was done for 1 h at room temperature. After
incubation, membranes were washed three times for 10 min with TBS-T to eliminate the

secondary antibody excess.
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Membranes were developed with SuperSignal Dura detection kit (Pierce/ThermoFisher
Scientific) or EZ-ECL Chemiluminescence detection kit (Biological Industries). In the presence of
peroxides, HRP that is bound to the secondary antibody catalyzes the oxidation reaction of
luminol. This reaction produces light or chemoluminiscence, which can be detected using

SuperRX Fuji Medical X-RAY Films (Fujifilm Corporation).

In some cases, after blotting membranes with the desired antibodies, Naphtol Blue Black stain
(NB) was used as a loading control. NB is designed for rapid staining of protein bands on
Western Blot membranes. It is useful to ensure equally loading when housekeeping protein
levels (e.g. actin, a-tubulin...) are altered and do not correspond with the real amounts of total
protein. This was the case of NBL primary tumors western blots, where NB was the best
approach to control loading. Membranes were stained in a solution containing 10% methanol,
2% acetic acid and 0.1% naphtol blue black stain for 5 minutes. Then, membranes were

washed twice in a decoloration solution (50% methanol, 7% acetic acid) and let dry.

3.5.4.1. Antibodies
The following primary and secondary antibodies were used:

Table 10. Antibodies used for this study and their respective dilutions.

Antibody Antigen Type Source Working Dilution Supplier
Mw dilution media
anti-LFG 35 kDa Polyclonal Rabbit 1:1000 BSA AnaSpec
anti-FAIM2 (H-21) 35 kDa Polyclonal Rabbit 1:1000 BSA SCBT
anti-a-tubulin 50kDa  Monoclonal Mouse 1:10000 TBS-T Sigma
anti-MYCN NCM-I1-100 64 kDa  Monoclonal Mouse 1:1000 BSA Abcam
Secondary antibodies

Ig Rabbit Polyclonal Goat 1:20000 5% milk Sigma
Ig Mouse Polyclonal Goat 1:20000 5% milk Sigma

SCBT, Santa Cruz Biotechnology

3.6. Immunohistochemistry

Immunohistochemistry (IHC) is a strategy used to detect protein antigens in tissue sections
using specific antibodies. In order to detect the interaction between the primary antibody and
the antigen, we use a secondary antibody conjugated to an enzyme such as peroxidase that
catalyzes a reaction detectable by color. In this thesis, we performed IHC staining on NBL

tissue slides in collaboration with the pathological anatomy service of Vall d’'Hebron Hospital.
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First, 3um-sections were cut and deparaffinized in the EZ prep™ solution (Ventana Medical
Systems). Epitope retrieval was performed with the Cell Conditioning solution at pH 8.0 for 20
min. Anti-LFG antibody (AnaSpec) was diluted 1:50 and incubated for 30 min at room
temperature on Benchmark XT instrument (Ventana Medical Systems). Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide. Secondary streptavidin-HRP
conjugate antibody was used to detect the primary antibody and the complex was visualized
with 3,3-diaminobenzidene. Slides were counterstained with hematoxylin in order to visualize

nuclei.

3.7. Cell culture
3.7.1. Cell Lines

A panel of human NBL cell lines with the following main characteristics has been used:

Table 11. Summary of NBL cell lines.

Cell line Stage Age (months) MYCN status Caspase-8
SH-SY5Y 4 48 Non amplified -
CHLA-90 4 102 Non amplified +
IMR-5 4 13 Amplified -
IMR-32 4 13 Amplified -
IMR-32 shMYCN 4 13 Amplified® -
SK-N-BE(2) 4 24 Amplified +
LAI-5S 4 36 Amplified +
Tet21N 4 48 Amplified” +

® Doxycycline-Inducible shMYCN to counteract MYCN-amplification.
b Ectopic MYCN is overexpressed under a tetracycline-regulated promoter.

SH-SY5Y, SK-N-BE(2), IMR-5 and IMR-32 were acquired from the American Type Culture
Collection (ATCC). CHLA-90 cells were obtained from Children’s Oncology Group Cell Line &
Xenograft Repository (Lubbock, TX, USA). SK-N-BE(2) and LAI-5S cells were purchased from
Public Health England Culture Collections (Salisbury, UK). IMR-32 cells stably transfected with
an inducible shRNA against MYCN were kindly provided by Dr. Frank Westermann (DKFZ,
Heidelberg, Germany). Tet21N were a generous gift from Prof. Manfred Schwab (DKFZ,
Heidelberg, Germany). All cell lines obtained directly from the tissue banks were amplified and
stored in liquid nitrogen. Upon resuscitation, cells were maintained in culture for no more than
two months. SH-SY5Y were grown in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 15% heat-inactivated FBS, 20U/mL penicillin, and 20ug/mL streptomycin.
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IMR-5, IMR-32 and LAI-5S cells were maintained in DMEM plus with 10% heat-inactivated FBS,
20U/mL penicillin, and 20pg/mL streptomycin. IMR-32 stably transfected with an inducible
shMYCN were maintained with additional supplements: 5ug/mL blasticidin (Thermo Fisher
Scientific) and 100pg/mL zeocin (Ibiantech). SK-N-BE(2) and CHLA-90 were maintained in
Iscove's Modified Dulbecco's Medium (IMDM), supplemented with 20% heat-inactivated FBS,
1% of Insulin-Transferrin-Selenium, 100U/mL penicillin, and 100ug/mL streptomycin. To
subculture cells, medium was removed and they were dissociated using a 1:5 dilution of 0.25%
Trypsin-EDTA (Invitrogen). Cells were incubated at 37°C until detachment and trypsin was
inhibited with fresh media. Cells were pelleted by centrifugation at 200 xg for 5 minutes and
seeded in new culture dishes. Tet21N cells were grown in RPMI-1640 medium (Invitrogen)
supplemented with 10% heat-inactivated FBS, 25mM Hepes (Invitrogen), 200ug/mL geneticin
(G418), 0.5ug/mL amphotericin B, 10pug/mL hygromycin B, 100U/mL penicillin, and 100ug/mL
streptomycin. Tet21N cells were dissociated using Versene (1x PBS plus 1ImM EDTA, pH 7.0)

and subcultured into new 100 mm dishes.

SH-SY5Y and CHLA-90 cells were chosen as models for functional knockdown experiments
because they are both MYCN non-amplified cell lines and show high levels of LFG expression.
SH-SY5Y is a thrice-cloned subline of the NBL cell line SK-N-SH (SK-N-SH = SH-SY - SH-SY5 >
SH-SY5Y), which was established from a metastatic bone marrow from a 4-year female. CHLA-
90 cells were established from a bone marrow of a stage 4 tumor. Concretely, tumor sample
was obtained from an 8-year male post-chemotherapy (cisplatin, cyclophosphamide,
doxorubicin, etoposide, melphalan, teniposide), total body irradiation and post-bone marrow
transplant. Tet21N is a subclone of the NBL cell line SH-EP, which derives from the NBL cell line
SK-N-SH. Tet21N cells harbor ectopic MYCN overexpression under a tetracycline-regulated
promoter. In this cell line, MYCN expression is controlled by a Tet-OFF promoter and,
therefore, treatment with tetracycline or its analogue doxycycline inhibits MYCN expression
(Lutz, Stohr et al. 1996). During the last years, Tet21N have been extensively used in order to
study genes or pathways regulated by MYCN and also to increase our knowledge about MYCN-
driven transformation and drug resistance (Bell, Lunec et al. 2007, Cotterman and Knoepfler

2009, Murphy, Buckley et al. 2009).

HEK293T were obtained from ATCC. This cell line is a highly transfectable derivative of human
embryonic kidney 293 cells and, therefore, it has been widely used for retroviral and lentiviral
production, gene overexpression and protein production. This cell line contains the SV40

antigen, so it is competent to replicate vectors carrying the SV40 region of replication. In this

77



Materials and Methods

work, HEK293T cells were used for lentiviral production and maintained in DMEM medium

supplemented with 10% FBS, 20U/mL penicillin and 20ug/mL streptomycin.

All cultures were maintained at 37°C in a saturated atmosphere of 95% air and 5%CO,.

3.7.2. Thawing and cryopreservation

When thawing cells, it is crucial to ensure that they recover and to keep the highest viability as
possible. For this reason, cells must be rapidly processed to place them in culture. Vials were
thawed in a water bath at 37°C and 1mL of cell suspension was resuspended in 9 mL of PBS.
Cells were then centrifuged at 200 xg for 5 min and the supernatant was removed to eliminate
traces of DMSO from the freezing media, which can be toxic. Cells were resuspended in

complete culture media and seeded into 100 mm culture dishes.

It is also extremely important to maintain a stock of cells without introducing selections or
modifications that could alter the characteristics of the original population. For this reason,
when cells were thawed they were kept in culture and new aliquots were immediately
cryopreserved. To preserve cells, they were frozen in a mixture of FBS with 10% DMSO using a
Mr. Frosty Freezing Container (Thermo Scientific) and stored at -80°C. Mr. Frosty containers
are designed to achieve a rate of cooling close to -1°C/minute, which is the optimal rate for cell
preservation. The next day, cells were transferred to a liquid nitrogen tank for long-term

storage.

3.8. Retinoic acid differentiation

Retinoic acid (RA) is a metabolite of vitamin A that plays an important role in many biological
processes such as cellular differentiation and embryogenesis. RA is a potent transcriptional
activator that acts through its nuclear receptors to induce transcription of specific genes,
including multitude of structural genes, transcription factors, cell surface molecules and also
many cytokines. Due to its effects stopping cell proliferation and inducing differentiation, RA is
now being used therapeutically in oncology. Concretely, in pediatric oncology, retinoids are

administered for the treatment of acute promyelocytic leukemia and high-risk NBL.

Induction of differentiation of NBL cell lines was performed as described previously by our
group (Encinas, Iglesias et al. 2000). Briefly, NBL cells were seeded at low density (6x10”
cells/mL) on culture dishes previously coated with 65ug/mL type | collagen (BD Biosciences)

and washed once with sterile water. All-trans retinoic acid was added the next day at a final
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concentration of 10 uM in DMEM supplemented with 15% FBS and maintained during 1, 3 and
5 days. Then, cells were collected, pelleted at 200 xg for 5 min and rinsed once with PBS.

Pellets were used for protein and RNA extraction as previously specified.

3.9. Sphere formation

Autonomous growth in serum-free media as non-adherent spheres is thought to be a
surrogate marker of neural and malignant progenitors. Indeed, sphere cell populations have an
increased tumor-initiating capacity and can undergo differentiation when exposed to the
appropriate stimuli. This has been reported for NBL cell lines (Mahller, Williams et al. 2009),
NBL cells derived from primary tumors (Hansford, McKee et al. 2007) and also for other

tumors of the nervous system such as glioblastoma (Penuelas, Anido et al. 2009).

In this study, the MYCN-amplified cell lines SK-N-BE(2), IMR-5 and IMR-32 were seeded in
neurosphere media in order to mimic an undifferentiated status of NBL cells. Cells were grown
at low density (5x10* cells/mL) for sphere formation in serum-free Neurobasal Medium
(Invitrogen), supplemented with B27 (Invitrogen), 2mM L-Glutamine (Invitrogen), 20ng/mL
EGF (ProSpec-Tany Technogene Ltd.), 20ng/mL FGF2 (ProSpec-Tany Technogene Ltd.), 20U/mL
penicillin and 20ug/mL streptomycin. Cells were maintained in standard culture conditions
(37°C; 5%CO0,) for at least one week. Resulting spheres were pelleted as detailed above for

RNA extraction.

3.10. Cell transfection

Cells were transfected using Lipofectamine 2000 Reagent (Invitrogen), a cationic liposoluble
reagent. This method is based in the formation of liposomes in an aqueous environment that
entrap DNA and are able to introduce it in the target cell (Dalby, Cates et al. 2004, Chu,
Masoud et al. 2009). Because cell membranes have a negative net charge, anionic molecules,
especially those with an elevated molecular weight, cannot be internalized. Since
lipofectamine is a cationic reagent, it complexes with negatively charged nucleic acid
molecules, neutralizing the negative charges and allowing them to overcome the electrostatic
repulsion of the cell membrane. This way, liposomes that contain DNA and are positively
charged can fuse with the negatively charged plasma membrane, allowing nucleic acid to enter
the cell. Lipofectamine 2000 has been optimized to provide high transfection efficiencies en

many eukaryotic cell types.
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This reagent was used in this work to transfect HEK293T cells in order to produce high-titer
lentiviral particles. The transfection protocol was adapted from the manufacturer’s
recommendations. According the manufacturer, one day before transfection, cells should be
seeded at high density (90-95%) to achieve high transfection efficiency and avoid cytotoxicity.
However, due to the high proliferation rate of HEK293T cells, and that lentiviral vectors must
be harvested two days post transfection, we seeded cells at a lower density. In this case, to
minimize transfection toxicity, culture plates were previously coated with Poly-D-Lysine and
cells seeded in medium without antibiotics. On the day of transfection Lipofectamine 2000 and
DNA were diluted separately in OptiMem | Reduced Serum Medium (Invitrogen). After 5
minutes of incubation, DNA and Lipofectamine 2000 were combined and incubated for 20
minutes to allow lipid complex formation. Then, complexes were added to the cell culture.

Culture medium was changed 4-6 hours after transfection to avoid toxicity of the reagent.

3.11. Lentiviral production

Lentiviral vectors allow efficient internalization, integration and gene transfer in both dividing
and quiescent cells, including terminally differentiated cells such as neurons (Naldini, Blomer
et al. 1996, Naldini, Blomer et al. 1996, Zufferey, Nagy et al. 1997). Three generations of
vectors have been developed for the production of lentiviruses. In each generation biosafety
has been improved by dividing the necessary elements for the formation of the viruses in more

plasmids.

Lentiviral particles are generated by coexpression of packaging elements and the transgene of
interest in HEK293T cells. In this work, we used a second generation system designed by
Professor Didier Trono (Laboratory of Virology and Genetics, Ecole Polytechnique Fédérale de

Lausanne, Lausanne, Switzerland, http://tronolab.epfl.ch/). This method consists of three

plasmids that are transfected simultaneously:

1. A lentiviral vector, carrying the gene of interest or short hairpin (sh) RNAs. This vector
only contains the genetic material to be transferred to the target cell. In our case,
pLVTHM (for shScr and shLFG constructs) and pGIPZ (for shScr2 and shLFG2
constructs). The transgene is flanked by cis elements that are necessary for
encapsidation, reverse transcription, and integration in the host genome. As in other
retroviral vectors, we take advantage of the particularity of reverse transcription in
order to obtain self-inactivating vectors derived from HIV-1, which lose the

transcriptional capacity of the Long Terminal Repeats (LTR) once they have been
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transferred to the cell. This minimizes the risk of the appearance recombinant particles
competent for replication and promoter interferences.

2. psPAX2, a packaging plasmid for producing lentiviral particles. It contains a robust CAG
promoter for efficient expression of packaging proteins, including TAT protein, DNA
polymerase and reverse transcriptase.

3. pMD2.G, an envelope plasmid. To broaden the tropism of the vector, this plasmid
encodes the G glycoprotein of vesicular stomatitis virus (VSV). It is an heterologous
protein that enables pseudotyping of the viral particles and, at the same time, it
confers enough stability to allow lentiviral concentration by ultracentrifugation

(Naldini, Blomer et al. 1996).

The protocol used to produce lentiviral particles has been adapted from the one described by

Naldini and collaborators (Naldini, Blomer et al. 1996, Naldini, Blomer et al. 1996).

The first day, culture dishes are coated with poly-D-Lysine 10ug/mL (Sigma) and 30 minutes
later rinsed once with sterile water. Then, 4-5 million HEK293T cells are seeded per 100 mm
dish. The next day, cells are transfected using Lipofectamine 2000 Reagent and the following
proportions of plasmids:

- Vector: 12 ug

- psPAX2:8 ug

- pMD2.G:4 pug

48 hours post-transfection, the medium is removed and centrifuged at 2,500 rpm for 5
minutes to eliminate cells or particles in suspension. The supernatant is filtered through a 0.45
pm filter and can directly be used to infect cells. However, if components of the HEK293T
medium may affect the future experiment, it is recommendable to concentrate the virus by
ultracentrifugation using a TH-641 rotor (Thermo Scientific) at 25,000 rpm (107,000 xg) for 1.5
h. Once centrifuged, viruses are resuspended in a solution of PBS containing 2% BSA, a carrier
protein that will ensure preservation of the virus. Viral particles can be stored at —80°C for long

periods without apparent loss of efficiency.

In this work, lentiviral vectors were used for loss of function experiments. In order to
knockdown LFG, two sets of shRNA lentiviral constructs were used: pLVTHM-shScr and
pLVTHM-shLFG were previously described by Fernandez and collaborators (Fernandez, Segura
et al. 2007) and pGIPZ-shScr2 and pGIPZ-shLFG2 were purchased from Thermo Fisher Scientific
(RHS4531-EG23017).
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3.12. Cell proliferation and adhesion assays

For proliferation assays, infected NBL cells were seeded in 96-well plates at low density (2x10*
cells/well) in order to leave them in standard culture conditions for several days and monitor
their growth rates. At the indicated time points cells were fixed with 4% paraformaldehyde

and left in PBS at 4°C until further processing.

For adhesion assays, NBL cells were seeded in 96-well plates at high density (2x10° cells/well)
and incubated for short periods of time at 37°C. Every 10-15 minutes culture medium was
removed by aspiration, together with cells that were not still adhered. Adherent cells were
rinsed once with PBS to remove the remaining non-adherent cells and new culture media was
added to the well. Cells were incubated for 4-6 h to ensure they were properly adhered to

culture plates and then fixed with 4% paraformaldehyde.

In both assays, quantification of cell number was performed by crystal violet staining (Sigma).
Briefly, cells were rinsed once with PBS and stained with 0.5% crystal violet for 30 min. Plates
were then washed thoroughly with distilled water to remove traces of dye and let dry. The
next day, crystals were dissolved in 100 pl of 10% acetic acid and the absorbance was

measured at 590nm.

3.13. Migration and invasion assays

Both migration and invasion assays are based on the formation of a serum gradient that
prompts cells to move to the zone with higher concentration of nutrients. Taking advantage of

this property, we were able to quantify migration and invasion abilities of NBL cell lines.

For migration assays, 300 pl of a suspension of 2.5x10° SH-SY5Y NBL cells was added in serum-
free media to 8um-pore cell culture inserts (Falcon). 700 ul of complete media (DMEM
supplemented with 15% FBS) were added to the lower part of the chamber in order to
generate a FBS gradient that would function as a chemoattractant to induce cell migration to
the lower well (Figure 21). Cells were incubated for 8h under standard culture conditions and
viable cells that had migrated to the lower transwell chamber were quantified by WST-1 assay

(Roche).
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Figure 21. Representation of a migration assay.

To assess the invasion ability of SH-SY5Y cells, we took the same approach as for migration
assays and introduced a new variable (Figure 22). In this case, polycarbonate filters were
coated with 50 pl of a gelatinous protein mixture known as Matrigel (Corning) diluted 1:5 in
DMEM (Matrigel:DMEM). Matrigel is secreted by Engelbreth-Holm-Swarm mouse sarcoma
cells and resembles the extracellular matrix. Thus, cells with invasive properties should be able
to cross this environment and migrate to the lower transwell chamber. Cells that crossed the
matrigel coating and the polycarbonate filter were fixed with 4% paraformaldehyde, stained

with 0.5% crystal violet for 30 min, thoroughly washed with distilled water and counted.
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Figure 22. Representation of an invasion assay.

3.14. Cell viability WST-1 assay

The WST-1 assay (Roche) is a colorimetric approach that allows the quantification of cell
proliferation and viability using a spectrophotometer. The WST-1 reagent (4-[3-(4-lodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) is a tetrazolium salt, which can be

cleaved to formazan by cellular mitochondrial dehydrogenases. Thus, an increase in the
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number of metabolically active cells results in an augmented enzymatic activity and an
increase in the amount of formazan dye formed. Quantification of the reaction product is
performed by measuring Abs 450 nm — Abs 690nm (to remove background).

WST-1 assays were performed following the manufacturer’s instructions.

3.15. In vivo experiments

3.15.1. Mice Xenografts

In order to assess the implication of LFG in tumor formation and metastasis, we performed a
xenograft approach in immunodeficient mice using the human NBL cell line SH-SY5Y. Before
injection, cells were transduced with shScr or shLFG lentiviruses. In addition, they were stably
infected with a lentiviral vector carrying the reporter gene firefly luciferase (pFLuc) to easily
detect metastases by bioluminiscence (BLI) imaging. Then, 5x10° cells were injected into the
right flank of 6-week old NMRI-Foxn1"/Foxn1™ female mice (Janvier) (n=10 for each
condition) in a final volume of 300ul of PBS and Matrigel (1:1). NMRI-Foxn1™/Foxn1™ mice
bear a mutation in the Foxn1 (forkhead box N1) gene that causes thymic aplasia, which results
in a lack of T cells. This immunodeficient model has been widely used as a host for
transplanted human tumors and xenografts (Geissler, Hambek et al. 2012, Henke, Meier et al.

2012, Lamers, Schild et al. 2012, Wolmer-Solberg, Baryawno et al. 2013).

Tumor growth was monitored using a digital caliper two or three times per week. Tumor
volume was calculated using the sphere volume formula (width**length/2). When primary
tumors reached the maximum allowed volume (~1600cm?), mice were sacrificed by cervical
dislocation. Then, the primary tumor mass was excised and weighed. Liver and lungs were
collected from all the animals and the presence of micrometastases in these organs was
analyzed BLI detection ex vivo. Immediately after imaging, tissues were rinsed once with PBS
1x and divided into 2 portions: one portion was fixed in 10% neutral buffered formalin while

the other portion was frozen and stored at -80°C.

Animals were maintained under pathogen-free conditions. All procedures regarding animal
care and experimentation were performed according to the guidelines of the Spanish Council
for Animal Care and all protocols were approved by the Ethics Committee for Animal

Experimentation of Vall d’"Hebron Research Institute.
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3.15.2. In vitro bioluminiscence imaging

For the in vivo experiments SH-SY5Y cells were stably infected with both pFLuc/mCherry and
short hairpin (shScr or shLFG) lentiviral vectors. In order to test BLlI emission in vitro, we
performed serial dilutions of the infected cells and seeded them into a black M96-well plate in
a final volume of 50ul. Immediately after seeding, 50ul of D-luciferin substrate (Promega
Biotech Ibérica) were added to reach a final concentration of 150 pg/mL and BLI was detected

using IVIS® Spectrum (Figure 23).
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Figure 23. Serial dilutions of SH-SY5Y cells stably expressing firefly luciferase plus shScr/shLFG
constructs. The number of cells seeded in each well is indicated. Bioluminiscence of single lentiviral
infections was also assessed: mCherry/Fluc cells were only infected with pFluc lentivirus that also
carried the mCherry reporter gene; GFP indicates cells exclusively infected with shScr lentivirus. (-) D-luc

was used as a negative control, since luciferase substrate was not added to the media.

BLI readouts were performed every 2 minutes after D-Luciferin addition. In order to ensure
that both conditions — shScr and shLFG cells — showed equivalent luciferase activity, total BLI
was quantified using Living Image® 4.1 (Caliper Life Science, Inc.). For quantification, we used
BLI readout at minute 13 post-D-Luciferin addition, since from then on, the signal was

saturated (Figure 24).
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Figure 24. BLI kinetics after D-Luciferin addition to A, shScr and B, shLFG pFLuc-SH-SY5Y cells. Kinetics

were performed for every cell dilution represented in Figure 23.

3.15.3. Ex vivo bioluminiscence imaging

At the end of the in vivo experiment and five minutes before animal sacrifice, all mice were
intraperitoneally injected with 150 mg/kg D-Luciferin substrate. During necropsy, a
macroscopic evaluation of primary tumors and tissues was performed. Liver and lungs were
collected and carefully separated into lobes. Livers where placed in M6 well plates, while lungs
were disposed in black M24 plates. Tissues were immersed in a D-Luciferin 300pg/mL solution
in PBS and maintained in ice-cold conditions and protected from light until ex vivo BLI imaging

was performed.
BLI data was processed in two different ways using Living Image® 4.1:

- For total BLI flux quantification, non-saturated captures were used. For each tissue, we
defined a region of interest (ROI) that covered the whole well and excluded external

background (Figure 25). Total BLI intensity was measured in each ROI. In order to

obtain a representative picture, the same scale was set for all conditions.

Figure 25. ROl selection in a lung ex vivo BLI capture.
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- To assess the incidence of metastases, single bioluminiscent regions were counted. In
this case, the intensity of BLI signal was not relevant and signal levels were increased

and saturated in order to detect all bioluminiscent areas and count them.

3.16. mRNA microarray analysis

To analyze the differential gene expression signatures between SH-SY5Y cells infected with
shScr and shLFG lentiviruses, an expression profiling was performed using Affymetrix
microarray platform and the Genechip Human Gene 1.0 ST Array.

RNA was extracted as previously specified and its quality was assessed using Agilent 2100
Bioanalyzer (Agilent Technologies). Samples that showed the best RNA quality were chosen for
the array. In order to find reliable and statistically significant changes, this approach was
performed on triplicate experimental sample groups (3xshScr versus 3xshLFG).

Then, 200 ng of total RNA were hybridized to the arrays with the GeneChip WT Terminal
Labeling and Hybridization Kit (Affymetrix). Chips were processed on an Affymetrix GeneChip
Fluidics Station 450 and Scanner 3000.

Normalization of the raw data (.CEL files) was done with the Robust Multichip Average
algorithm, a three-step process that integrates background correction, normalization and
summarization of probe values (Irizarry, Hobbs et al. 2003). These normalized values were the
basis for all analyses, and a Principal Component Analysis (PCA) verified their homogeneity.
Previous to any analysis, normalized data were submitted to non-specific filtering in order to
remove genes whose mean signal did not exceed a minimum threshold and genes with low
variability.

The selection of differentially expressed genes between conditions was based on a linear
model approach developed by Smyth (Smyth 2004). To perform differential expression
analyses, a moderated t-test (p<0.05) and fold-change thresholding (>33% reproducible
change) were considered. The results of this analysis consist on lists of up- or downregulated
genes ranked from most to less differentially expressed.

Given that genes interact together in biological processes, it might be informative to
understand these lists as a whole, what means finding the biological significance to the
expression changes. This way, we should be able to detect whether genes appearing in the list
have similar functionalities or are involved in the same processes. The functional annotations
of resulting gene lists were performed using the Gene Ontology (Ashburner, Ball et al. 2000)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto 2000,

Kanehisa, Goto et al. 2012) databases. These databases contain annotations describing
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molecular functions, biological processes or cellular components associated with each gene,
thereby allowing us to generate a list of enriched functional categories and the genes implied
in each case, as well as the odd-ratios (OR) and p-values to assess the pathway’s enrichment
significance.

To build the heatmaps, array expression values were normalized to the median and log,
transformed. Values were converted to color scale using the Multiple Experiment Viewer

software (TM4) (Saeed, Sharov et al. 2003).

3.17. Chromatin Immunoprecipitation array

Chromatin immunoprecipitation (ChlP) is a technique used to determine whether a specific
protein is associated with a certain genomic region. With the aim to investigate the possible
interaction between MYCN and LFG promoter, ChIP arrays were performed as described by
Murphy et al. (Murphy, Buckley et al. 2009) and according to the standard NimbleGen ChlIP
protocol. Briefly, 1x10° cells were fixed with 1% formaldehyde for 10 minutes on ice, to
crosslink DNA and associated proteins. Lysates were then centrifuged and rinsed once with ice-
cold PBS. Nuclei were isolated and sonicated to generate ~1 kb DNA fragments that still
contained bound DNA-interacting proteins. The resulting fragmented chromatin was
immunoprecipitated using 10 pg of NCMII-100 anti-MYCN antibody complexed to M-280
Sheep anti-Mouse Dynabeads (112-02D, Invitrogen). Afterwards, the formaldehyde crosslinks
were removed from the immunoprecipitated DNA sample by heat denaturing, proteinase K
and RNase A treatments. ChIP and input DNA were fluorescently labeled using Klenow
fragment (M0212M, New England Biolabs) and Cy5/Cy3 random primers (N46-0001-50/N46-
0002-50, TriLink BioTechnologies). Labeled DNA samples were co-hybridized to microarrays for
18 hours, washed and scanned using an Axon 4000B microarray scanner with GenePix 6.0
(Molecular Devices). This promoter array included an average coverage of 4.7 kb around gene
promoters.

Image files generated during the scan were analyzed using NimbleScan Software Version 2.4.
Sites of enrichment were identified using the normalized log, ratios and the NimbleScan peak

finding function.

3.18. Statistical analysis

Statistical significance was determined by unpaired t-test or One-way ANOVA when indicated

(GraphPad Prism Software). * P<0.05, **P<0.01 and *** P<0.001.
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4. Results

4.1. Correlation of DR-antagonists expression with neuroblastoma prognosis.

Many studies have been performed to unravel the role of the extrinsic apoptotic pathway in
high-risk NBL aggressiveness and chemoresistance. However, most of them have focused on
the analysis of caspase-8 silencing and the restoration of its expression with the purpose of
sensitizing cells to TRAIL-induced apoptosis (Teitz, Wei et al. 2000, Fulda, Kufer et al. 2001,
Teitz, Lahti et al. 2001, lolascon, Borriello et al. 2003, Johnsen, Pettersen et al. 2004, Fulda and
Debatin 2006). Other approaches to understand and overcome NBL resistance have targeted
inhibitor of apoptosis proteins such as XIAP or BCL-2 family members. However, the role of DR-

antagonists remains poorly studied in NBL.

In order to check the expression levels of anti-apoptotic proteins in NBL and to establish
correlations with tumor behavior, we took advantage of publicly available NBL microarray
expression data sets. The mRNA levels of anti-apoptotic genes known to modulate the
extrinsic pathway in the neural lineage were analyzed in different human expression NBL data
sets. Table 12 shows the fold change variation between stage 4 MYCN-amplified tumors versus
the rest of stages present in the respective study (i.e. stage 1, 2, 3 and 4 without MYCN
amplification). As shown in the table, few DR-modulators were consistently altered in the two
studied NBL data sets. Concretely, only PEA15, FLIP and LFG were downregulated in advanced

stages of the disease and this downregulation was consistent in both data sets.

Table 12. Changes in expression of anti-apoptotic proteins between high-risk and low-risk NBLs.

Gene . GSE3960 GSE16237
Symbol Alias Fold change P-value Fold change P-value
FAIM FAIM1 NA NA 1.00 0.6430
FAIM?2 LFG -3.33 <0.0001 -3.22 0.0002
FAIM3 TOSO -1.69 0.2831 1.00 0.8994
CFLAR FLIP -1.56 0.0154 -2.43 0.0235
XIAP IAP3, BIRC4 1.57 0.3988 -1.20 0.0638
BIRC3 IAP2 -3,57 <0.0001 -1.28 0.2423
BIRC2 IAP1 -1.19 0.0011 -1.49 0.0954
TNFAIP3 A20 -2.27 <0.0001 1.05 0.2570
BFAR BAR, RNF47 NA NA 1.55 0.2570
PTPN13 FAP-1 1.36 0.1322 -1.19 0.7333
PEA15 HMAT1 -1.33 0.0154 -1.36 0.0247
SUMO1 UBL1, PIC1 1.25 0.0044 -2.27 0.3990
BTK ATK, XLA NA NA -1.20 0.9880

NA, not available. Statistically significant P-values are highlighted in grey.
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PEA15, FLIP and LFG expression levels were further studied comparing different NBL stages. In
particular, the highest differential expression for FLIP was found in stage 4 MYCN-non
amplified NBLs, while PEA15 and LFG were downregulated in stage 4 MYCN-amplified patients,

which represents the group of NBLs with the worst prognosis (Figure 26).
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Figure 26. mRNA expression of the death receptor antagonists FL/IP (1868_g_at), PEA15 (32260_at) and
LFG (33293_at) in different NBL stages obtained from GSE3960 data set. Data were analyzed by One-
way ANOVA, *P<0.05, **P<0.01, ***P<0.001.

We also analyzed whether these differences in gene expression could be associated with
patient outcome. In this case, the mRNA levels of the same genes were analyzed in two
independent human prognosis NBL data sets (Table 13). These data sets allowed us to divide
patients in two groups, either with high expression of the desired gene (expression levels
above median) or with low expression of the same gene (mMRNA expression below median).

Then, we analyzed overall survival for each group of patients.

Table 13. Correlation between expression levels of anti-apoptotic proteins and patient overall survival in

two independent NBL data sets.

Gene . GSE16476 Oberthuer Lab
Symbol AIED Worse if... P-value Worse if... P-value
FAIM FAIM1 Low 0.419 NA NA
FAIM2 LFG Low 0.019 Low 1.76e”
FAIM3 TOSO High 0.675 NA NA
CFLAR c-FLIP Low 0.106 Low 0.978
XIAP IAP3, BIRC4 Low 0.128 NA NA
BIRC3 IAP2 Low 0.514 Low 0.026
BIRC2 IAP1 Low 7.01e” Low 5.6e"
TNFAIP3 A20 Low 0.459 Low 0.141
BFAR BAR, RNF47 High 0.001 High 0.024

PTPN13 FAP-1 High 0.24¢> NA NA
PEA15 HMAT1 Low 0.367 NA NA
SUMO1 UBL1, PIC1 High 0.547 High 0.031
BTK ATK, XLA High 0.373 Low 0.398

NA, not available. Statistically significant P-values are highlighted in grey.
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Again, only LFG, IAP1 and BAR consistently correlated with survival in both data sets (Figure

27).
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Figure 27. Kaplan-Meier overall survival curve in 251 tumors based on high or low LFG

(A_23_P139891), IAP1 (A_24_P115774) and BAR (A_24_P184931) expression. Data obtained from
Oberthuer’s Lab NBL data set.

Notably, only low expression levels of LFG were associated with both high-risk NBL and worse
overall survival in all data sets (Tables 12, 13 and Figures 26, 27). These differences in LFG
expression were then validated in an independent cohort of 38 primary tumor samples
obtained at the Vall d’Hebron Hospital. mRNA was extracted from frozen tumor samples and
analyzed by quantitative real-time PCR (qPCR). LFG levels were correlated with several
available clinical variables. Low LFG expression correlated with MYCN amplification status and
tumor histology. However, no association between LFG expression and other clinical variables

such as age, patient status, presence of metastasis, tumor stage, tumor primary site or risk

group was found (Table 14).

Table 14. Correlation between LFG levels and clinical data of the Vall d’"Hebron Cohort.

Prognosis factor Variables Statistics [P-value]

MYCN Amplified Unpaired t-test [0.0121]
Non-amplified

Histology Favorable Unpaired t-test [0.0041]
Unfavorable

Age <18 months Unpaired t-test [0.9581]
>18 months

Status Dead Unpaired t-test [0.3609]
Alive

Metastasis Yes Unpaired t-test [0.1176]
No

Stage 1/3/4 One-way ANOVA [0.4405]

Primary site Suprarenal One-way ANOVA [0.2488]
Thoracic
Abdominal

Risk Low One-way ANOVA [0.2560]
Intermediate
High

Statistically significant P-values are highlighted in grey.
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In accordance with the expression of LFG in NBL data sets, tissue mRNA expression analysis
revealed a significant reduction in LFG levels in stage 4 MYCN-amplified tumors, when
compared to lower stages (Figure 28A). We were able to confirm by Western Blot analyses
that the reported differences in mRNA expression were also evident at the protein level,

where LFG was almost undetectable in MYCN-amplified tumors (Figure 28B).
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Figure 28. Lifeguard expression is reduced in MYCN amplified tumors. A, Relative LFG expression
measured by qPCR in an independent cohort of NBL primary tumors collected at Vall d’"Hebron Hospital.
Data was analyzed by One-way ANOVA, *P<0.05. MNA, MYCN amplified. B, Western blot showing LFG
expression in four MYCN non-amplified versus four MYCN amplified primary NBL tumors. Legend: A,
Stage 1; B, Stage 3; C, Stage 4 MYCN non-amplified; D, Stage 4 MYCN amplified tumors. Naphtol blue

(NB) staining was used as a loading control.

LFG levels were decreased in MYCN amplified tumors, while MYCN non-amplified NBLs showed
a wide variety in LFG expression. For this reason, we sought to analyze whether these
variations in LFG expression within MYCN non-amplified tumors still maintained a correlation
with prognosis. Thus, the association between LFG levels and patient survival was analyzed in
three MYCN non-amplified tumor data sets. LFG expression correlated with patient survival in
two out of three NBL data sets. The same tendency was observed in the third one, even
though differences were not statistically significant (Figure 29), indicating that LFG could have

a prognosis value independent of MYCN.
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Figure 29. Kaplan-Meier curves in MYCN non-amplified NBL subsets. A, B, Curves were generated with

R2 open source software with data from GSE3446 and GSE16476 studies (probe 203619_s_at). C,

Survival curve was generated using data of MYCN non-amplified tumors from Oberthuer’s NBL dataset.

In summary, LFG is the DR-antagonist with the highest differential expression and association

with patient outcome in high-risk NBL. In particular, LFG levels are decreased in stage 4 MYCN-

amplified tumors, the most aggressive and chemoresistant NBL subset. Moreover, the fact that

LFG expression correlates with patient survival in MYCN non-amplified tumors points to LFG as

a new prognosis marker in this NBL subset.
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4.2. Lifeguard is associated with neuroblastoma histology and differentiation.

When LFG levels were correlated with a number of clinico-pathological variables (i.e. age at
diagnosis, site of primary tumor, site of metastasis and histology), LFG expression was found to
be closely associated with tumors presenting both MYCN amplification and unfavorable
histology (Table 14). In particular, LFG was found downregulated in tumors diagnosed with
unfavorable histology, which are often undifferentiated tumors (Westermark, Wilhelm et al.

2011) (Figure 30).
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Figure 30. Relative LFG mRNA expression in histologically favorable (n=30) versus unfavorable (n=8)

primary tumors. mRNA levels were measured by gPCR. Unpaired t-test, **P<0.01.

With the aim to confirm the results seen by gPCR, we next detected LFG by
immunohistochemistry (IHC) in NBL tumor slices of patients with favorable and unfavorable
histological diagnosis (Figure 31). MYCN non-amplified tumors presented a favorable histology
with hints of differentiation, a higher stromal content and the formation of the classical Homer
Wright rossettes. Rossettes consist of differentiated tumor cells surrounding the neuropil, a
synaptically dense region with a low number of cell bodies and composed by citoplasmatic
extensions, unmyelinated axons and dendrites. In these tumors, LFG showed a citoplasmatic
staining that was strongly detected in the neuropil areas (black arrows) and in the citoplasms
of cells that were undergoing ganglionar differentiation (red arrows). In contrast, MYCN-
amplified tumors had an unfavorable histological diagnosis, and consisted on stroma poor,
undifferentiated neuroblasts. LFG staining was weak and gained intensity in more mature

regions of the tumors (see D12).
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Magnification

MYCN non-amplified, favorable histology

MYCN amplified, unfavorable histology

Figure 31. LFG Immunohistochemistry in primary NBL tissues. Images show four NBL tissue samples
divided by histological diagnosis and MYCN-amplification status. Black arrows point Homer Wright
rossettes, where differentiated tumor cells surround the neuropil, strongly stained by anti-LFG antibody.
Red arrows point to cytoplasms of bigger cells that are undergoing ganglionar differentiation and show
intense staining. Left image was obtained at 200x, while magnification images were obtained with 400x
amplification. D12 tumor had regions with different maturation status, both represented in the

maghnification column: undifferentiated (left), differentiating (right).
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Histological criteria for NBL classification include several factors such as age at time of
diagnosis, the MKC index, the content of Schwannian stroma within the tumor mass and,
importantly, the degree of differentiation of neuroblastic cells (Shimada, Chatten et al. 1984,
Shimada, Umehara et al. 2001). With the view to validate the association between the
differentiation status of NBL cells and LFG expression, we sought to characterize LFG levels in
different cellular models of NBL differentiation. For this study, we induced the differentiation
of NBL cells using retinoic acid (Encinas, Iglesias et al. 2000, Hammerle, Yanez et al. 2013).
Alternatively, we maintained NBL cells in neurosphere-formation media to mimic a poorly

differentiated NBL status (Hansford, McKee et al. 2007, Mahller, Williams et al. 2009).

On the one hand, we treated SH-SY5Y and SK-N-BE(2) cells with the differentiating agent all-

trans retinoic acid for several days and LFG levels were analyzed by gPCR and western blot

(Figure 32).
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Figure 32. LFG levels increase during NBL cell lines differentiation. A, All-trans retinoic acid (10uM)
induced differentiation in NBL cell lines SK-N-BE(2) and SH-SY5Y. LFG and TRKB expression were
measured by gqPCR at the indicated time points. Data presented as mean * S.E.M of three independent
experiments. B, Western Blot of LFG expression. o-tubulin was used as loading control. Bands were

guantified using Image J software and normalized expression values are indicated.

All-trans retinoic acid-mediated differentiation of SK-N-BE(2) and SH-SY5Y cell lines increased

LFG expression both at mRNA and protein levels. TRKB was used as a neuronal differentiation
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marker to confirm the differentiation response of the NBL cell lines to the RA treatment
(Encinas, Iglesias et al. 2000). As shown in Figure 32A, LFG mRNA levels increased
concomitantly with TRKB in both cell lines. LFG upregulation was also confirmed by western

blot (Figure 32B).

On the other hand, some NBL cell lines can be cultured in neurosphere formation medium,
which consists of serum-free medium supplemented with the growth factors EGF and FGF2 to
stimulate growth of cells with stem properties. In fact, many authors support the hypothesis
that autonomous growth in serum-free media as non-adherent neurospheres is a
representative model of neural and malignant progenitors (Bez, Corsini et al. 2003, Nagato,
Heike et al. 2005, Hansford, McKee et al. 2007, Mabhller, Williams et al. 2009). Mahller and
colleagues demonstrated that the ability to grow as spheres directly correlates with the
amplification of the oncogene MYCN (Mahller, Williams et al. 2009). Therefore, three MYCN-
amplified NBL cell lines were seeded in neurosphere medium in order to mimic an
undifferentiated status of NBL cells. Cells grown in neurosphere medium formed non-adherent
spheres (Figure 33A). LFG expression levels were analyzed in SK-N-BE(2), IMR-5 and IMR-32
NBL spheres. LFG mRNA was found to be downregulated in sphere medium-cultured cells
compared to cells cultured in standard conditions (P=0.0286 for SK-N-BE(2) and IMR-5;
P=0.0294 for IMR-32) (Figure 33B).
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Figure 33. Neurosphere formation decreases LFG expression. A, Images show IMR-5 adherent and
sphere-forming cultures. Scale bar, 100 um. B, LFG expression detection by gPCR in the indicated NBL
cell lines cultured with standard conditions (Adherent) or using neurosphere medium (Sphere).

Unpaired t-test, *P<0.05. Data represented as mean + S.E.M, n=4.

These data allow us to conclude that LFG expression correlates with the histological
classification of NBL tumors and, when analyzed in NBL cell lines, it associates with their

differentiation status.
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4.3. Lifeguard knockdown modulates proliferation, adhesion and migration of

neuroblastoma cell lines.

Considering that LFG was found downregulated in MYCN-amplified and histologically
unfavorable tumors, which often define the high-risk group of NBL tumors, we hypothesized
that this protein could play a role in NBL behavior and aggressiveness. In order to assess the
implication of LFG in NBL oncogenic properties, loss of function experiments were performed
using two different shRNA targeting LFG. We chose as a model the NBL cell lines SH-SY5Y and
CHLA-90 for three main reasons: first, because they show a neuronal phenotype; second,
because none of them presents MYCN amplification; and third, because both express high

levels of LFG.

A B
SH-SY5Y + CHLA-90 + shRNA
kba Scrl LFG1  Scr2 LFG2 kba Scrl LFG1  Scr2 LFG2

LFG LFG

1 0.37 1 0.40 1 0.35 1 0.83

Figure 34. Western blot showing LFG downregulation in A, SH-SY5Y cells and B, CHLA-90 cell line. LFG
knockdown was achieved by infection with two sets of shScr or shLFG lentiviruses. LFG expression was
detected using anti-FAIM2 (H-21) antibody (Santa Cruz Biotechnology, Inc). Bands were quantified using

ImageJ and normalized versus a-tubulin.

Both shLFG constructs notably knocked down LFG as seen by western blot (Figure 34) and LFG
downregulation reduced proliferation of SH-SY5Y (P=0.0220 for shLFG and P=0.0238 for
shLFG2) and CHLA-90 cells (P=0.0043 for shLFG and P=0.0223 for shLFG2) (Figure 35).
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Figure 35. LFG knockdown decreases cell proliferation. Cell proliferation assay in A, SH-SY5Y and B,
CHLA-90 cells after LFG downregulation with two shRNA sets (shScr/shLFG and shScr2/shLFG2). Cells
were fixed with 4% paraformaldehyde at the indicated time points. Data presented as mean + S.E.M of
three independent experiments. Unpaired t-test, *P<0.05 and **P<0.01; * accounts for shScr versus

shLFG, while # accounts for shScr2 versus shLFG2.

Since the most efficient downregulation of LFG and its effects on cell proliferation was
achieved by shLFG, and to a lesser extent by shLFG2, (Figures 34, 35) shLFG was employed for

the following experiments.

Next, we questioned whether LFG silencing could be affecting NBL cell adhesion. shLFG-
transduced cells exhibit a ~50% reduction in adhesion to adherent plates compared with
scrambled-infected cells in both cell lines (P=0.0286 for SH-SY5Y and P=0.0043 for CHLA-90
cells) (Figure 36).
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Figure 36. LFG downregulation decreases cell adhesion. Adhesion assay of A, SH-SY5Y and B, CHLA-90
cells transduced with either Scrambled or LFG shRNAs, measured at the indicated time points. Data

represented as mean £ S.E.M, n=3. Unpaired t-test, *P<0.05 and **P<0.01.
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The effects of LFG knockdown on cell proliferation and adhesion were lost when they were

studied in MYCN-amplified cell lines, which already showed lower LFG expression (Figure 37).
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Figure 37. Effects of LFG knockdown in MYCN-amplified NBL cell lines. A, Western Blot confirming LFG
downregulation in SK-N-BE(2) and IMR-32 cells transduced either with shScr or shLFG lentiviruses. B,
Cell proliferation experiments in infected SK-N-BE(2) and IMR-32 cells. C, Cell adhesion assays in the

same cell lines, measured at the indicated time points after seeding.

The reduction in the adhesion capacity of shLFG-transduced cells pointed to the possibility that
LFG knockdown could be conferring cells the ability to grow autonomously in suspension. In

fact, when NBL cells were seeded at low density in standard culture medium, loss of LFG
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increased non-adherent growth compared to the scrambled shRNA (Figure 38A). Concretely,
more than 10% of shLFG cells were able to form viable spheres when they were seeded at low
density in DMEM supplemented with 15% FBS, while less than 4% of control cells did so
(P=0.0066) (Figure 38B).
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Figure 38. Silencing of LFG expression induces sphere formation in SH-SY5Y cells. A, Sphere formation
assay of shScr and shLFG SH-SY5Y cells seeded at low density in DMEM + 15% FBS and kept in standard
culture conditions for four weeks. Infection efficiency was monitored by visualization of GFP. Scale bar,
100 um. B, Graph represents the percentage of sphere formation. Data presented as mean + S.E.M, n=9.

Unpaired t-test, **P<0.01.

Sphere formation and non-adherent growth has been associated to an increase in stemness
properties of cells derived from many tumor types, including NBL (Hansford, McKee et al.
2007, Mahller, Williams et al. 2009, Penuelas, Anido et al. 2009). For this reason, we
proceeded to quantify the expression of several stem cell markers by qPCR, such as ABCG2,
CD133, KLF4, NANOG, NESTIN, NOTCH3, OCT4 and SOX2 before and after LFG silencing. In our
case, knockdown of LFG promoted non-adherent growth but did not induce the expression of
any of the above-mentioned genes. Instead, CD133 and NESTIN were significantly
downregulated (P=0.0004 and P=0.0280) (Figure 39).
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Figure 39. LFG knockdown does not increase stemness properties of NBL cell lines. gPCR for several
stem cell marker genes in SH-SY5Y cells transduced with either shScr or shLFG lentiviruses. Data

presented as mean * S.E.M, n=3. *P<0.05, ***P<0.001, unpaired t-test.

Instead of increasing stemness properties of NBL cells, downregulation of LFG could be driving
a phenotypic shift towards an EMT-like phenotype. EMT is a process where cells acquire a
motile and non-adherent phenotype that allows them to migrate to distant sites. EMT occurs
during delamination of neural crest cells in the course of embryogenesis, but it is also related
to metastasis in a pathologic context (Liu, Zhang et al. 2014). We assessed the expression of
the main genes related to EMT (SNAI1, TCF3, ZEB1, ERBB3, KRT19, SNAI2, TWIST1) by gPCR in
SH-SY5Y cells after LFG knockdown. The expression of TWIST1, a gene that is upregulated
during the EMT process, was significantly increased in SH-SY5Y cells with reduced LFG
expression (P=0.0388). In addition, KRT19 and ERBB3, two genes that have shown to be
downregulated during EMT, were also downregulated after LFG silencing in SH-SY5Y (P=0.0425
and P=0.0009). Contrary to what we would expect, the expression of SNA/2, another gene
known to be upregulated during EMT, was strongly decreased in shLFG cells (P=0.0002) (Figure
40).
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Figure 40. LFG knockdown alters the expression of EMT markers. qPCR of EMT-related genes in SH-
SY5Y cells transduced with either shScr or shLFG lentiviruses. Data presented as mean + S.E.M, n=3.

*P<0.05, ***P<0.001, unpaired t-test.
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In the same line, we proceeded to analyze the expression of a pool of EMT-related genes

(CALD1, EGFR, DSP, SNAI2, SPARC, ZEB1, ZEB2, VIM, FN1, KRT19, ERRB3, RGS2, TCF3, TWIST1,

ACTNB) in LFG high-expressing and low-expressing NBL patients from the NBL data set

GSE3960 (Wang, Diskin et al. 2006). Among those, several genes known to be increased during

EMT showed higher expression levels in tumors with low LFG expression. Those upregulated

genes were CALD1, FN1, SPARC, TCF3 and TWIST1. SNAI2 expression was also increased in low

LFG tumors, although its expression levels were extremely low (Figure 41A). In addition, KRT19

and ERBB3 were downregulated in tumors with low LFG expression, again with very low levels

of ERBB3 mRNA expression (Figure 41B).
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Figure 41. Expression levels of EMT genes in tumor samples grouped by LFG expression. Several genes
involved in EMT were differentially regulated in tumors with high or low LFG levels. A, upregulated

genes; B, downregulated genes. Data obtained from Wang’s group data set (GSE3960).

Concurring with our in vitro results, TWIST1 levels were higher in tumors with low LFG levels,
while KRT19 and ERBB3 were downregulated. However, some differences were found
between Wang’s dataset data and our gPCR approach in SH-SY5Y cells. TCF3 levels did not
change after LFG knockdown in SH-SY5Y cells, while it was clearly upregulated in tumors with
low LFG expression. SNAI2 levels were downregulated in shLFG SH-SY5Y cells but found to be

upregulated in human samples with low levels of LFG.

EMT transitions and non-adherent growth are often related to increased migration and
invasion abilities of tumor cells, a characteristic of aggressive and metastatic neoplasms
(Hansford, McKee et al. 2007, Hanahan and Weinberg 2011, Nozato, Kaneko et al. 2013). In
order to check if this was the case of shLFG-transduced cells, we first performed migration
assays in SH-SY5Y cells. Briefly, migration assays consisted in seeding cells into 8um-transwell
polycarbonate inserts and generating a FBS gradient that induced cells to cross the filter and
migrate to the lower part of the well. Indeed, shLFG-infected cells showed a 4-fold increased

migration through the 8um-transwell polycarbonate insert (P=0.0191) (Figure 42).

6-
=
S *
S
S |
T 4
£
©
e
S 2
s
=)
s
0.

shScr shLlFG

Figure 42. LFG silencing increases migration ability of SH-SY5Y neuroblastoma cell line. Transwell
migration assay of shScr and shLFG-transduced SH-SY5Y cells. Cells that migrated were quantified by
WST-1 assay. Graph shows mean + S.E.M, n=3. Unpaired t-test, *P<0.05.

shLFG cells show autonomous non-adherent growth and the ability to migrate. However, an
increased migration potential does not necessarily mean that cells are able to invade other
tissues. Invasion, on the other hand, implies that cancer cells actively cross the extracellular

matrix to escape from the primary tumor and get into other tissues, often by secreting
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enzymes such as proteases (Hanahan and Weinberg 2011). In order to assess the invasion
potential of shLFG NBL cells, we performed an invasion assay in infected SH-SY5Y cells. This
assay was performed under the same conditions as the migration assay, with the difference
that polycarbonate inserts were coated with matrigel, a mixture that resembles the

extracellular environment, prior cell seeding. As shown in Figure 43, loss of LFG expression did

not affect the invasion potential of SH-SY5Y cells.
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Figure 43. Invasion capacity of SH-SY5Y cells is not altered by loss of LFG expression. A, Representative
image of a transwell invasion assay of shScr and shLFG-transduced SH-SY5Y cells using matrigel-coated
polycarbonate filters. B, Cells that crossed the matrigel matrix were fixed, stained with crystal violet and

counted.

Taken together, these results indicate that the reduction on LFG levels switches the

proliferation program to a mesenchymal migratory phenotype, altering the adhesion

properties and thus potentially increasing the metastatic potential of NBL cells.
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4.4. Lifeguard knockdown increases in vivo tumor formation and metastasis.

The impact of LFG knockdown on NBL cells behavior was further evaluated in vivo using NBL
xenografts. To track the metastatic potential of shScr and shLFG, SH-SY5Y cells were previously
transduced with the reporter gene firefly luciferase vector (pFLuc), which allows its detection

by bioluminescence (BLI) imaging.

Prior to NBL cell injection, BLI emission of shScr and shLFG cells was evaluated in vitro.
Quantification of BLI intensity demonstrated that both cellular variants showed a comparable
luciferase activity and a linear correlation between the number of cells and the amount of light

measured (Figure 44).
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Figure 44. In vitro quantification of BLI intensity of shScr and shLFG pFLuc-SH-SY5Y cells. BLI intensity
was measured 13 minutes after the addition of D-luciferin substrate, just before saturation. Graph

represents Mean + S.E.M.

After this verification, shLFG and shScr SH-SY5Y cells were injected into the flank of female
NMRI-Foxn1™/Foxn1™ mice (n=10 / group). Tumor formation was followed by palpation two
or three times a week. Tumor-free survival was higher in the control group, as compared to
shLFG mice (Figure 45). This effect was more evident during the first two weeks post-injection.

Later on, tumor incidence in the shScr group reached the same levels as shLFG tumors.
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Figure 45. Tumor incidence in mice injected with SH-SY5Y cells transduced with shScr or shLFG

lenvitiruses.

No significant differences neither in tumor growth nor in tumor weight were found between

the two groups (Figure 46), even though LFG knockdown reduced cell proliferation in NBL cell

cultures (Figure 35).
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Figure 46. Tumor growth and tumor weight. A, Tumor growth was monitored using a digital caliper and
tumor volume was calculated using the formula (widthz*length/z). Data represented as mean + S.E.M.

B, Tumor mass was weighted after necropsy. Graph shows mean + S.E.M.

Since LFG knockdown conferred non-adherent growth abilities and an increased migration
capacity of NBL cells in vitro, we hypothesized that shLFG could enhance the metastatic
potential of the NBL cells in vivo. Thus, we proceeded to evaluate the presence of spontaneous
metastasis in distal organs by BLI detection. We evaluated total BLI flux in dissected lungs and
livers of injected mice. A slight increase in total BLI flux was observed in livers and lungs from

mice with shLFG xenografts, but it did not reach statistically significant differences (Figure 47).
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Figure 47. Ex vivo total BLI detected in livers and lungs from injected mice. Total BLI flux
(photons/second) of A, liver and B, lung metastases from shScr and shLFG SH-SY5Y injected mice.

Representative images are shown. Pictures were set at the same scale to compare BLI between shScr

and shLFG conditions.

An increase of the metastatic potential could involve the formation of a higher number of
micrometastases in the target tissue and this might not be detected by quantification of the
total BLI flux. Thus, we decided to count the number of metastases in livers and lungs of
injected mice. No significant differences were found in livers of both groups (Figure 48A), but a

significant increase in the number of metastases was found in lungs from xenografts bearing

shLFG (P=0.0412) (Figure 48B).
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Figure 48. Scoring of metastases. Number of metastases detected by BLI in A, livers and B, lungs. Data is
shown as mean * S.E.M. Images are representative of ex vivo BLI showing metastases in organs

dissected from shScr and shLFG injected mice. Unpaired t-test, *P<0.05.

In summary, LFG silencing does not affect primary tumor growth, but increases the non-

adherent survival and migration of SH-SY5Y cells, thus increasing the number of metastases.
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4.5. Lifeguard knockdown alters cell adhesion programs.

To further understand the mechanism through which LFG knockdown reduces cell adhesion,
increases migration and potentiates metastasis of NBL cells, we performed a whole

transcriptome analysis by Affymetrix expression arrays after LFG knockdown.

A Principal Component Analysis (PCA) was performed to assess sample homogeneity within
the microarray data. PCA is a statistical procedure that reduces the dimensionality of the data
obtained from the microarray, while retaining most of the variation in the data set. This
mathematical algorithm identifies “principal components” along which the variation in the
data is maximal. By using these components, each sample can be plotted, making it possible to
visually assess similarities and differences between samples and to determine whether they
can be grouped (Ringner 2008). Thus, we expect replicate samples to group together,
indicating a general similarity in their overall expression patterns. As seen in Figure 49, PCA
segregated the infected cells shScr versus shLFG in two clearly defined groups, indicating a

consistent transcriptional impact of LFG knockdown.
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Figure 49. Principal component analysis 2D plot.

Once the homogeneity among replicates was confirmed, microarray data was analyzed to find
networks of genes that were up- or downregulated when comparing shScr with shLFG samples
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (Kanehisa and

Goto 2000, Kanehisa, Goto et al. 2012). KEGG is a data base resource useful to understand
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biological systems and to interpret data from high-throughput techniques. This data base
captures and organizes knowledge from the literature in order to integrate genes and proteins
into networks that represent systemic functions of the cell and the organism. In our study,
KEGG pathway analysis of genes differentially expressed in response to LFG knockdown
revealed a reproducible modulation of genes mainly involved in cancer pathways and adhesion
processes (Figure 50). The Odds ratio (OR) is a statistical measure that describes the strength
of association between two variables, in this case LFG knockdown and changes in gene
expression. An OR greater than 1 implies an association between the two variables, and the

strength of the association increases with the OR.
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Figure 50. KEGG pathway enrichment analysis of differentially expressed genes between shScr and

shLFG-transduced SH-SY5Y cells.

When microarray data was analyzed in more detail, functional annotation analysis showed a
remarkable modulation of genes implicated in focal adhesion, cell adhesion, adherent
junctions, cancer pathways and cell cycle (Figure 51). The marked modulation of genes
implicated in adhesion processes supported an active role of LFG in the tumorigenic properties

of NBL cells.
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Figure 51. Gene set enrichment analysis performed on genes differentially expressed between shScr
and shLFG SH-SY5Y cells. Heatmaps show selected differentially expressed genes grouped in categories

of functionally relevant pathways.

In order to validate microarray results, we performed a qPCR for some of the up- and
downregulated genes after LFG knockdown, such as FGF14, STK36, BCL2, RAP1A, TJP1, ITGA9
and LFG itself (Figure 52). All mRNA expression changes followed the same trend both in the

array and qPCR analysis, thereby confirming the validity of the array results.
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Figure 52. Array validation. qPCR using primers for three upregulated genes (FGF14, STK36, BCL2) and
three downregulated genes (RAP1A, TJP1, ITGA9). LFG levels have been included as a control of the
experiment. Values are represented as fold change versus shScr and are the mean = S.E.M of three

independent experiments.

116



Results

4.6. MYCN directly represses Lifeguard expression.

Since LFG levels were significantly lower in MYCN-amplified tumors, we sought to determine
whether MYCN participates in LFG repression. Our first approach consisted in using the SHEP
MYCN-inducible Tet21N cell line, which constitutively overexpresses MYCN under the control
of a tetracycline-responsive repressor element (Lutz, Stohr et al. 1996). Thus, doxycycline
treatment of Tet21N cells turned off MYCN overexpression and allowed us to analyze LFG

levels in response to MYCN silencing.

Doxycycline treatment resulted in a differentiated phenotype and a reduced proliferation rate

of Tet21N cells, although it was not quantified (Figure 53).

Tet21N

Doxycycline

Untreated

Figure 53. Conditional MYCN knockdown in Tet21N cells decreases proliferation and renders a more
differentiated phenotype. Representative images of MYCN-Tet-off inducible Tet21N cells treated with

or without doxycycline (100ng/mL) to silence MYCN expression during one week. Scale bar, 100 um.

Tet21N differentiation was accompanied by a reduction in MYCN expression and a
concomitant time-dependent upregulation of LFG. Both MYCN downregulation and the
increase in LFG expression were detected at the mRNA level by qPCR and confirmed at the

protein level by western blot (Figure 54).
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Figure 54. Conditional silencing of MYCN switches on LFG expression. A, Tet21N cell line treated with
doxycycline (100ng/mL) for the indicated times. LFG and MYCN mRNA levels were detected by qPCR and
normalized versus L27. Data on graph are presented as mean + S.E.M, n=3. B, LFG and MYCN protein
levels were also checked by Western Blot. a-tubulin was used as a loading control. Bands were

quantified with Image) and normalized versus a-tubulin.

The regulation of LFG expression by MYCN was further confirmed in IMR-32, another MYCN-
amplified NBL, stably transfected with an inducible shRNA against MYCN. When MYCN
expression was silenced by doxycycline treatment, an increase in LFG mRNA was detected by
gPCR (Figure 55). However, expression changes were smaller than in Tet21N cells, and two
reasons might explain this effect. First, treatments were longer for Tet21N cells than for IMR-
32. Second, the IMR-32 model consists of silencing endogenous MYCN expression, while

doxycycline prevents MYCN overexpression in Tet21N cells.
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Figure 55. Conditional silencing of MYCN switches on LFG expression. IMR-32 cells stably expressing an
inducible shMYCN were treated with doxycycline (100ng/mL) for the indicated times. LFG and MYCN
mMRNA levels were detected by qPCR and normalized versus L27. Data on graph are presented as mean +

S.E.M, n=3.
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Additionally, we analyzed LFG expression in the GSE39218 data set, where Valentijn et al.
knocked down MYCN in IMR-32 cells also using a doxycycline-inducible shRNA against MYCN
(Valentijn, Koster et al. 2012). Consistently with our results, LFG levels were increased upon

doxycycline treatment at 48 and 72h post-treatment (Figure 56).
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Figure 56. Conditional silencing of MYCN switches on LFG expression. IMR-32 cells stably transfected
with an inducible shMYCN were treated with doxycycline for the indicated times. LFG mRNA levels are

represented. Data from GSE39218 (Valentijn, Koster et al. 2012).

The increase of LFG expression after MYCN downregulation in Tet21N and IMR-32 cells points
to MYCN as a repressor of LFG transcription. Therefore, we performed a LFG promoter analysis
to find putative MYCN binding sites (E-Boxes). In addition, we also looked for SP1 and MIzZ1
binding sites, two transcription factors that are known to collaborate with MYCN in the
repression of gene transcription (Westermark, Wilhelm et al. 2011). Indeed, LFG promoter
analysis reported two MYCN putative binding sites, five consensus sites for SP1 and two

predicted sequences for MIZ1 binding (Figure 57).

LFG promoter
Chromosome 12
NC_000012.11

100bp TSS MYCN SP1 MIZ1
[ — W W _

Figure 57. Representation of LFG promoter. Putative binding sites for MYCN, SP1 and MIZ1 upstream of
the transcription start site (TSS) are indicated, either on the sense (above) or antisense (below) DNA
strands. Promoter analysis was performed using the Matinspector Software from Genomatix Software

Suite v2.7.
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In order to address whether MYCN directly binds to LFG promoter, a chromatin
immunoprecipitation data set in Tet21N cells with and without doxycycline treatment was
examined for MYCN binding (Murphy, Buckley et al. 2009). A high confidence MYCN-binding
peak was identified in the LFG proximal promoter of Tet21N cells. Furthermore, this binding

peak was lost when MYCN expression was repressed by doxycycline treatment (Figure 58).
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Figure 58. MYCN directly binds LFG promoter to repress its expression. Identification of MYCN binding
site at LFG promoter (gene ID: FAIM2) by ChIP in Tet21N cells. The scale on the top of the panel
indicates position on chromosome 12. Green bars represent fluorescent intensity of probes around the
LFG promoter, expressed as log, ratios. The red bar represents a high confidence MYCN peak, identified

by the NimbleScan peak finding algorithm.

MYCN-mediated transcription repression is now considered to be at least as important as
transcription activation (Gherardi, Valli et al. 2013). However, the repressing mechanisms
remain unclear. It has been proposed that MYCN interacts with transcription factors or
transcriptional complexes, inducing DNA and histone modifications (Westermark, Wilhelm et
al. 2011). To further characterize how MYCN represses LFG transcription, MYCN-amplified NBL
cell lines were treated with the DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine and

the HDAC inhibitor sodium butyrate (Figure 59).
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Figure 59. Inhibition of DNA methylation and histone deacetylation increases LFG expression. LFG
levels measured by gPCR in the indicated cell lines treated with A, 1uM of the DNA methyltransferase
inhibitor 5-aza-2’-deoxycytidine or B, 1mM of the HDAC inhibitor sodium butyrate or for the indicated

times. Mean + S.E.M, n=3.

Both treatments induced an increase in LFG mRNA levels in all cell lines tested, thereby
suggesting that MYCN represses LFG expression by favoring histone deacetylation and LFG

DNA promoter methylation.
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5. Discussion

High-risk neuroblastoma, a challenge for clinicians

NBL is the most common solid tumor in children and accounts for ~10% of pediatric cancer
deaths (Johnsen, Kogner et al. 2009, Owens and Irwin 2012). It is characterized by an
enormous clinical and biological heterogeneity, with prognosis ranging from spontaneous

regression to aggressive metastatic tumors (Maris, Hogarty et al. 2007).

High-risk NBL therapy combines chemotherapy, surgery, myeloablative therapy, autologous
bone marrow transplantation, radiotherapy and biological therapy to eliminate minimal
residual disease. However, despite all efforts, the prognosis for patients in this group remains
very poor (Park, Bagatell et al. 2013). Thus, it is important to understand fundamental cellular

processes that play a role in tumor formation and resistance to therapy.

Since the main goal of therapy is to ultimately induce the death of cancer cells, a number of
approaches that target the apoptotic machinery have been tested for NBL treatment, such as
BCL-2 inhibitors (Rheingold, Hogarty et al. 2007, Lock, Carol et al. 2008), Smac mimetics,
antisense oligonucleotides against XIAP and survivin (Nakahara, Kita et al. 2007, Fulda 2013),
recombinant soluble TRAIL and monoclonal antibodies against TRAIL receptors (Smith, Morton
et al. 2010). Strategies targeting TRAIL seemed extremely promising, since tumor cells have an
increased sensitivity to TRAIL when compared to normal cells (Daniels, Turley et al. 2005).
However, it is frequent to find resistance to DR-induced apoptosis in NBL, which strongly limits
the success of therapies targeting the extrinsic pathway (Gasparini, Vecchi Brumatti et al.
2013). This resistance is mainly due to defects in the DR pathway, which has not been

completely characterized yet.

The extrinsic apoptotic machinery in neuroblastoma

Alterations of key elements of the apoptotic pathway have been shown to be determinant in
the outcome of NBLs. While characterization of the mitochondrial or intrinsic pathway
elements has been extensive, limited attention has been paid to the components of the

extrinsic or DR pathway.

The most characterized element of the extrinsic pathway is caspase-8, which is lost in ~70% of

NBLs (Fulda, Poremba et al. 2006, Grau, Martinez et al. 2011). Some authors correlate caspase-
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8 silencing by hypermethylation with MYCN amplification, but this association has been widely
controversial (Teitz, Wei et al. 2000, lolascon, Borriello et al. 2003, Lazcoz, Munoz et al. 2006,
Kamimatsuse, Matsuura et al. 2009). It has been extensively demonstrated that loss of
caspase-8 prevents DR-induced apoptosis of NBL cells (Eggert, Grotzer et al. 2000, Hopkins-
Donaldson, Bodmer et al. 2000, Fulda, Kufer et al. 2001) and renders them resistant to
treatment with doxorubicin, a drug used in cancer chemotherapy (Teitz, Wei et al. 2000).
Moreover, caspase-8 silencing has been shown to potentiate NBL metastasis (Stupack, Teitz et
al. 2006, Teitz, Inoue et al. 2013). Caspase-8 also contributes to the expression of epithelial,
endothelial and myeloid differentiation markers and attenuates NBL cell proliferation. These
functions occur independently of caspase-8 catalytic activity, since the sole expression of its
DED fragment in caspase-8 deficient NBL cells induces senescence and differentiation (Mielgo,
Torres et al. 2009). All these reports point to caspase-8 as a tumor suppressor gene through
different mechanisms of action. Alternatively, when other components of the apoptotic
cascade are compromised, caspase-8 can also induce migration and metastasis (Barbero,
Mielgo et al. 2009, Torres, Mielgo et al. 2010, Graf, Keller et al. 2014). In fact, the pro-
metastatic role of caspase-8 is independent of its catalytic activity. Rather, caspase-8 interacts
with a multi-protein complex involved in cell adhesion and its presence enhances cleavage of
focal adhesion substrates and cell migration. In vivo knockdown of caspase-8 in apoptosis-
resistant tumors disrupts metastasis (Barbero, Mielgo et al. 2009). How can these opposite
roles of caspase-8 in tumor progression be understood? Steven M. Frisch hypothesizes that
procaspase-8 acts as an adhesion/migration factor, while cleaved caspase-8 induces apoptosis

and this provides a mechanism to switch these functions (Frisch 2008).

We hypotesized that DR antagonists could play a role in NBL behavior and our results show
that LFG is strongly downregulated in high-risk NBL tumors, suggesting its role as a tumor
suppressor gene. This newly described role for LFG is not exceptional, since there are other
members of the apoptotic machinery that are associated to tumor aggressiveness. Indeed, the
anti-apoptotic protein PEA-15 has been reported to be involved in tumor cell migration. PEA-
157 astrocytes underwent an enhanced motility in vitro compared with their wild-type
counterparts and re-expression of PEA-15 restored the wild-type behavior. PEA-15 effects on
migration were studied in glioblastoma tumors, which originate from astrocytes. Yet, analysis
of PEA-15 expression in glioblastoma organotypic cultures revealed lower levels of PEA-15 in
cells that migrated away from the tumor explants, regardless of the expression levels in the
originating samples (Renault-Mihara, Beuvon et al. 2006). PEA-15 has also been linked to NBL

prognosis. High levels of this protein correlate with favorable clinical features. PEA-15 was
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shown to block NBL migration through inhibition of ERK/RSK2 signaling, suggesting a
metastatic limiting role in the progression of NBL (Gawecka, Geerts et al. 2012). Similarly to
PEA-15, loss of LFG potentiates cell detachment, adherence-independent growth and

migration.

The DR-antagonist c-FLIP is frequently expressed in NBL tissues, and it has been reported to be
equally important as caspase-8 silencing in conferring Fas-resistance to NBL cells. In vitro
studies performed by Poulaki and collaborators show that c-FLIP is recruited to the DISC,
where it prevents caspase-8 activation and FasL-induced cell death (Poulaki, Mitsiades et al.
2001). c-FLIP was found to protect from Smac mimetics-induced cell death in a panel of tumor
cell lines, including NBL (Cheung, Mahoney et al. 2009) and Flahaut et al. show that c-FLIP,
down-regulation restores DR-induced apoptosis in SH-EP NBL cell line (Flahaut, Muhlethaler-

Mottet et al. 2006).

Other DR-antagonists have been shown to play unexpected roles involved in tumor biology.
For instance, Miyazaki and colleagues described that FAP-1 overexpression enhanced
susceptibility to apoptosis induced by Fas in human colon cancer cells (Miyazaki, Atarashi et al.
2006). SODD expression has been related to aggressiveness of cancer, since high levels of this
protein marked less aggressive ovarian tumors (Annunziata, Kleinberg et al. 2007). Disruption
of SUMO-1 has been implicated in breast cancer, as it plays a role in DNA damage response.
Concretely, SUMOylation of BRCA1 enhances its ubiquitin ligase activity and promotes the
accumulation of proteins responsible of double-strand break repair. Thus, loss of SUMO-1
drives to a lack of ligase activity of BRCA1 and is associated with breast cancer development

(Morris, Boutell et al. 2009).

The DR Fas, which is antagonized by LFG, has been related with tumor infiltration in
glioblastoma multiforme. In this context, binding of FasL to Fas receptor activates the
phosphatidylinositol 3-kinase (PI3K) pathway, which signals invasion via the glycogen synthase
kinase 3-beta (GSK3B) and subsequent expression of matrix metalloproteinases. Moreover, in
a murine model of intracranial glioblastoma, neutralization of Fas activity dramatically reduced
the ability of invasion (Kleber, Sancho-Martinez et al. 2008). A clear role of FasL/Fas in NBL
biology has not been described yet, but recent findings support the hypothesis that genetic
polymorphisms in both genes may increase the risk of NBL development (Han, Zhou et al.
2013). Recently, Valiente et al. unraveled a new role of serpins and Fas signaling in brain
metastasis from breast and lung primary tumors. They report that soluble FasL is released

from astrocytes by the plasminogen/plasmin system and induces death of the invading cancer
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cells, thus protecting from metastasis. However, cells that express determinate serpins that
inhibit the plasminogen/plasmin system are able to overcome this protection mechanism and

invade the brain (Valiente, Obenauf et al. 2014).

Lifeguard, an anti-apoptotic protein with alternative functions

LFG was first described in 1999 by Somia and collaborators as an anti-apoptotic protein that
specifically protected cells from Fas-induced cell death, but not from the stimulation of TNFR1.
Further characterization showed that LFG was expressed predominantly in the brain and, more
abundantly, in hippocampus and cerebellum (Somia, Schmitt et al. 1999). The anti-apoptotic
role of LFG in the nervous system was demonstrated by Beier and collaborators, who reported
LFG function in inhibiting neural cell death induced by Fas (Beier, Wischhusen et al. 2005). The
protective role of LFG has also been described in Purkinje cells (PCs) (Hurtado de Mendoza,

Perez-Garcia et al. 2011) and cortical neurons (Fernandez, Segura et al. 2007).

Since LFG has been described as an anti-apoptotic protein, one would expect to find it
overexpressed in the most aggressive tumors, with a potential role in protecting malignant
cells from apoptosis induced by the immune system and other therapeutic approaches. So far,
only four reports linking LFG and cancer have been published and all of them describe LFG as
an anti-apoptotic protein that contributes to breast cancer malignancy and resistance to Fas
and the alkylphospholipid perifosine-induced apoptosis (Bucan, Adili et al. 2010, Bucan,
Reimers et al. 2010, Bucan, Choi et al. 2011, Dastagir, Lazaridis et al. 2014).

Nevertheless, we found LFG downregulated in the most aggressive NBLs. This made us
suppose that, in our model, this protein might be playing alternative roles to the anti-apoptotic
function. Interestingly, new studies involve LFG in other apoptotic-independent processes,
such as differentiation, axonal growth and neuroplasticity (Hurtado de Mendoza, Perez-Garcia
et al. 2011, Merianda, Vuppalanchi et al. 2013, Tauber, Harms et al. 2014). Hurtado de
Mendoza et al. describe a role of LFG in cerebellar development. In early postnatal stages, loss
of LFG reduced cerebellar volume and PC development, which presented an abnormal
morphology and a reduced cellular density (Hurtado de Mendoza, Perez-Garcia et al. 2011).
Another group identified LFG mRNA as an axonal mRNA in cultured adult dorsal root ganglion
(DRG) neurons (Willis, van Niekerk et al. 2007, Gumy, Yeo et al. 2011). Recently, they have
demonstrated that localized translation of LFG in axons provides a function in axonal growth,
while the anti-apoptotic role is apparently restricted to the cell body. They report an increase

of LFG mRNA in axons after axonal injury, accompanied by a decrease in LFG mRNA levels in
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the cell body. Moreover, using siRNA strategies and axon-targeted versus cell-body-restricted
mMRNA constructs, they show that LFG promotes axonal growth (Merianda, Vuppalanchi et al.

2013).

These data are in accordance with our results, since LFG’s role in NBL adhesion and
differentiation seems to be more relevant than its anti-apoptotic function. Our work shows
that LFG expression increases with the differentiation status of NBL cell lines and tumors with
unfavorable histology present low LFG levels. But, is LFG expression a cause or a consequence
of the differentiation status of NBL cells? Initially, we could think that changes on LFG
expression are a consequence of cell differentiation, as seen by RA treatments or neurosphere
formation in NBL cell lines. However, the sole downregulation of LFG induced non-adherent
growth of SH-SY5Y cells, indicating that it could somehow induce their de-differentiation (even
though the expression of stem cell markers was not altered). This question should be
addressed in-depth by modulating LFG levels and checking cell responsiveness to

differentiation stimuli.

Is there a reason to explain this shift in LFG function in NBL cells? NBL tumors often show
alterations in the extrinsic pathway such as caspase-8 silencing, c-FLIP overexpression or the
expression of decoy receptors that prevent the activation of the apoptotic cascade. Thus, the
anti-apoptotic effect of LFG may have lost importance in a cellular model where the extrinsic

apoptotic pathway is already compromised.

LFG is a member of the TMBIM family of anti-apoptotic proteins, which includes five other
members — RECS1, GRINA, GAAP, GHITM, and BI-1 — that share the same transmembrane
structure (Rojas-Rivera and Hetz 2014). We questioned if other TMBIM members could be also
involved in NBL aggressiveness, since their role in these tumors has not been studied at all.
Interestingly, the expression of all TMBIM members significantly correlates with NBL prognosis
(Table 15). Low expression of all TMBIM members, except from GRINA, is associated to poor
overall survival. Surprisingly, GRINA levels significantly correlate with patient survival in the
opposite way, even though it shares its anti-apoptotic role with other family members and has

no remarkable structural changes (Nielsen, Chambers et al. 2011).
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Table 15. Correlation between TMBIM family members expression and NBL patient survival in GSE16476
data set.

TMBIM family Worse if... Worse if...
Alias Probe

member (P-value) ® (P-value) b
TMBIM1 RECS1 217730 _at Low (0.029) Low (0.148)
TMBIM2 FAIM2 203619 _s_at Low (1.6e™) Low (0.019)
TMBIM3 GRINA 212090_at High (8.5¢™) High (0.029)
TMBIM4 GAAP 222845 x_at Low (6.9¢”) Low (1.5¢7)
TMBIMS GHITM 209248 _at Low (2.1e™) Low (0.032)
TMBIM6 BI1 200804 _at Low (3.0e) Low (0.244)

® Correlation values using the high/low expression cutoff recommended by the R2 software.
® Correlation values dividing patients by the median.

These data open new questions about the mechanisms involved in NBL aggressiveness. Which
is the relevance of TMBIM family members in NBL prognosis? Do all these proteins act
coordinately to restrain NBL aggressiveness or, instead, they have redundant roles? Is the

expression of all TMBIM members regulated by MYCN?

Lifeguard as a prognosis marker in neuroblastoma

We have analyzed the expression of several DR-antagonists in multiple NBL datasets and found
that LFG was the most differentially expressed DR-antagonist in MYCN-amplified tumors. Low

levels of LFG were also found to correlate with worse overall survival.

Could we consider LFG as a new prognostic marker? Initially, we found lower LFG expression in
high-risk and MYCN-amplified NBL tumors and a correlation between low levels of LFG and
shorter progression-free and poor overall survival. Moreover, we demonstrated that LFG
expression can be directly regulated by MYCN. If LFG expression levels were directly related to
MYCN-amplification status, LFG would not represent a useful and independent tool for NBL
risk stratification. However, the correlation between LFG levels and patient outcome is
maintained even in the subset of MYCN-non amplified tumors, indicating that in this group of
patients LFG could certainly have a prognosis value independent from MYCN status. This
concept is in agreement with the one proposed by Valentijn and collaborators, who
demonstrate that a functional MYCN signature predicts NBL outcome in a more powerful way
than MYCN-amplification itself (Valentijn, Koster et al. 2012). They identified a 157-gene
signature composed by genes that are directly induced by MYCN and this signature correlated

with poor prognosis. Interestingly, a sub-group of tumors displaying this signature and poor
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outcome did not present MYCN amplification, but they showed high levels of nuclear MYCN
protein. This can be explained because MYCN-amplification status does not always correlate
with MYCN protein levels, since there are other cellular mechanisms that stabilize the protein
(Otto, Horn et al. 2009, Suenaga, Islam et al. 2014). Thus, the strength of using MYCN targets
such as LFG for NBL prognosis instead of the genomic information could lead to a more
accurate patient stratification, specially for those cases that are considered high-risk but do

not have genomic amplification of MYCN.

Lifeguard knockdown increases migration and metastatic potential of NBL cells

We show for the first time the implication of the DR-antagonist LFG in NBL aggressiveness and
metastasis. LFG knockdown blocked cell proliferation and reduced cell adhesion of NBL cell
lines. Autonomous non-adherent growth and increased migration properties are tightly related
to aggressive tumors. In fact, some authors correlate the sphere-forming ability with the
tumor-initiating potential of NBL cells and high-risk tumors (Hansford, McKee et al. 2007,
Mabhller, Williams et al. 2009). Non-adherent shLFG cells show increased migration ability.
However, their invasion potential is not enhanced, indicating that LFG modulation does not
affect the function of proteins that remodel the extracellular matrix (ECM), such as matrix

metalloproteinases.

As a result of an increased migration capacity in vitro, shLFG cells have an enhanced metastatic
potential in vivo when compared to control cells. However, while in vitro results are clear, LFG
knockdown seems to have lesser effects in our in vivo approach. No significant differences in
the metastatic potential of shLFG and shScr cells are found by total bioluminescence flux
measurements. Indeed, differences are found when scoring the number of metastatic sites,
which is higher after LFG knockdown. This could be explained by the fact that despite shLFG
cells show an increased ability to metastasize, they present reduced proliferation rates and the
metastatic foci are more, but probably smaller. The choice of the animal model does also
influence the obtained results. SH-SY5Y cells were injected into the flank of nude mice in order
to form tumors, so tumor cells had to leave the primary tumor and reach the blood stream in
order to colonize distant organs. Taking into account that LFG knockdown does not enhance
invasion, but only facilitates non-adherent growth and migration, a tail vein injection of cells

might better reflect an increased metastatic potential of shLFG cells.

LFG is localized in membrane lipid rafts (MLR) (Fernandez, Segura et al. 2007), which are

membrane microdomains enriched in sphingolipids and cholesterol that organize several
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proteins and receptors. MLRs coordinate a number of cellular signaling functions such as
apoptosis, differentiation, trafficking, adhesion and migration (Head, Patel et al. 2014). The
interplay between MLR-associated proteins and the cytoskeleton impacts on cellular
organization, signal transduction and polarity. This may explain the morphological changes and
the increased migration abilities observed after LFG knockdown. MLRs have recently been
connected to cell invasiveness and metastasis and are now considered as a target to prevent
and treat metastasis (Hryniewicz-Jankowska, Augoff et al. 2014). In fact, the purine/pyrimidine
receptor P2Y, has been shown to couple with G proteins and integrins in the lipid rafts and
mediate migration of several cell types, such as epidermal keratinocytes, lung epithelial
carcinoma cells, astrocytoma cells and smooth muscle cells (Greig, Linge et al. 2003, Greig,
Linge et al. 2003, Greig, Linge et al. 2003). In the NBL/glioma hybrid cell line NG 108-15, lipid
rafts are critical for P2Y, receptor-mediated Gg/1;1-phospholipase C-Ca®* signaling and this

cascade mediates cell migration (Ando, Obara et al. 2010).

Lifeguard knockdown modulates the expression of cell adhesion molecules and EMT- related

genes

Our work shows that LFG knockdown decreased cell adhesion and increased NBL cell migration
and metastatic potential. Because the expression levels of this DR-antagonist are related to the
differentiation status of NBL cell lines, our first hypothesis was that cells lacking LFG presented
a more undifferentiated or stem-cell like phenotype. This hypothesis was discarded after
assessing the expression of stemness markers such as CD133, NESTIN, NANOG, NOTCH or
OCT4, which were not upregulated after LFG knockdown. Furthermore, CD133 and NESTIN,
two widely used neuronal stem cell markers (Mahller, Williams et al. 2009, Schiapparelli,
Enguita-German et al. 2010), were significantly downregulated in shLFG cells. Even though
downregulation of CD133 and NESTIN was unexpected, a direct correlation between NESTIN

and LFG expression was also found in the NBL data set GSE16476.

NBL originates from neural crest cells and these progenitors undergo an EMT process that
allows them to migrate and give rise to many tissues within the organism. We then
hypothesized that LFG knockdown phenotype could be related to an EMT behavior. We
checked the expression of several EMT markers in the NBL cell line SH-SY5Y after LFG
knockdown and in NBL tumor datasets with high or low LFG expression. We found
upregulation of TWIST1 upon LFG knockdown and the same correlation was seen in human

samples. TWIST1 belongs to the bHLH transcription factor family and is an important EMT and
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metastasis-promoter gene (Karreth and Tuveson 2004). It facilitates EMT by repressing the
expression of E-cadherin, leading to a disassembly of adherent junctions and allowing cell
migration (Yang, Mani et al. 2004). It has been found overexpressed in MYCN-amplified NBLs
and the cooperation between both genes is thought to cause the malignant transformation of

the cell (Valsesia-Wittmann, Magdeleine et al. 2004, Nozato, Kaneko et al. 2013).

By contrast, ERBB3 and KRT19 genes were found to be reduced in NBL cells infected with
shLFG and downregulated in NBL human samples with low LFG levels. ERBB3 belongs to the
epidermal growth factor receptor (EGFR) family and participates in the activation of
proliferation (Richards, Zweidler-McKay et al. 2010) and differentiation pathways (lzycka-
Swieszewska, Wozniak et al. 2011). KRT19 is a member of the keratin family and participates in
the organization of the cytoskeleton (Zhou, Liao et al. 1999). Deregulation of members of the
keratin family has long been recognized as a marker of tumor progression (Moll, Franke et al.
1982). The expression of KRT19 or ERBB3 was also found to be low in NBL patients with poor

prognosis (Nozato, Kaneko et al. 2013).

While data from NBL data sets showed a differential expression of TCF3 between low-LFG and
high-LFG tumors, NBL cell lines infected with shLFG did not show any variation in TCF3 levels.
TCF3 is a bHLH transcription factor that has been previously implicated as a repressor of E-
cadherin and the acquisition of a mesenchymal phenotype (Perez-Moreno, Locascio et al.
2001). This difference between the NBL data set and our gPCR approach could be due to the
transient nature of gene regulations, that is, LFG knockdown might orchestrate a series of
changes related to EMT that are punctual and we did not detect them all. In this line, a time-
course experiment after LFG knockdown might be more informative to check the regulation of
EMT genes. Finally, SNAI2 was found downregulated in shLFG cells, even if it is a transcription
factor strongly implicated in apoptosis resistance and invasion of NBL cells (Vitali, Mancini et

al. 2008, Tanno, Sesti et al. 2010).

The mechanism through which shLFG cells lost adhesion and acquired migration abilities is still
unknown, but results obtained by microarray approaches gave us some clues to understand

the role of LFG in NBL behavior.

Microarray analyses showed that LFG knockdown indirectly impacted the modulation of cell
adhesion genes. One example is ITGA9, which has been shown to be essential for the adhesion
of rhabdomyosarcoma cells (Masia, Almazan-Moga et al. 2012). Other pro-metastatic integrins
were found to be upregulated (eg. ITGAV, ITGB1). For example, overexpression of ITGAV has

been found to correlate with metastasis of laryngeal (Lu, Li et al. 2011), hypopharyngeal
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squamous cell carcinomas (Lu, Sun et al. 2009) and colorectal cancer (Viana Lde, Affonso et al.
2013). Moreover, ITGAV knockdown decreased proliferation and increased apoptosis in Hep-2
carcinoma cells (Lu, Sun et al. 2009). Several tight-junctions (TJ) genes were also
downregulated (e.g TJP1) and loss of cohesion of the TJ structure can lead to invasion and
ultimately to metastasis of cancer cells (Martin, Mason et al. 2011). Other genes such as
FGF14, STK36 or BCL2 may contribute in a different manner to the metastatic process. STK36 is
a serine/threonine kinase that plays an important role in the activation of the sonic hedgehog
pathway, reported to be essential for NBL proliferation and tumor growth (Xu, Wang et al.
2012). The upregulation of BCL2 may also contribute to inhibit apoptosis when cells grow in
anchorage-independent conditions, while FGF14 could act as a pro-angiogenic factor as

previously demonstrated for murine and human fibrosarcomas (Ding, Liu et al. 2002).

Regulation of Lifeguard expression

So far, the regulation of LFG expression has been poorly studied. Only Beier and colleagues
described it in cerebellar granule neurons (Beier, Wischhusen et al. 2005). They report that the
expression of LFG is dependent on the phosphatidylinositol 3-kinase (PI3-kinase)-Akt/protein
kinase B (PKB) pathway, which is known to have central pro-survival role in many cellular
systems. Reporter gene experiments showed that inhibition of PI3K activity by specific
inhibitors induced a massive reduction of LFG transcription and increased sensitivity to FasL-
induced apoptosis. In the same line, overexpression of a dominant negative form of Akt/PKB
resulted in a complete suppression of LFG promoter luciferase activity, while a constitutive
active Akt/PKB overcame the suppression of LFG transcription by PI3K inhibitors. Akt/PKB
activates many transcription factors such as NF-kB. Thus, inhibition of NF-kB by transient
overexpression of its inhibitor IkB was followed by a reduction of LFG promoter luciferase
activity. These results indicate that the PI3K-Akt/PKB/NF-kB signaling axis is involved in the
expression of LFG in neurons. Actually, RA has been shown to induce neuronal differentiation
of NBL cells through the PI3K-Akt/PKB pathway (Lopez-Carballo, Moreno et al. 2002, Nishida,
Adati et al. 2008, Qiao, Paul et al. 2012), while we demonstrate that all-trans RA treatment

increases LFG expression.

In the context of cancer, Bucan et al. found that LFG expression was regulated by the Akt/LEF-
1 signaling pathway. It is known that Akt-mediated phosphorylation of the glycogen synthase
kinase-3 (GSK3) results on GSK3 inhibition and the stabilization of its target protein B-catenin.
Accumulated B-catenin can then translocate to the nucleus and bind transcription factors of

the TCF/LEF family (T Cell Factor/Lymphoid Enhanced Factor) (Pap and Cooper 1998, Eastman
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and Grosschedl 1999). Concretely, LEF-1 has been reported to function downstream of B-
catenin and induce the expression of oncogenes and proteins that play important roles in
development, such as c-myc or cyclin D1 (He, Sparks et al. 1998, Shtutman, Zhurinsky et al.
1999). Bucan and collaborators identified LFG as a new target of the Akt/LEF-1 pathway in a
breast cancer cell line and demonstrated that LEF-1 binds directly to LFG promoter and
induced its transcription. With these data, they speculate that LFG could be a newly identified

mediator involved in breast cancer progression (Bucan, Adili et al. 2010).

All reports addressing LFG regulation point towards Akt-related pathways as responsible for
LFG expression. Nonetheless, nothing has been described regarding its repression. We provide
evidence that low expression of LFG is not a mere association with the differentiation status of
the cell but it is directly repressed by the oncogene MYCN. MYCN encodes a protein with a
bHLH domain known to be a transcriptional regulator of genes controlling cell cycle and
proliferation, cell invasion, angiogenesis and cell survival and death pathways (reviewed in
(Westermark, Wilhelm et al. 2011)). MYCN has been shown to participate in NBL metastasis by
direct or indirect repression of integrin subunits altering cell-matrix or cell-cell interactions
(Judware and Culp 1997, Judware and Culp 1997) or repressing Caveolin-1, whose
downregulation elicits anchorage-independent growth and tumor formation (Galbiati, Volonte
et al. 1998). We show that repression of LFG impacts on the expression of several molecules

that participate in cell adhesion processes, recapitulating some of the MYCN reported effects.

It has been proved that MYCN-mediated transcription repression goes through the formation
of the SP1/MIZ1/MYCN complex (Iraci, Diolaiti et al. 2011, Westermark, Wilhelm et al. 2011).
Indeed, in our in silico promoter analysis we found several putative binding sites for SP1 and
MIZ1, which could be possible mediators of LFG transcriptional repression. Thus, it might be
worthwhile to perform ChIP assays against SP1, MIZ1 and MYCN on LFG promoter to further

confirm which mechanism is involved in LFG repression.

Our study demonstrates that treatment with HDAC inhibitors and DNA methyl-transferase
inhibitors such as sodium butyrate and 5-aza-2’-deoxycytidine (respectively) restores LFG
expression in several MYCN-amplified cell lines, suggesting that MYCN represses LFG
transcription through histone deacetylation and DNA methylation. It has been previously
described in NBL models that MYCN represses gene transcription through epigenetic
modifications. This is the case of PTGER2 (Prostaglandin E Receptor 2 gene), which is repressed
in MYCN-amplified cell lines and its expression is restored after 5-aza-2’-deoxycytidine or the

HDAC inhibitor trichostatin A treatment. Particularly, methylation of CpG islands of PTGER2
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promoter and consequent silencing of PTGER2 expression was observed more frequently in
high-risk NBL primary tumors (Sugino, Misawa et al. 2007). In silico analysis of the LFG
promoter using MethPrimer (Li and Dahiya 2002) revealed one CpG island, located between
-341 and -54 bps before the TSS, coinciding with the nuclei of predicted binding sites of the
transcription factors SP1, MIZ1 and MYCN (Figure 60). The analysis of the methylation status of
this CpG island could be performed using one of the inducible models employed in this work
(Tet21N or IMR-32 shMYCN) to further characterize the mechanism of LFG repression by
MYCN.

LFG promoter CpG Island
Chromosome 12
NC_000012.11

——— R
v yo U

100bp TSS MYCN SP1 MIZ1
[ — v J |

Figure 60. Representation of LFG promoter and the CpG Island predicted by MethPrimer (Li and Dahiya
2002).

LFG gene is located at chromosome 12g13, a region reported to be amplified in a few NBL cell
lines and tumors. However, the main interest in this chromosomal region was raised because
of the presence of MDM2, a well-known inhibitor of the tumor suppressor p53 (Corvi,
Savelyeva et al. 1995, Corvi, Savelyeva et al. 1995, Su, Alaminos et al. 2004). In fact,
amplification of 12q13-15 fragments has been found in other human cancers, such as gliomas
and sarcomas, with several candidate oncogenes like MDM?2 or CDK4 (Elkahloun, Bittner et al.
1996). LFG gene is located in the same region, but in this case, we would expect to find it
amplified in low-risk NBLs. A recent study about 12q13 amplification in NBL divided patients in
three groups: 1, NBLs with regional amplifications without MYCN-amplification; 2, MYCN-
amplified tumors with amplifications at other loci; 3, tumors with only MYCN-amplification.
They studied the genomic profile of the three groups in order to correlate their results with
clinical data and patient survival. Notably, the amplified region 12q13-14 was recurrent in
group 1, and not in the MYCN-amplified tumor subsets. They did not detect any correlation
with clinical data, but in agreement with our results, patients of group 1 presented a
significantly better overall survival probability than those patients harboring MYCN-

amplification (groups 2 and 3 together) (Guimier, Ferrand et al. 2014).
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Therapeutic implications

Our findings may have two direct consequences on NBL patient’s diagnosis and therapy:

On the one hand, LFG is a direct target of MYCN, the most widely used prognosis marker in
NBL. However, we have shown that in MYCN-non amplified tumor subsets, LFG levels also
show a significant correlation with NBL outcome. The need to find new tools to classify
patients within the already existing MYCN-amplified and MYCN-non amplified groups will lead
to the use of novel prognosis markers. Here, we demonstrate that LFG is a promising

candidate.

On the other hand, several compounds are used in NBL therapeutic approaches because they
cause cell death or induce cell differentiation. This is the case of RA and HDAC inhibitors (Bell,
Chen et al. 2010). Both of these compounds have been shown to downregulate MYCN
expression and induce cell differentiation (Thiele, Reynolds et al. 1985, Peverali, Orioli et al.
1996, Cinatl, Kotchetkov et al. 2002), while we demonstrate that they increase LFG expression.
Thus, the newly described role of LFG could be used to engineer new therapeutic approaches

that directly upregulate its expression.

According to our data, LFG upregulation would not inhibit primary tumor growth, but its main
effect would consist on avoiding NBL metastasis. Metastasis is the main cause of death from
cancer, even if it is a rather inefficient process. Most tumor cells that leave the environment of
the primary tumor die, and much of this death happens when tumor cells lose adherence and
infiltrate target tissues (MacDonald, Groom et al. 2002). In this context, low LFG levels could
be conferring an advantage to those cells that are able to migrate from the primary tumor and,

by this mechanism, favoring metastasis.

In summary, this thesis provides a new link between MYCN amplification and early steps of
NBL metastasis that is summarized in Figure 61. Our data uncover the role of LFG in preventing
NBL aggressiveness by modulating cell adhesion, anchorage-independent growth and
migration. The most immediate applicability of our findings to the clinics would be using LFG as

a NBL prognosis marker, but we do not discard its value for future therapeutic approaches.
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LFG mRNA

Adherent growth Loss of adhesion
Favorable histology Cell Migration
Metastasis

Figure 61. Proposed mechanism linking MYCN-mediated repression of LFG to NBL aggressiveness. A,
Tumor cells with low levels of MYCN show LFG expression. In general, these tumors present
histologically favorable diagnosis and NBL cell lines show adherent growth. B, MYCN contributes to the
malignant behavior of NBL. When MYCN is present at high levels (either as a cause of genetic
amplification or by its stabilization at the protein level in MYCN non-amplified tumors) it binds to LFG
promoter and directly represses its transcription. LFG downregulation induces changes in the expression
of cell adhesion molecules and EMT-related genes promoting non-adherent growth and cell migration,

and thus, enhancing the metastatic potential of NBL cells.
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6. Conclusions

First. LFG is the DR-antagonist with the highest differential expression between low-risk and

high-risk NBL. High-risk, MYCN-amplified tumors show a reduced expression of LFG.

Second. LFG is the DR-antagonist with the strongest association with patient outcome in NBL.

Low LFG levels correlate with worse overall survival of NBL patients.

Third. LFG is a new prognostic marker independent of MYCN amplification in NBL, and thus, its

expression correlates with outcome in MYCN non-amplified NBL subsets.

Fourth. LFG levels are reduced in NBLs with unfavorable histology and correlate with the

differentiation status of NBL cell lines.

Fifth. LFG knockdown reduces proliferation and adhesion of MYCN-non amplified SH-SY5Y and
CHLA-90 NBL cells, but not of the MYCN-amplified cell lines SK-N-BE(2) and IMR-32.

Sixth. Reduction of LFG switches the proliferation program to a mesenchymal phenotype,

increasing non-adherent growth and the migration properties of NBL cells.

Seventh. LFG silencing affects neither the stemness properties of NBL cell lines, nor its invasion

ability.

Eighth. Reduction of LFG levels does not alter primary tumor growth but it increases the

metastatic potential of SH-SY5Y cells in vivo.

Ninth. Changes in LFG expression modulate genes implicated in focal adhesion, cell adhesion,
adherent junctions, cancer pathways and cell cycle, supporting an active role of LFG in the

tumorigenic potential of NBLs.

Tenth. MYCN is a direct repressor of LFG by promoting histone deacetylation and DNA

methylation.

Lifeguard, by name and by nature
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