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Part I: introduction

Together, we can make a world,
where cancer no longer means
living with fear, without hope or worse.

~Patrick Swayze~






Chapter 1 Introduction

Cancer, a word that immediately awakes a lot of mainly negative emotions by people.
During our lifetime, most of us are directly or indirectly confronted with this
destructive disease. We all know someone who has suffered or is suffering from
cancer. Fortunately, science has helped increasing the survival rate for most cancer
entities. For paediatric cancer, the main improvements have been seen in leukaemia.
However, the need for more efficient and less toxic treatment is still urgent, as a lot of
patients are enduring side effects from the current therapy regimes or are not
receiving the most appropriate and effective compounds for their (sub)type of cancer,
resulting in a worse clinical outcome. Therefore, to improve the clinical outcome for
individual patients, to minimize the side effects and to avoid exposure to costly and
potentially toxic compounds to those less likely to response to this treatment, the
“precision medicine initiative” has been initiated '. Such targeted therapy is directed
against components of various deregulated signaling pathways 2. One of the first and
still very important targets for precision drugging are receptor tyrosine kinases of
which many are often constitutively activated in cancer, examples being HER/NEU,
EGFR, FGFR, and ALK.

The first part of this introduction covers receptor tyrosine kinases, their normal
function, their role in cancer and cancer therapy as well as resistance mechanisms to
these targeted compounds. In the second part, | provide a short introduction on basic
features of neuroblastoma, a paediatric tumour of the peripheral nervous system,
which was the topic of my investigations, and an overview of the different receptor
tyrosine kinases implicated in normal neuronal development. Finally, | will introduce
the receptor tyrosine kinase ALK and the transcription factor MYCN, both recurrently
implicated in neuroblastoma, as well as HBP1, an ALK downstream target and newly
identified tumour suppressor gene that negatively regulates MYC(N), as described in

this thesis.



1.1 Cancer hallmarks as governed by the interplay between

oncogenes and tumour suppressors

Cancer is driven by alterations and deregulation of an interplay between the classical
oncogenes (e.g. MYC, RAS, ABL1) and tumour suppressors (RB1, TP53, BRCA1) or
in other terms drivers, (lineage) dependency genes, care takers, gate keepers and so
on 3. Oncogenes can become activated by chromosomal translocations, gene
amplifications, gain-of-function mutations and hypomethylation, while tumour
suppressor genes are inactivated by loss-of-function mutations, deletions, insertions
or epigenetic silencing. Following the classical Knudson two-hit hypothesis, tumour
suppression is lost upon inactivation of both alleles of a tumour suppressor locus,
while for other suppressors, haplo-insufficiency may be sufficient to provide cells with
a selective growth advantage and initiate or contribute to clonal expansion *. Stability
genes or caretakers are involved in mechanisms responsible for repairing subtle
mistakes made during normal DNA replication or induced by mutagenic exposure,
including mismatch repair, nucleotide-excision repair, base-excision repair, and in
processes like mitotic recombination and chromosomal segregation. As these genes
control accumulation of genetic alterations, inactivation leads to a higher genomic
instability, implicating multiple genes over time, including tumour suppressors and
oncogenes, driving the tumour formation process °. These alterations can arise in the
germline, leading to hereditary predispositions for cancer, or in somatic cells.
Typically, several genetic insults affecting different genes are required to breach the
protection of normal cells against malignant transformation. A germline mutation will
affect every cell of the body and in most instances, will cause the first hit of a given
tumour suppressor and subsequent alterations in other genes will lead to hyperplasia
and finally aggressive and metastazing cancer cells. While germline mutations can
lead to highly increased risks for cancer, similar processes can arise in somatic cells
either by chance or due to exposure to mutagenic substances and drive cancer
formation in individuals with normal populations risk for cancer *. While multiple hits
are required, also various gene functions can be affected such as receptors, signal
transduction molecules, transcription factors, epigenetic regulators, genes implicated
in metabolism and so on °. As indicated above, industry has invested a lot of efforts

to identify druggable targets for cancer therapy. Amongst these, receptor tyrosine



kinases have been a prime target, the BCR/ABL1 fusion gene being the prototypical

target for which the first FDA approved target drug imatinib was developed *°.

1.2 Receptor Tyrosine Kinases (RTK) as signal transducers

The Epidermal Growth Factor Receptor (EGFR) was the first receptor tyrosine
kinase, discovered in 1978 °. Since then 57 additional receptor tyrosine kinases
(RTKs) have been found, which are part of one of the 20 subfamilies *°. All these
receptors are characterized by the same molecular structure, consisting of an
extracellular ligand-binding domain, a single-pass transmembrane helix and an
intracellular part which contains the tyrosine kinase domain (TKD) and the
juxtamembrane regulatory regions *°.

Binding of a ligand to the inactive receptor is the first and essential step in receptor
activation and essential to initiate further steps towards signal transduction, most
often due to subsequent receptor dimerization through different mechanisms (Figure
1) °. First, the dimerization can be completely “ligand mediated”. The bivalent ligand
interacts with both receptors and crosslinks them, thereby circumventing that the
extracellular regions of the two receptors contact each other (Figure 1A) °. Secondly,
the formation of the dimer can be entirely “receptor mediated”. In this situation, the
bivalent activating ligands bind two sites in only a single receptor, thereby boosting a
conformation change, so that the two receptors bind to each other (Figure 1C) °.
Thirdly, the dimerization can be a consequence of the combination of ligand-receptor
crosslinking and receptor-receptor binding (Figure 1B) °. Sometimes, even an
accessory molecule can be involved to further link the receptors and ligands to each
other. Furthermore, in the case of the RET (Rearranged during Transfection, see
section “RET”) receptor, the ligands first have to form a complex with a co-receptor,
namely the GDNF-family receptors (GFRs), before they can activate the dimerization

of the receptor itself °.



Figure 1: dimerization of the extracellular domain of receptor tyrosine kinases.
In general, dimerization is induced upon binding of the ligand to the receptor tyrosine
kinases. This can happen through different mechanisms.

A. A dimer of ligands crosslinks two receptors, while these do not make any contact with
each other (ligand mediated only). B. Crosslinking of two receptors is caused by a dimer of
ligands and an interaction of the two receptors themselves (ligand and receptor mediated).
C. Each ligand binds to only one receptor, causing them to dimerize, while the ligands are

not forming a dimer (receptor mediated only). Adapted from °.

Dimerization is always followed by activation of the intracellular kinase domains *°.
Most receptors are in an inactive configuration, which means that the kinase is folded
in such a way that the substrate-binding and/or the ATP-binding sites are
inaccessible ’. As each tyrosine kinase domain is uniquely cis-auto-inhibited by a set
of specific intramolecular interactions, the release of this inhibition as consequence of
the dimerization can happen via diverse processes and is the most important event in
the activation procedure of the signaling pathway. Several parts of the kinase domain
(Figure 2) can be involved in this activation procedure. One method involves the
activation loop (Figure 2, green), which can either interact with other residues in the
active site, blocking both the substrate-binding as the ATP-binding sites (Figure 2,
orange), or participate in intramolecular interactions thereby hindering the protein-
substrate-binding place. In both scenario’s, dimerization induces trans-
phosphorylation of the tyrosines in the activation loop, which will together with the
aC-helix (Figure 2, blue) adopt to an active configuration state, making the ATP-
binding and protein-substrate-binding sites available for ATP and substrates. For
other receptor tyrosine kinases, the tyrosine kinase domain is inhibited by

interactions of his juxtamembrane region with amongst others the activation loop.



Upon dimerization, trans-phosphorylation will disrupt these interactions, inducing

receptor activation *°

. Moreover, some receptors, including Tie2K, have their
activation loop already in an active-like state, so the substrate- and/or ATP-binding
sites are not blocked by this activation loop 8. However, a region in the C-terminal
part is hindering the substrates to bind to this active-like site. Upon auto-
phosphorylation of sites in the C-terminal, the blockade will be removed and the
receptor will become fully activated. There are two kind of receptors that do not
require such trans-phosphorylation, namely the EGFR family and RET *°. For the
RET receptor, it was shown that the kinase domain is in an active configuration, even
without phosphorylation °. Moreover, the substrate- or ATP-binding sites are not
structurally hindered °. However, the kinase domains of RET associate as dimers
with mutually occluded binding sites °. Disruption of these trans-inhibitory interactions

is required for RET activation, while for EGFR yet another mechanism is implicated
45
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Figure 2: detailed figure of the ALK kinase domain.
The ALK kinase domain is shown in more detail, with the A-loop or activation loop in green,
the aC-helix in blue, the glycine loop in yellow and the ATP-binding site in orange. The ALK

hotspot mutations are shown in red. Figure provided by prof. dr. Bengt Hallberg.

Upon activation of the receptor, different phosphorylation steps are initiated by the
RTK “°.The receptors are the first substrates that are phosphorylated. Importantly,

these phosphorylations are occurring in a precise order. The first-phase auto-



phosphorylation involves the activation loop and the juxtamembrane region, which
enhances the catalytic activity of the kinase. This is followed by auto-phosphorylation
of other cytoplasmic regions in the RTK, resulting in the generation of the phospho-
tyrosine-based binding sites that recruit other signaling molecules. Moreover, to
further boost the ability of the kinase to phosphorylate downstream targets, some
RTKs undergo trans-phosphorylation *°.

The phospho-tyrosines in the cytoplasmic part of the receptor recruit and activate
downstream signal-transducing proteins, which have SH2 or PTB domains to bind
these phosphorylated tyrosines in the RTK **>'°. The recruitment can be directly or
indirectly by the involvement of docking proteins, which are phosphorylated by the
RTK itself. These docking proteins can be mobilized by multiple receptors or
restricted to a subset.

These recruited molecules will bind to other downstream targets, mainly by protein-
protein interactions or phospho-lipid-binding, to pass the signal through the cell 45,

As RTKs have multiple auto-phosphorylation sites that can recruit several docking
proteins or molecules harbouring SH2/PTB domains, which are able as well to
interact with multiple other downstream targets, complex signaling networks are built.
The SH2 domains have a high degree of selectivity for their interactions with the
downstream targets ''. These SH2 domains cluster in different families based on
peptide binding, defined by their consensus binding motif '*. Moreover, binding of the
SH2 domain to the peptide can be blocked through steric conflict or charge repulsion,
further increasing the selectivity of the binding *".

Furthermore, the outcome is determined by the dynamics and extent of the network
activation. These networks are further complicated by the existence of cross-talk
between the different signaling pathways a well as positive and negative feedback
mechanisms *°.

The auto-phosphorylation events of the RTK are normally reversed by
dephosphorylation by protein tyrosine phosphatases (PTPs) *°. In some situations,
these PTPs can be temporary or constantly repressed. Other mechanisms of such
positive feedback include autocrine activation of the receptor and translocation of the
adaptor proteins to the membrane. In this way, the signaling response is further
enhanced and prolonged and the cell is more sensitive to input. In contrast, negative
feedback is needed to prevent activation of the signaling pathways by small changes

in the environment. Activation of the PTPs, phosphorylation of certain sites of the
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receptor or docking proteins by downstream protein kinases and signal-dependent
transcription of negative regulators are types of negative feedback. Furthermore,
receptor endocytosis and ubiquitination will result in downregulation of the signaling.
Activation of the cell-surface receptor is generally followed by ligand-stimulated
endocytosis, where after the receptor is dephosphorylated and ubiquitinated. Next,
the receptors will be recycled from these endosomes to the plasma membrane or
they will be degraded, in order to terminate RTK activation. However, some receptors
will continue the recruitment of intracellular pathway molecules from within these

endosomes, in this way further activating downstream signaling pathways *°.

1.2.1 Receptor tyrosine kinases and diseases, kinasopathies and cancer

Giving the important role of these receptors in controlling the cellular response upon
a stimulus during normal homeostasis and given the strict regulation of these RTKs,
not surprisingly, aberrations in a receptor or his downstream pathways are involved in

diseases.

The “developmental receptor tyrosine kinasopathies” (DRTK) are congenital
malformations, caused by germline mutations disrupting such RTK signaling
pathways . These malignancies are characterized by a phenotypic heterogeneity, as
the location and type of the mutation together with the impact of the aberration on the
receptor and his kinase activity influences the phenotype. While different mutations
affecting the same RTK can result in different phenotypes, one malignancy can be
caused by mutations in different receptors or by mutations in diverse signaling
components of the involved pathway “. Moreover, somatic mutations can also cause
developmental disorders, presented in a milder or atypical form of the disease 4,
More importantly, these RTKs are frequently mutated in cancer. This dysregulation
can be caused by four different mechanisms: overexpression, genomic
rearrangements, autocrine activation and gain- or loss-of-function mutations, which
result in constitutively stimulated or activated RTKs *°1°.

Furthermore, abnormalities in these receptors or their downstream signaling
pathways can also cause other diseases, including diabetes, immune-deficiencies

and inflammation >'°,
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1.2.2 Receptor tyrosine kinase inhibitors as cancer drug targets

Given their pivotal role in tumorigenesis and strong addiction of cancer cells to
particular constitutively activating mutations, RTKs are the ideal target for precision
medicine. A plethora of drugs have been developed targeting these molecules and
they can be divided into two distinct groups: the small molecule inhibitors or tyrosine
kinase inhibitors (TKI) and the monoclonal antibodies (mAb) °. In contrast to
conventional chemotherapy, that kills all rapidly dividing cells, including normal cells,
these TKls and mAbs target specific molecules, mainly located in the tumour cell or
in endothelial cells in the neighbourhood. Therefore, they cause less toxic side
effects as compared to conventional chemotherapy. Moreover, they are often
combined with chemotherapy or radiation to more effectively kill the cancer cells,

while keeping the toxicity and adverse effects as low as possible 2.

The monoclonal antibodies can repress RTK signaling directly as well as indirectly
(Figure 3) '®'2 As first mechanism, they can block the signaling by impeding the
interaction between the ligand and his receptor, by inhibiting the receptor
dimerization or by increasing the downregulation and internalisation of the receptors
(Figure 3A-B-C) "®'2. Secondly, by cross-linking to the RTK, they can modulate the
signaling in order to trigger apoptosis or growth inhibition instead of increasing

survival in cells (Figure 3D) '™

. Thirdly, when conjugated with toxins, DNA
molecules or small molecules, they can selectively eliminate the tumour cells upon
interaction with the receptor (Figure 3E) '*'2. For the indirect effect, the mAbs are
using the immune system, including complement-dependent cytotoxicity (CDC) and

antibody-dependent cellular cytotoxicity (ADCC) *2.
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Figure 3: different mechanisms used by monoclonal antibodies to repress RTK.
The monoclonal antibodies can repress RTK signaling through direct and indirect
mechanisms.

A. The mAb can repress the signaling by impeding the interaction between the ligand and his
receptor. B. The dimerization of the receptors can be hindered by the mAb. C. The mAbs can
increase the downregulation and internalisation of the receptors. D. The mAb can modulate
the RTK signaling in order to trigger apoptosis or growth inhibition instead of increasing
survival in cells by cross-linking the receptor. E. The mAbs can, when conjugated with toxins,

DNA molecules or small molecules, selectively eliminate the tumour cells upon interaction

with the receptor. Figure based on "%,

Nevertheless, the small molecule RTK inhibitors have the advantage that they can
penetrate the plasma membrane to interact with the intracellular kinase domain. More
specific, most of them will bind in close proximity to the ATP-binding domain within
the tyrosine kinase domain, thereby competitively inhibiting the substrate-binding site
and competing with endogenous ATP for binding '®'?. Additionally, through binding at
alternative sites in the receptor, a subset of the inhibitors will induce conformational
changes, resulting in a decrease in kinase activity of the involved RTK ™.
Furthermore, irreversible inhibitors have been generated that covalently bind to the
kinase domain of the RTK in order to completely abolish his catalytic activity '°.

Moreover, these inhibitors have a smaller molecular weight compared to the mAbs,

13



making it possible for them to bypass the blood-brain barrier (BBB) to treat brain
cancers 2. Despite that inhibitors have the same molecular weight, difference in anti-
tumour activity against brain metastases have also been observed for different ALK
small molecule inhibitors ™. The ALK inhibitor lorlatinib has a superior anti-tumour
activity against brain metastases compared to other ALK inhibitors, including
crizotinib or alectinib '*. This superior intracranial efficacy is probably caused by the
enhanced potency of the compound and its increased ability to cross the BBB by

avoiding transporter-mediated efflux ™.

In addition to these receptor tyrosine kinases, protein tyrosine phosphatases (PTPs)
are also involved in cancer. These proteins are enzymes that remove phosphate
groups from proteins > Most of the time, these dephosphorylation events result in
termination of the signaling pathways, activated by the RTKs. Next to these tumour
suppressive PTPs, they can also function as oncogenes by promoting tumour
initiation, progression and metastasis '°. For this last group of PTPs, small molecule
inhibitors have been generated. However, the main problem is the specificity, as the
active site is conserved both in the tumour suppressive as the oncogenic PTPs,
resulting in adverse effects and unsafety '°. Therefore, the inhibitors must be
designed so that they bind to regions located outside this active site, in order to

increase their specificity towards the oncogenic PTPs "°.

However, the use of such small molecules and monoclonal antibodies targeting either
the RTKs or the PTPs as single compounds are not always as successful. The first
step towards an efficient compound is to identify the crucial event driving tumour
progression. Further, to evaluate the compound properly, a suitable selection of
patients for the clinical trial is required, as there will be lack of tumour response in the
general population, emphasizing the need for appropriate biomarkers for the drugs 2
Moreover, tumours harbour multiple mutations, so the compound should be able to
target them all or combination therapy should be advised. More importantly,
resistance rapidly occur when using single compound therapy. Nevertheless, in
patients with relapsed anaplastic large cell lymphoma (ALCL), treatment with the ALK
inhibitor crizotinib as a single agent achieved a response rate of 90%, while in ALK-
positive unresectable inflammatory myofibroblastic tumour (IMT), the response rate

was 86% '°. These response rates exceeded those seen in early-phase clinical trials
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in children with relapsed/refractory disease, suggesting that durability of response is

tissue-context dependent '°.

1.2.3 Resistance to targeted drugs and strategies to circumvent resistance

Despite the generation of receptor tyrosine kinase inhibitors and monoclonal
antibodies, the long-term efficacy of these drugs is still disappointingly low due to
primary and acquired resistance '*''°. Primary resistance means there is no initial
response, while acquired is an “escape” mechanism during the treatment, resulting in
disease progression after an initial response. Different mechanisms of resistance are

found, which can be pharmacological- or biological-driven (Figure 4) '82°.

Patient-specific pharmacokinetic differences in drug absorption, distribution,
metabolism and excretion (ADME), cause changes in drug plasma levels, while drug
delivery can be hindered by the blood-brain barrier '''°_ All these pharmacological-
based processes, together with drug — drug interactions, compliance or missed
doses, result in an inadequate drug exposure of the cancer cell, leading to reduced
efficacy of the compounds. In addition, tumour-intrinsic factors, including the
coexistence of multiple genetic aberrations in the drug target or his downstream
signaling molecules, will result in a lack of tumour response '%'""'°. Moreover, during
drug exposure, certain tumour cells from the heterogeneous tumour mass will often
escape therapeutic effects leading to the emergence of resistant clones or genomic
instable tumour cells will actively acquire resistance mutations (Figure 4) '®%. For
example, the occurrence of a secondary mutation in the targeted RTK can result in a
conformation change, hindering the binding for the inhibitor or increasing the affinity
for ATP, while amplification of the target gene will increase the number of receptors
expressed at the cell surface and thus the need for higher concentrations of the
inhibitor %17 (Figure 4A-B) '®°. Moreover, aberrations in the downstream signaling
or the activation of bypass pathways will cause resistance, resulting in a continued
signaling through downstream networks. Similarly, the inhibitor-mediated inactivation
of a negative feedback loop can reactivate the downstream networks, as seen for
RAF inhibitors 2'. RAF inhibitors are able to block the proliferation of BRAF mutant
cell lines, but are surprisingly ineffective against RAS mutant cells #'. In these cells,
RAF inhibitors cause activation of the RAF-MEK-ERK pathway, since mutant RAS

15



recruits and activates CRAF, which is only partially inactivated by the RAF inhibitors
21 This is the so-called RAF paradox %'. Furthermore, while a given mutant RTK is
blocked, one or more RTKs may become activated, taking over the downstream
signaling (Figure 4C-D) "®?°. Another mechanism involves phenotypic and histologic
transformation "®'""'°_ In non-small cell lung cancer (NSCLC), it has been shown that
the tumour cell underwent epithelial-to-mesenchymal transformation (EMT) at the
time of acquired resistance (Figure 4E) "®2°. However, the exact underlying process
is not yet fully resolved. Finally, increased production of the appropriate ligand has

also been observed to cause resistance against TKls '°''? (Figure 4F) '82°.
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Figure 4: biological-driven resistance mechanisms to receptor tyrosine kinases
A. Resistance can be caused by a second-site mutation, blocking the drug binding. B.
Amplification of the targeted kinase can cause resistance. C. A mutation downstream the
targeted kinase can reactivate the downstream pathways D. Another (redundant) RTK can
be activated upon treatment, resulting in a bypass mechanism and reactivation of the
downstream pathways. E. Histologic changes, including epithelial-to-mesenchymal
transformation (EMT) can cause resistance. F. Increased expression of the ligand can result

as well in resistance. Adapted from 8%,
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There are several options to avoid these resistance mechanisms. If the resistance is
the consequence of gene amplifications or secondary mutations, adapting the dose
and schedule or using a more potent, second-generation inhibitor can solve the

problem ©'"° To solve the above-mentioned RAF paradox %'

, several second-
generation inhibitors have been developed, which are known as paradox-breaking
RAF inhibitors #>?°. These inhibitors efficiently block RAF-MAPK pathway in RAF and
RAS mutant cell lines, by hindering the MAPK reactivation through inhibiting SRC-

family kinase signaling % 2,

or by evading the paradoxical MAPK activation
Moreover, using the monoclonal antibodies alone or in combination with a TKI, so
called dual target blockade, can enhance efficiency, as the mAbs will use the immune
system as indirect tool to further boost the elimination of the targeted tumour cell.
However, most of the tumours are the consequence of defects in more than one
signaling pathway or use a compensatory pathway to evade the inhibitor '%'217-1°,
Therefore, combination therapy might be more promising to efficiently eliminate the
cancer cells and to circumvent resistance. Indeed, combining a TKI with an inhibitor
targeting the bypass pathway has proved to be efficient for several cancers, including
melanoma '°'2°. Moreover, the combination of a TKI with an inhibitor targeting the
molecular chaperone HSP90, which is necessary for protein folding and stabilisation,
has been proposed to delay or overcome acquired resistance '%'"?. Indeed, HSP90
inhibitors have been shown to overcome ligand-triggered resistance to ALK inhibitors
in EML4-ALK NSCLC, resulting in a more successful treatment *#?°. Similarly, HSP90
inhibitors can effectively block the paradoxical MAPK reactivation seen upon
treatment with RAF inhibitors ?°. Additionally, a phase | clinical study in paediatric
patients with recurrent and refractory solid tumours, including neuroblastoma,
showed that such HSP90 inhibitors can be safely administered twice weekly for 2 of 3
weeks ?’. Furthermore, these HSP90 inhibitors are effective against a variety of
oncogene addicted cancers, including those that have developed resistance to
specific receptors 2. Moreover, the combination of small molecule inhibitors with

chemo- or immune therapy, has shown promising results in several cancers.

However, to combine the TKI with a small molecule inhibitor targeting the bypass
pathway, a good understanding of the downstream signaling networks is needed.
Therefore, a deep investigation of the transcriptome and proteome downstream of

the targeted receptor is pivotal.
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1.3 Neuroblastoma

Almost ten years ago, in 2008, activating point mutations in the receptor tyrosine
kinase “Anaplastic Lymphoma Kinase” (ALK) were described to be involved in
neuroblastoma, a devastating childhood cancer ?°**. In Belgium alone, between 2004
and 2009, 130 children and young adolescents were diagnosed with a sympathetic

nervous system (SNS) tumour and 98% of them were classified as neuroblastoma .

1.3.1 Neuroblastoma, a leading cause of cancer-related death by children

Neuroblastoma (NB) is an embryonic tumour of the developing sympathetic nervous
system and is the most common extracranial solid cancer of early childhood. It is the
primary cause of cancer-related death by young children between one and five years
old and accounts for approximately 13% of all paediatric cancer mortality *>*°. The

median age at diagnosis is 18 months *’

, but neuroblastoma rarely occurs in
adolescents and young adults and regresses in some infants before being medically
noticed *7°. In the majority of the patients, neuroblastoma arises sporadically.
However, in at least 1% to 2% of the patients, a familial history of neuroblastoma,
characterized by bilateral or multifocal primary tumours and an earlier median age at
diagnosis, is observed, which points toward a hereditary predisposition ***%. The
pattern of inheritance is autosomal dominant with incomplete penetrance *.
Furthermore, neuroblastoma is characterized by a clinical heterogeneity with respect
to age at diagnosis, location of the primary tumour, stage of the disease, as well as a
heterogeneous genetic landscape of the tumour, impacting on tumour behaviour that
can vary from spontaneously regression to a highly aggressive, metastatic disease

unresponsive to therapy *°.

The tumour arises from cells of the sympatho-adrenal lineage of developing neural
crests, that fail to differentiate into sympathetic ganglion and adrenal chromaffin cells
.37 Primary tumours can therefore arise anywhere along the sympathetic nervous
system, with most arising in the adrenal medulla or the abdominal paraspinal ganglia,

while others develop from sympathetic ganglia in the chest, pelvis or neck (Figure 5)
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35 36

The site of this primary tumour is associated with age and outcome
Furthermore, metastatic lesions are detected in approximately 50% of patients at
diagnosis and occur frequently in the regional lymph nodes, bone marrow and bone,
while liver and skin metastases are most frequently seen in young children < 18
months at diagnosis . At relapse, metastases in the central nervous system (CNS)
are increasingly common ®. The metastases occur through both the lymphatic and

haematogenous routes *°.
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Figure 5: locations of neuroblastoma tumours.
Neuroblastoma tumours arise along the sympathetic nervous system. The primary locations
are the abdomen, more specific the adrenal glands, the neck, chest and pelvis. Figure from

www.cancer.net.

The clinical signs and symptoms of this cancer entity are dependent on the locations

%37 As mentioned before, primary

of the primary tumour and his metastases
tumours occur mainly in the medulla of the adrenal glands, which are associated with
a poorer survival than those arising in other sites *. Localized primary tumours often
give no clinical symptoms, while large abdominal masses can lead to hypertension
and pain. If the tumour arises in the neck, it might cause damage to the cervical

ganglion, leading to the Horner syndrome, while neuroblastoma tumours in the

19



paraspinal sympathetic ganglia can cause spinal cord compression. Metastatic

disease can give rise to constitutional signs, as pain, weight loss or fever %’

1.3.2 Risk staging

The oldest classification system is the widely accepted International Neuroblastoma
Staging System (INSS), in which tumours are classified into a stage based on the
aggressiveness of the surgical approach needed ***. Stage 1 tumours are localized
tumours without metastasis, which can be completely surgically excised, while stage
2 tumours are localized tumours that cannot be completely surgically removed and
are further subdivided into two groups ***”. The stage 2A neuroblastoma tumours
have no metastasis to the lymph nodes, while the stage 2B have metastatic lesions in
the ipsilateral lymph nodes ***”. Stage 3 tumours are unresectable tumours with or
without lymph node metastasis, while stage 4 tumours have metastatic lesions in
distant lymph nodes and/or other organs ***’. A special subgroup of stage 4 is stage
4S, which consists of localized primary tumours, which mostly spontaneously
regress, in young patients (age < 1year) and with metastases limited to the skin, liver

or bone marrow 3¢,

To have a more standardised and international used classification system, the
International Neuroblastoma Risk Group (INRG) Staging System has been initiated,
which subdivide the tumours in four different stages, irrespective of the surgery
needed 3*%3%4% Stage L1 and L2 are localized tumours, but they differ as L2
tumours involve vital structures *. Stage M consist of tumours with metastases at
distant places, while patients younger than 18 months, who have metastatic disease

in the skin, liver and/or bone marrow, are grouped as stage MS *°.

However, to define which tumour benefit from which treatment regimen, disease
stage is combined with other prognostic factors, including age at diagnosis, stage,
histopathology and genomic characterization like MYCN amplification and DNA index
(table 1) ***"*' |n this way, tumours can be classified as (very)-low-risk,
intermediate- or high-risk neuroblastoma. Very-low- and low-risk neuroblastoma
cover stage L1, L2 and MS tumours with favourable genomic features, while the

intermediate tumours are the MYCN non-amplified stage L2, the MS with
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unfavourable genomic features and those patients younger than 18 months at
diagnosis with MYCN non-amplified stage M disease ***"*°. The high-risk group are
patients older than 18 months with stage M tumours as well as the children younger
than 18 months with stage M tumours with unfavourable biological features, such as
MYCN amplification ***"°. Despite intensive treatment and incorporation of current
immunotherapies, long-term survival for these high-risk patients remains 40 to 50%
% In contrast, the overall survival for patients with (very)-low- to intermediate-risk

disease is greater than 90% with only surgical or minimal medical interventions .

Risk group INRG Distant Age Histological Grade MYCN  Genomic Ploidy
metastases (months)  category of diff profile
Very-low L1 Absent Any GNBnod, NB Any - Any Any
Very-low L1/L2 Absent Any GN, GNBinter  Any - Any Any
Low L2 Absent <18 GNBnod, NB Any - No SCA Any
Low L2 Absent 218 GNBnod, NB 2 - No SCA Any
Low MS Present <12 Any Any - No SCA Any
Intermediate L2 Absent <18 GNBnod, NB Any - SCA Any
Intermediate L2 Absent >18 GNBnod, NB 2 - SCA Any
Intermediate* L2 Absent >18 GNBnod, NB 1 - Any Any
Intermediate M Present <18 Any Any - Any Hyper
Intermediate M Present <12 Any Any - SCA and/or diploid
Intermediate MS Present 12-18 Any Any - No SCA Any
Intermediate  MS Present <12 Any Any - SCA Any
High L1 Absent Any GNBnod, NB Any + Any Any
High L2 Absent >18 GNBnod, NB 1 + Any Any
High M Present 12-18 Any Any - SCA and/or diploid
High M Present <18 Any Any + Any Any
High M Present >18 Any Any Any Any Any
High MS Present 12-18 Any Any - SCA Any
High MS Present <18 Any Any + Any Any

Table 1: International Neuroblastoma Risk Group (INRG) consensus
pretreatment classification scheme.

Abbreviations and definitions: GN, ganglioneuroma; GNB, ganglioneuroblastoma; GNBnod,
GNB nodular; GNBinter, GNB intermixed; NB, neuroblastoma; +, amplified; -, non-amplified;
diff, differentiation; 1, poorly or undifferentiated; 2, differentiating; hyper, hyperdiploid. No
SCA corresponds to absence and SCA to the presence of segmental chromosome
alterations. *Some clinical trials consider patients with stage L2 neuroblastoma with
unfavourable pathology who are >18 months as high-risks, since excellent prognosis was
achieved with intensive chemotherapy, often followed by radiation and autologous

haematopoietic stem cell transplantation *’. Table adapted from ¢*741.
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Moreover, epigenetic differences, like hypermethylation to downregulate tumour
suppressor genes and hypomethylation to upregulate the expression of oncogenes,
are discovered *°. These DNA methylation changes are not only able to distinguish
neuroblastoma tumours from healthy individuals, but are also linked to distinguish
these clinically and biologically relevant neuroblastoma subgroups “°. High-risk
neuroblastoma tumours show hypermethylation of several genes compared to the
low-risk group, which is characterized by some specific hypomethylated regions “°.
Moreover, genes are differentially methylated between the 4 and 4S stage
neuroblastoma tumours. Additionally, such differences are discovered as well

between MYCN amplified and non-amplified cancers “°.

1.3.3 Current therapy regimes

Induction chemotherapy to reduce the tumour size is often the first treatment that is
given to neuroblastoma patients, followed by a surgical removal of the primary
tumour ¥. This removal is often difficult for patients with high-risk neuroblastoma,
even after chemotherapy. Therefore, high-risk neuroblastoma patients frequently
undergo myeloablative therapy and autologous haematopoietic stem cell
transplantation (AHSCT). After these treatments, maintenance therapy, which
consists of an oral differentiation compound like 13-cis-retinoic acid and
immunotherapy, including the use of anti-GD2 monoclonal antibodies, is given to
prevent relapse. If the patient relapses, chemotherapy alone or together with small

molecules like ALK inhibitors, is considered 372,

Recurrently, such targeted
approaches rapidly lead to resistance due to activation of other downstream
pathways or bypass mutations. Therefore, current treatment regimens are reoriented
to combine different small molecules, trying to circumvent this signal rewiring and
completely blocking the downstream pathways. Such approach in combination with
chemotherapy or immune therapy will hopefully lead to a better and longer survival of

the patients 01720

. Indeed, recently, it has been shown that the combination of
melphalan, a chemotherapeutic used to treat high-risk neuroblastoma, with BSO, a
GSH synthesis inhibitor, was tolerable with haematopoietic stem cell support and
achieved good responses in patients with recurrent/refractory high-risk

neuroblastoma 3.
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Next to further research to improve targeted therapy and since anti-GD2 is quite toxic
due to the presence of this cell surface protein on noci-receptor-containing peripheral
nerves, alternative immunotherapeutic strategies are urgently needed ** (described in
more detail in discussion). Bosse and colleagues have identified GPC2 as a
promising immunotherapeutic target by searching for genes encoding proteins with
extracellular domains, which are differentially expressed on neuroblastoma compared
to normal tissue *. Indeed, a GPC2 targeting antibody-drug conjugate resulted in
cellular cytotoxicity in vitro in neuroblastoma cells and was efficacious and safe in

vivo in neuroblastoma mouse models **.

1.3.4 The genetic landscape of neuroblastoma

Recent sequencing efforts have further characterized the genomic landscape of
neuroblastoma in great detail. At the mutational level, the diagnostic tumour exhibit
few recurrent driver mutations in a background of highly recurrent DNA copy number
alterations *°. These recurrent copy number alterations include gains of 17q, 1q, 2p

36,37

or losses of 1p, 11q, 3p, 4p, 14q . Moreover, in familial NB, candidate

chromosomal predisposition regions have been identified at 16p, 12p and 2p % More
importantly, outcome is associated with type of chromosomal alterations 3¢,
Tumours with numerical chromosomal abnormalities due to whole chromosome gains
and losses have an excellent outcome, while patients with segmental chromosomal
alterations due to gains and losses of parts of chromosomes, have an inferior
outcome *° Additionally, the acquisiton of new segmental chromosomal
aberrations occurs at the time of relapse *°. Furthermore, hyperdiploid tumours have
a more favourable prognosis compared to diploid tumours ¢4

The most common focal genetic lesion is the amplification of MYCN (>10 copies),
located on 2p24, which occurs in approximately 20% of neuroblastoma tumours and
half of the high-stage tumours. MYCN amplifications are linked with a particularly
poor prognosis (as described in more detail in the “MYCN” paragraph further in this
thesis) *°. In addition, amplification or overexpression of LIN28B is frequently found
in high-risk neuroblastoma, leading to increased MYCN levels and depletion of the
let-7 family of microRNAs (miRNAs) ***’. Moreover, such let-7 family disruption
seems to be an important mechanism for neuroblastoma developments, since

multiple mechanisms have been found to neutralize let-7 *®. In addition to the
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repression by LIN28B, loss of chromosomes 3p and 11q, containing let-7 family

48 Moreover, in

members, is frequently observed in neuroblastoma tumours
MYCNe™PIed neyroblastoma tumours, MYCN mRNA sponges let-7 members, in this

way hindering the activity of these miRNAs “%.

Activating mutations in the Anaplastic Lymphoma Kinase (ALK) receptor have been
found to be oncogenic drivers in both familial as sporadic cases of neuroblastoma (as
described in more detail in the “ALK” section) **°. In addition, germline mutations
can be found in the Paired-like Homeobox 2B (PHOX2B) gene in familial tumours
and in approximately 4% of sporadic neuroblastoma ***°. This transcription factor,
located on chromosome 4p12, is necessary for normal development of the autonomic
nervous system *°*°. Moreover, patients harbouring such a mutation have a higher
risk for developing neurocristopathies, which are diseases arising from tissues
consisting of cells derived from the neural crest **®°_ Additionally, whole exome
sequencing of families with no PHOX2B or ALK mutations revealed functionally
damaging mutations in GALNT14 3% Rare germline mutations in association with
occurrence of neuroblastoma have been found in genes involved in the RAS
pathway, including HRAS, PTPN11, ODZ3, SOS1, KRAS, NRAS, RAF1, BRAF,
MEK1, RIT1 and NF1 3#%4° |n small percentages of neuroblastoma patients, rare
germline mutations have been found in TP53, CDKN1C, SDHB, APC, BRCA1,
BRCA2, CHEK2 and PINK1 *4°_ Of particular interest, genome-wide association
studies (GWAS) identified CASC15, BARD1, LMO1, LIN28B, HACE1, DUSP12,
DDX4, IL31RA, HSD17B12, NEFL, TP53 and NBPF23 as associated with high-risk
and low-risk neuroblastoma predisposition **4®*°. Moreover, individuals with risk
alleles in BARD1 and LMO1 are more likely to develop neuroblastoma and more
likely to have metastatic disease and worse clinical outcome “°. However, BARD1
has mostly tumour suppressive functions in cancer. Nevertheless, in neuroblastoma,
the disease-associated variations are correlated with the expression of an
oncogenetically activated isoform, namely BARD1B, that has growth-promoting
effects through cooperation with the Aurora kinases *°. Additionally, a single G>T
transversion in a super-enhancer element in the LMO71 gene allows GATA3
transcription factor binding, enhancing the expression of LMO7 “¢. Moreover, LMO1
synergizes with MYCN to promote neuroblastoma development and metastasis **°".

Furthermore, in MYCN non-amplified cases, structural variants affecting TERT

24



expression are highly recurrent and ATRX inactivating mutations are mostly found in
tumours from adolescent and young adult patients *°4¢°2°3 Next to ATRX, other
genes in the Rho/Rac signaling cascade, a pathway important for migration and
differentiation of neural crest cells, are frequently mutated in neuroblastoma tumours

** Moreover, high expression of ROCK2, a kinase of the Rho/Rac pathway, is

5 Further recurrent mutations include those

associated with poor survival
inactivating ARID1A and ARID1B **%4¢ while an emergence of ALK mutations at
relapse have been demonstrated, suggesting that ALK mutations might occur as
subclones at diagnosis, contributing to tumour progression *°. Moreover, RAS/MAPK

pathway mutations were shown to be enriched in relapsed cases *¢°°.

1.3.5 Models of neuroblastoma disease

The first transgenic neuroblastoma mice model system has been established in 1997
by Weiss and colleagues *', to test the effect of MYCN on the transformation of
neuroblasts in vivo. Therefore, they cloned the human MYCN gene after the tyrosine
hydroxylase (Th) promoter, since this promoter is active in migrating cells of the
neural crest. In this way, the mice will develop targeted expression of MYCN in the
sympathetic ganglia and the adrenal, the places where neuroblastoma tumours
appear °’. They were able to show that overexpression of MYCN in these cells leads
to neuroblastoma tumours which resemble the human ones. In 2012 *%, a Th-

ALK mouse model was created by injecting a Th-ALK™'7#

F1174L
K

construct, which
consist of the human AL cDNA cloned after the Th promoter, in mice
blastocysts. These mice were crossed with the Th-MYCN mice of Weiss and
colleagues ', to create ALK """**/MYCN compound hemizygote mice. In this way,
the interaction between the ALK and MYCN downstream pathways can be
investigated (see further). Recently, Althoff and colleagues *° created the LSL-
MYCN;Dbh-iCre mice, which is a Cre-conditional MYCN-driven neuroblastoma
mouse model with the neuroblastoma-specific marker dopamine B-hydroxylase (Dbh)
as promoter and has several advantages compared to the Th-MYCN mice. One
important advantage is that the LSL-MYCN;Dbh-iCre tumours arise not only from the
adrenals, but as well from the celiac and the superior cervical ganglia, from which a

minority of human neuroblastoma tumours develops *°. From a LSL-MYCN;Dbh-iCre
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tumour, a cell line has been generated, named mNB-A1. The growth of these cells
was MYCN-dependent, showing oncogene addiction. Therefore, this cell line is an
ideal model system to test new drugs targeting MYCN. Additionally, these cells can
be used to be re-engrafted into nude mice, to test the compounds in vivo *°. As last,
the LSL-Lin28b;Dbh-iCre mouse model was created to test the effect of LIN28B on

neuroblastoma .

Next to mice, zebrafish are often used as model system, because they are easier to
house, have a larger number of offspring and they reproduce rapidly compared to

mice. In 2012, Zhu and colleagues ®°

Tg(dph:EGFP-MYCN), which overexpresses the human MYCN gene under the

created a stable transgenic zebrafish line,

control of the dph promoter and fused to EGFP to monitor the tumour formation
easily with microscopy. Simultaneously, they created the Tg(dph:EGFP;
dBh:ALKT""7%)  zebrafish line. After breeding these zebrafish with the MYCN
heterogeneous zebrafish line, zebrafish overexpressing both MYCN and ALK™""74
were generated °°. This strategy can also be used for crossing MYCN zebrafish with
a zebrafish with an overexpression or knock-out from your gene of interest to
evaluate tumour acceleration, onset and penetrance compared to MYCN only
zebrafish. Recently, the high-risk neuroblastoma susceptibility gene LMO1 has been
injected into zebrafish embryos, creating the Tg(dbh:LMO1),Tg(dbh:mCherry)
zebrafish lines °°°'. Interbreeding of the LMO1 and MYCN transgenic fish showed
that high levels of LMO1 enhance neuroblastoma initiation in vivo °*°'. Transgenic
LMO1 expression increases the proliferation of sympatho-adrenal cells, thereby
overcoming the MYCN-induced apoptotic response °>*'. Moreover, LMO1 expression
promote expression of LOX family members, which contribute to metastasis by

%051 " Thereafter, it is shown ©' that

promoting tumour cell invasion and migration
zebrafish can be used to evaluate the metastatic capacity of human cancer cells. The
adaptive immune system of zebrafish arises after 14 days’ post-fertilization, so
human cancer cells can survive and form metastatic lesions when transplanted into
zebrafish larvae. In this way, it is possible to evaluate in a rapid, robust and

inexpensive way the effect of a genetic manipulation on metastasis °'.
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To evaluate the effect of the mutations and DNA copy number alterations on initiation
and/or tumour progression in neural crest progenitor cells, murine JoMa1 cells, which
are kept in an undifferentiated state by special culture medium and by
supplementation with 4-OHT to have low c-MYC activity, were transfected with DNA
for MYCN or ALK™"7*-%2 The low levels of c-MYC hold the cells in undifferentiated
state, but make it impossible to initiate transformation. The JoMa-ALK™"""*" and
JoMa-MYCN were able to proliferate even after inactivation of c-MYC by withdrawal
of 4-OHT, which shows that both MYCN and ALK are capable of inducing an
immortalized phenotype 2. Furthermore, injection of these cell lines in mice resulted
in tumours, which resemble human neuroblastoma tumours. In this way, it was
shown that both mutated ALK and MYCN are capable of driving neuroblastoma
development 2.

®3 was able to generate tumours that

More recently, the group of Kevin Freeman
molecularly and phenotypically mimic human neuroblastoma tumours by enforced
expression of MYCN in wild type neuronal crest cells, which are highly migratory,
multipotent cells and the proposed embryonic precursor cell of neuroblastoma e,
Moreover, this approach should be ideal to study the early phases of neuroblastoma
development as well as to evaluate the functional role of established and newly

identified oncogenic drivers in these first steps towards a full-blown tumour .

Since half of the patients present with metastatic disease, a model system to
investigate the metastatic processes is crucial. The mechanisms driving metastasis in
neuroblastoma are challenging and poorly recapitulated in the existing mouse model
systems ®, but can be modelled in zebrafish **°'. Additionally, Delloye-Bourgeois
and colleagues have shown the power of the chick embryo to model neuroblastoma
metastasis °*°°. They have injected neuroblastoma cell lines and patient-derived
xenografts into chick embryos, which are naturally immune-deficient ®#%°. These
neuroblastoma cells followed migration patterns of the endogenous avian neural
crest cells to reach sympathetic ganglia, where they formed dense, proliferating
masses. Metastatic spread was often seen 7 days’ post-engraftment and proceeded

64,65

through the dorsal aorta and peripheral nerves . Moreover, neuroblastoma

dissemination is induced by downregulation of SEMA3C, a pro-cohesion autocrine
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signal, known to regulate axon and cell migration, including that of the neural crest
64,65

Another option to evaluate the characteristics of the manipulation of a certain gene or
chromosome in vivo as follow up to cell culture experiments is by using xenografted
mice. Well-established neuroblastoma cell lines are subcutaneously injected in
immune-deficient mice, to prevent destruction by the immune system of the mice
.57 These subcutaneously xenografted mice have several benefits as they are easy
to use and relatively inexpensive, while being reproducible ®®. However, they also
have several drawbacks, with the most important being the inappropriate
microenvironment of the sympathetic ganglion, the location of the injection and the
lack of metastasis °>’°. One way to circumvent these caveats, is by generating an
orthotopically xenografted mouse model. In this model system, the tumour cells are
injected directly into the organ of origin, so they recapitulate more faithfully the
human disease ®©°’. The tumour evolved from the subcutaneously or orthotopically
injected human neuroblastoma cells, can be excised and brought into culture to
create a mouse tumour cell line. These cells can then be re-engrafted in immune-

deficient mice to create new tumours or to test drugs in vivo on these tumour cells.

As these model systems are still based on the use of cell lines that have been
cultured for several years and that can undergo irreversible genetic changes "',
generation of a patient-derived xenografted (PDX) mouse is a better alternative. In
this model system, a part of the viable tumour from a cancer patient is directly
implanted into the mice, which circumvent the generation of in vitro induced
modifications. As establishment of neuroblastoma PDXs are challenging due to the
sporadic access to fresh tumour material form this rare disease, Braekeveldt and

colleagues """

recently generated patient-derived orthotopic xenografts (PDOXs) by
orthotopically implanting viably cryopreserved neuroblastoma samples. The tumours
of these PDXs and PDOXs retain the characteristics of their corresponding patient
tumour. From these PD(O)X-tumours, cell lines can be derived. These cells preserve
the genotypic as well as the phenotypic features of the tumour they arise from and
have tumour initiating and metastatic characteristics if re-injected in mice """°. These
mice and the derived cell lines are especially valuable to test therapeutic compounds

in a patient-dependent manner """3. Other well-established mouse models are the
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transgenic mice (discussed above), which have the advantage that the gene is
induced in immunocompetent mice, so the effect of the immune system can be
monitored as well ®. Additionally, their tumours have histologically and genetically
the same characteristic as the human neuroblastoma cancers, in contrast to

xenografts .

An overview of the different models of neuroblastoma disease can be found in table
2.

In vitro model systems Transgenic mice Zebrafish Others

neuroblastoma cell lines Th-MYCN Tg(dBh:EGFP-MYCN) Subcutaneously
xenografted mice

JoMa-ALK " * Th-ALK™"""* Tg(dph:EGFP; dph:ALK™"""*) Orthotopically
xenografted mice

JoMa-MYCN Th-ALK™""™/MYCN  Tg(dbh:LMO1),Tg(dbh:mCherry) ~ PDX mice

Neural crest cells LSL-MYCN;Dbh-iCre PDOX mice

PDX cell lines LSL-Lin28b,;Dbh-iCre Chick embryo

Table 2: overview of the model systems for neuroblastoma.

Different models for neuroblastoma disease exist. First, to evaluate effects in vitro,
neuroblastoma cell lines, JoMa-ALK™"""* or JoMa-MYCN, neural crest cells and PDX cell
lines have been used. Secondly, different transgenic mouse models have been generated.
Thirdly, in parallel, zebrafish lines have been created. Additionally, xenografted mice, PDX
mice, PDOX mice and chick embryos have been generated to evaluate diverse aspects of

neuroblastoma disease or the effect of gene manipulation on tumorigenesis.

1.4 RTKs in sympathetic nervous system development and

neuroblastoma

1.4.1 The TRK neurotrophin receptors are associated with neuroblastoma prognosis

The Neurotrophin Tyrosine Receptor Kinases family, NTRK or TRK, consists of three
homologous members, namely TRKA or NTRK1, TRKB or NTRK2 and TRKC or
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NTRK3 "7, These three receptors have a crucial role in the normal development of
the peripheral nervous system as shown by knockout mice models. These model
systems showed both unique and overlapping nervous system abnormalities,
suggesting that the three receptors have redundant as well as unique functionalities
™75 Additionally, these mice models revealed that TRKA is the most important
receptor involved in later stages of sympathetic neuron development, while TRKC is
needed during the early stages of sympathetic and sensory neuron development and
TRKB is more important for normal development of motor neurons "7, Therefore,
the TRK gene expression profile reflects the stage of neuronal differentiation of the
sympathetic neurons ’.

Similar to other receptor tyrosine kinases, signal transduction starts with binding of
the appropriate ligand to the receptor. The nerve growth factor (NGF) binds to TRKA,
while brain-derived neurotrophic factor (BDNF) interacts with TRKB and
neurotrophin-3 (NT3) with TRKC. Moreover, neurotrophin-4 (NT4) can bind as well to
TRKB and NT3 can activate all three receptors “*>. Upon binding of the ligand,
receptor homodimerization activates the receptor, leading to auto-phosphorylation as
well as phosphorylation of other downstream effectors. In this way, the RAS-MAPK,
PIsK-AKT as well as the PLCy1-PKC signaling pathways are activated, leading to
proliferation, aggressiveness, metastases and neuronal differentiation, depending on
which genes are activated and/or repressed by these activated signaling pathways
74,75.

These receptors have been shown to be constitutively activated through gene fusions
or to be highly (over)-expressed in several cancers, including glioma, lung cancer,
breast cancer and neuroblastoma. The gene fusions and (over)-expressions lead to
more active receptors on the surface, highly activated pathways and induced gene
expression. These gene expression changes result in malignant transformation,
chemotaxis, metastasis and survival ""’®. In neuroblastoma, the expression of these
receptors has been associated with clinical outcome. TRKB is highly expressed
together with his ligand BDNF in 36% of all neuroblastoma cases and 50-60% of the
unfavourable high-risk group, more specific in those with MYCN amplification. The
higher expression of the receptor leads to increased BNDF expression, resulting in
further autocrine activation of the involved pathways “4®. Moreover, activation of this
TRKB-BDNF pathway is associated with drug resistance, metastasis, angiogenesis

and invasion. In contrast, high expressi