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ABSTRACT

Over the last decade Anaplastic Lymphoma Kinase (ALK), a receptor tyrosine
kinase (RTK) has been identified as a translocation partner in diverse cancer
types. In tumors, where the full-length ALK RTK itself is mutated, such as
neuroblastoma, the picture is less clear regarding ALKS role as an oncogenic
driver. Neuroblastoma is a heterogeneous disease of the sympathetic nervous
system, accounting for 10-15% of all childhood cancer deaths. A number of
small tyrosine kinase inhibitors (TKIs) have been developed to inhibit ALK
activity. The data acquired thus far suggests that ALK TKI mono-treatment
may not be as effective solution for ALK positive neuroblastoma patients.
Therefore, there is a need for combination therapy using drugs towards
different targets or signaling pathways to combat the disease. The overall aim
of this thesis is to identify targets in signaling pathways that can be inhibited
by specific drugs, as a potential poly-therapy treatment strategy in ALK
positive neuroblastoma patients.

Using an MS-based phosphor-proteomics approach, we identified STAT3 as a
potential downstream target of oncogenic ALK signaling (Paper I). ALK
activation of STATS3 results in increased phosphorylation of STAT3 in PC12
cells expressing a gain-of-function ALK mutation. Pharmacologic inhibition
of STAT3 using FLLL32 and STATTIC resulted in decreased phosphorylation
levels of STAT3 and MYCN protein and mRNA levels. This study identified
STATS3 as a target of ALK signaling and showed that inhibition of STAT3
using FLLL32 and STATTIC decreases proliferation of neuroblastoma cell
lines and regulates the transcription of MYCN.

In a subsequent paper, we identified ERKS5 as a potential ‘druggable’ target for
ALK positive neuroblastoma patients (Paper Il). Inhibition of ERKS5 activity,



reduced proliferation of ALK positive neuroblastoma cells as well as MYCN
MRNA levels. Combination of ALK and ERKS5 inhibitors abrogated tumor
growth and cell proliferation synergistically. Overall, this study showed that
ALK activates ERK5 via the PI3K pathway and regulatess MYCN
transcriptionally, suggesting that targeting both ALK and ERK5 might be
beneficial for ALK positive neuroblastoma patients.

In paper 111, we addressed whether MEK inhibition alone or in combination
with ALK inhibitor(s) has therapeutic value in a large panel of neuroblastoma
cell lines. MEK inhibition alone in ALK positive neuroblastoma cells or
xenografts did not abrogate cell or tumor growth. We showed that
pharmacological inhibition of MEK-ERK pathway in ALK-positive
neuroblastoma cells results in increased levels of activation/phosphorylation
of AKT and ERKS5. This feedback response is regulated by the mTOR complex
2 protein SINL1. Our results contraindicate the use of MEK inhibitors as
effective therapeutic strategy in ALK-positive neuroblastoma.

Together, this study highlights the importance of full length ALK receptor
signaling in neuroblastoma. Further, it shows that combination of ALK
inhibitor with PI3K/Akt/mTOR/ERKS pathway inhibitors might be a potential
therapeutic treatment strategy for ALK positive neuroblastoma patients.
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mTOR, MYCN
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SAMMANFATTNING PA SVENSKA

Anaplastiskt Lymfom Kinas (ALK) ar en receptor tyrosin kinas (RTK) och har
identifierats som en translokationspartner i flera olika cancertyper. Mutationer
i fullangds ALK blivit ocksa identifierade i neuroblastom. Neuroblastom &r en
heterogen sjukdom som uppstar fran det sympatiska nervsystemet. Baksidan
med neuroblastom &r att det star for 10-15% av alla pediatriska dodsfall i vést
varlden och att ALK &r muterat i upp till 10% av dessa fall. Ett antal sma
hammare har utvecklats for att inhibera ALK aktiviteten, sakallade tyrosin
kinas inhibitorer (TKI). Kliniska prévningar har visat och tyder pa att mono-
behandling med ALK inhibitorer mot ALK-positiva neuroblastom patienter
inte &r den optimala behandlingsmetoden. Darfor finns det ett behov av att
utveckla kombinationer av specifika lakemedel for att behandla ALK positiv
neuroblastom. Det Overgripande syftet med avhandlingen ar att identifiera
signalvdgar som kan inhiberas parallellt med ALK inhibition for att kunna
utveckla en potentiell strategi for kombinations terapi av ALK positiva
neuroblastom patienter.

Vi har att anvénda en MS-baserad fosfor-proteomik strategi, har identifierade
vi STAT3 som ett potentiellt effektor av ALK-signalering (Paper 1). ALK
aktivering av STATS3 resulterade i 6kad fosforylering av STAT3 i PC12-celler
som uttrycker en aktiverande ALK mutation. Farmakologisk hamning av
STAT3 med specifika STAT3 inhibitorer medférde minskad aktivering av
STAT3 och reducerad uttrycksnivaerna av nedstroms liggande malproteiner,
likt MYCN. Denna studie visade ett samband mellan ALK-aktivitet och
STATS3 fosforylering, och att inhibition av STAT3 resulterade i minskad
tillvaxt av neuroblastomcellinjer och reglering av MYCN transkription.

Vi observerade att proteinet ERKS5, ett nedstroms malprotein efter ALK
aktivering, &r ett mojligt proteins att inhibera i ALK-positiva neuroblastom
patienter (Paper 11). Hdmning av ERKS5 aktivitet med hjalp av specifik
inhibitor, XMD8-92, minskade tillvaxten av ALK positiva neuroblastomcell
linjer och aven MYCN mRNA-nivaer, en verifierad onkgen och prognostisk
faktor i neuroblastom. En kombination av ALK-hdmmare och ERK5-hdmmare
hindrar bade tumor- och celltillvaxt synergistiskt. Studien visade att ALK
aktiverar ERK5 via PI3K och reglerar MYCN transkription, vilket tyder pa att
inhibitorer riktade bade mot ALK och ERKS5 kan vara fordelaktigt for ALK
positiv neuroblastom patienter.

Vidare observerade vi att inhibering av proteinet MEK, antingen ensam eller i
kombination med ALK inhibitorer, har ett terapeutiskt vérde i en



neuroblastomcellinjer med en aktiverad RAS-MAPK signalering. Déremot,
farmakologisk inhibering av endast MEK stoppar inte tillvaxt av ALK positiva
neuroblastomcellinjer eller xenograft transplanterande tumdrer. Vi fann att
inhibering av  MEK-ERK  signalleringsvdgen i ALK-positiva
neuroblastomceller resulterar i 6kad aktivering/fosforylering av proteinerna
AKT och ERKS5. Detta aterkopplingssvar regleras av mTOR-komplexet 2
protein SIN1. Vara resultat i preklinisk miljo visar att anvandning av MEK-
hdmmare inte ar en effektiv terapeutisk behandlingsstrategi i ALK-positiv
neuroblastom.

Avhandlingen visar att ERK5 &r ett malprotein for ALK aktivering och styr
avlasningen/transkriptionen av onkgenen MYCN. Vidare visar avhandlingen
att  kombinationen av. ALK-h&mmare med hammare  av
PI3K/AKt/mTOR/ERKS signalvagar kan vara en potentiellt terapeutiskt
behandlingsstrategi for ALK positiva neuroblastom patienter.
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ABBREVIATIONS

ALCL= Anaplastic large cell lymphoma
ALK= Anaplastic lymphoma kinase
ALKAL1/2= ALK and LTK ligand 1/2

ATC= Anaplastic thyroid tumor

ATP= Adenosine triphosphate

BRAF= v=raf murine sarcoma viral oncogene homolog= B
CHEK?2= checkpoint kinase 2

CML= Chronic myelogenous leukemia
CNS = Central nervous system

Dpp= Decapentaplegic

EGFR= Epidermal growth factor receptor

EML4= echinoderm microtubule=associated protein=like 4

FAM150= Family with sequence similarity 150
FDA= Food and Drug Administration

GISTs= Gastrointestinal tumors

HEN=1= hesitation=1

IGF1R = Insulin=like growth factor=1 receptor
IR = Insulin receptor

Jeb= Jelly Belly

LDLa= Low density lipoprotein class A



LTK= Leukocyte tyrosine kinase

MAM= Meprin A=5 protein and receptor protein tyrosine phosphatse Mu
mTOR= mammalian target of rapamycin

NGF= Nerve growth factor

NPM= Nucleophosmin

NSCLC= Non small cell lung cancer

PC12= Pheochromocytoma 12

RAS= Rat sarcoma
RCC= Renal cell carcinoma
RT=PCR= Reverse transcriptase PCR

SCF= Stem cell factor

TGFB= Transforming growth factorf}

TKD= Tyrosine kinase domain

TKI= Tyrosine kinase inhibitor

Trk A/B= Tropomyosin receptor kinase A/B

VASP= Vasodilator=stimulated phosphoprotein






1 INTRODUCTION

1.1 General features of cancer

Several centuries of cancer research have generated a complex body of
information concerning the cancer disease, revealing it to be a disease
associated with aggressive changes in the genome [1, 2]. This led to the
discovery of two gene classes: Oncogenes and tumor suppressor genes. In
general, oncogenes promote cancer when they have acquired dominant gain of
function mutations, while tumor suppressor genes are associated with cancer
in a recessive manner when they become non-functional [1, 2].

1.1.1 Oncogenes

Most cells in our body will be subjected to programmed cell death when their
normal functions are modified [3]. However, in the presence of activated
oncogenic signals, these cells grow and ultimately cause cancer (Figure 1) [4].
The first oncogene was identified more than forty-five years ago by several
generations of cell and molecular biologists [5-10]. They discovered a
filterable agent in chicken as Rous sarcoma virus (RSV) which has a
transforming potential due to acquisition of a normal cellular gene named c-
src [5-10]. Today, several hundred oncogenes have been discovered.

Proto-oncogenes generally code for different proteins essential for regulation
of cellular growth and differentiation [1, 2, 4, 11-14]. A proto-oncogene can
assume oncogenic function in one of the following ways:

(i). Point mutations acquired within a proto-oncogene itself, leading to
conformational changes in the encoded protein (e.g. NRAS, HRAS, KRAS)

(ii). Gene amplification that leads to increased levels of encoded proteins (e.g.
MYCN, EGFR, ERBB)

(iii). Chromosomal translocation, where fusion of a proto-oncogene with
another gene to form a fusion protein results in enhanced oncogenic activity
(e.g. BCR-ABL, NPM-ALK, EML4-ALK)

A well-known oncogene that can be activated by point mutation is RAS. The
RAS oncogene family consists of three members: H-RAS, K-RAS, and N-RAS
[15-17]. To date, RAS family members are one of the most mutated oncogenes



found in human tumors and account for around 20 to 30% [18-21]. All RAS
proteins are part of the small GTPase class of proteins, which act as molecular
switches controlling the intracellular signaling axis [16, 22, 23]. When RAS
switched conformation to an active state, it is bound to guanosine triphosphate
(GTP), whereas in the inactive state, RAS is bound to guanosine diphosphate
(GDP). Switching is mediated through GTPase activating proteins (GAP) and
guanine nucleotide exchange factors (GEF) [24]. In an active conformation,
RAS binds to RAF family kinases and signals via its downstream effectors
such as MEK and ERK pathway to determine the fate of a cell [23, 25-27].
Altogether, targeting RAS-MAPK would be a potential therapeutic strategy in
several cancer types [28-31], although this probably depends on the cancer cell
type [32], Paper IlI.

1.1.2 Tumor Suppressor Genes

Since tumorigenesis is a multistep process, activation of an oncogene alone
might not be sufficient for transformation to cancer cells. Combination of
several other changes in genome together influence the development of human
tumors [23]. Tumor suppressor genes protect the normal cells from
transforming into a cancerous cell (Figure 1) [23]. These genes often encode
proteins that promote apoptosis and/or regulate the cell cycle [23]. Mutations
in these tumor suppressor genes that lead to loss of function promotes tumor
development [23].

Retinoblastoma protein (RB or pRB) was the first tumor suppressor gene
identified in retinoblastoma, a rare childhood eye tumor [33-35]. In 1971
Alfred Knudson suggested that loss of a single RB copy alone was not
sufficient for tumor development, and that loss of both copies of the RB gene
is required for the development of retinoblastoma (the ‘two-hit hypothesis’)
[33]. The RB tumor suppressor gene is deregulated indirectly by upstream
activators in several cancer types like, lung, breast, melanoma, head, and neck
cancers [36, 37]. Research on RB as a tumor suppressor gene led to the
discovery of several other tumor suppressor genes.

The tumor protein p53 (TP53 in human and Trp in mice) is the second tumor
suppressor gene that was identified [36, 38, 39]. In normal cells, p53 is
inactivated by forming a complex with MDMZ2, an E3 ubiquitin ligase. Upon
DNA damage, hypoxia, cell cycle deregulation, oncogene activation, or other
stress activators, p53 dissociates from the p53-MDM2 complex and induces
apoptosis or cell cycle arrest [36, 38, 39]. p53 has been well studied in colon
cancer, where 70 to 80% of the cases follow the ‘two-hit hypothesis’, resulting
in loss of both p53 alleles [38]. Mutations in the p53 tumor suppressor gene



are the most common genetic modification observed in human cancers [38],
implying that targeting p53 may be a potential therapeutic strategy in several
cancer types. In 1999, Komarov and co-workers identified the first small
molecule that inhibits p53-induced transcription and protects the mice from
severe damage of ionizing radiation [40]. Restoration of p53 in tumors lacking
p53 was challenging, however it has been achieved by genetic as well as
pharmacological methods [41, 42]. In 1999, Foster and co-workers identified
compounds that reactivate p53 and display an antitumor activity in mice by
restoring its transcriptional activity [43]. The current trend of restoring p53
activity includes the targeting of p53 targets such as CDK family members,
MDM2, or RAS-MAPK pathway components [42, 44, 45]

Normal Cells Malignant Tumor
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Mutation Suppressor genes or Metastatic diseas;?

Activation of Oncogenes

Figure 1- Steps involved in malignant transformation: Basic steps involved
the development of a normal cell into a malignant tumor are shown here.

1.1.3 Post Translational Modifications (PTMSs)

Post Translational Modification (PTMs) plays a central role in cancer
progression and as a result, PTMs are of great interest as cancer therapeutic
targets [46]. Protein biosynthesis is a multi-stage process, were a cell builds up
a protein product. During biosynthesis or after, proteins may undergo several
enzymatic modifications to form the mature protein [47] [48]. PTMs can occur
on both C- and N- terminal region of the protein and exist in large numbers.
The most well studied PTMs are shown in Figure 2, and include:

Methylation- Protein methylation is the addition of a methyl group (CHs) to a
lysine or arginine amino acid residues using specific methyltransferases [49].
Methylation has been widely studied in histone modifications and these
modifications repress or activate gene expression.



Acetylation- Protein acetylation is the addition of an acetyl group (CHs; CO)
to a lysine amino acid residue or to the N-terminal region of the protein [50].
N-terminal acetylation plays a key role in protein stability, localization, protein
metabolism and biosynthesis. Whereas, histone lysine acetylation plays a vital
role in regulation of gene expression. Acetylation of non-histone proteins like
STAT3 and p53 has been implicated in several cellular processes such as DNA
repair, cell cycle regulation, mRNA stability, and apoptosis [51-53].
Deregulation of these cellular processes plays a vital role in cancer
progression.

Glycosylation- Protein glycosylation is the addition of carbohydrate groups to
serine, threonine or asparagine amino acid residues, forming a glycoprotein.
N-linked glycosylation is the most common form of glycosylation and is
important in protein folding and cellular attachment. Several studies have
indicated that modifications in cell surface glycosylation can promote
tumorigenesis [54-59].

Ubiquitination- Protein ubiquitination is the addition of ubiquitin to lysine
amino acid residues of a substrate protein. Ubiquitination controls the substrate
protein function, for example by preventing or inducing protein-protein
interactions or affecting protein activity by regulating their cellular localization
and degradation [60-62].

Phosphorylation- Protein phosphorylation is the addition of a phosphate
group (PO.) to serine, threonine, tyrosine or histidine amino acid residues.
Addition of phosphate groups (phosphorylation) to proteins is facilitated by
kinases, and removal of phosphate groups (dephosphorylation) from the
proteins is facilitated by phosphatases. Phosphorylation and dephosphorylation
play important roles in several cellular processes like metabolism, cell
movement, cell growth, apoptosis, and signal transduction [46, 63-66]. Thus,
any deregulation in protein phosphorylation process is likely to drive
oncogenesis. Therefore, targeting receptor tyrosine kinases has become
popular in recent years and several tyrosine kinase inhibitors or
serine/threonine kinase inhibitors are now approved by FDA for treatment of
different cancer types [66-72].
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Figure 2- Post translational modification: A pictorial representation of the most
important post translational modifications involved in cancer.

1.2 Receptor Tyrosine Kinase superfamily

Protein tyrosine kinases are enzymes that facilitate phosphoryl transfer from a
high-energy donor molecule to tyrosine residues of a substrate protein [73, 74].
The tyrosine kinase superfamily of ninety members is subdivided into two
classes: (i) 58 Receptor tyrosine kinases (RTKs) and (ii) 32 Non-receptor
tyrosine kinases [65, 75]. The RTK superfamily is further subdivided into 20
sub-families [76]. RTKs generally share a common domain architecture: an
extracellular domain that contains a ligand binding region, a transmembrane
domain and an intracellular kinase domain [76-80]. The general paradigm of
receptor activation includes four main events: (1) ligand binding, (2) ligand-
induced receptor dimerization, (3) tyrosine auto phosphorylation and (4)
activation of signaling proteins (Figure 3) [76, 79, 81]. RTKs are the key
regulators of numerous critical cellular processes such as proliferation,
survival, differentiation, migration, and metabolism (Figure 3) [82, 83]. As
deregulation of RTK activity- due to chromosomal translocation,
overexpression or gain-of-function mutations in the kinases contributes to
tumorigenesis [82], targeting oncogenic kinase signaling is an attractive option
in the field of cancer- targeted therapy.

Gleevec/Imatinib was the first tyrosine kinase inhibitor (TKI) approved by
FDA in 2001 for the treatment of chronic myelogenous leukemia (CML),
where it blocks the activity of Abl non-receptor tyrosine kinase [84]. Seven



years later, Gleevec was approved by FDA for use in patients with KIT
receptor positive gastrointestinal stromal tumors (GISTs) [85]. Based on this,
several other TKIs entered the pharmaceutical market, including gefitinib,
erlotinib, lapatinib crizotinib, semaxinib, afatinib and sunitinib [86-94]. The
modes of action of these TKIs are based on four different mechanisms. They
either 1) compete with high-energy donor molecules such as ATP, 2) compete
with the kinase substrate, 3) compete with both or 4) act in an allosteric manner
[95]. Overall, TKIs are an important class of drugs for targeted therapy to
inhibit specific malignancies.

Ligand
o 1. Ligand Binding 2. Dimerization 3. Tyrosine phosphorylation
—
RTK
Extracellular
| L]
Cytosol
TKD
Inactive Active

W I

Proliferation Migration Metabolism
4. Intracellular Signaling Axis

Differentiation Adhesion Survival

Figure 3- Activation of receptor tyrosine kinases: The inactive receptor tyrosine kinase
encounters a signaling molecule (ligand). Upon ligand binding the receptor dimerizes
(active state) which leads to tyrosine auto- phosphorylation. In turn, tyrosine
phosphorylation results in the recruitment of other signaling molecules that determine the
fate of the cell.



1.3 The RTK- Anaplastic Lymphoma Kinase
(ALK)

Anaplastic Lymphoma Kinase (ALK) was first described in 1994 as a fusion
partner with nucleophosmin (NPM) in Anaplastic large cell lymphoma
(ALCL), from which the ALK name was derived [96]. The chromosomal
rearrangements occur between the chromosomes 2p23 ALK: 535 NPM,
where the region encoding the kinase domain of ALK is linked to the N-
terminal coding region of NPM [96, 97]. The full length ALK receptor was
first described in 1997 by two independent groups. It consists of an
extracellular domain, a transmembrane domain, and an intracellular kinase
domain [98, 99]. ALK shares a high sequence similarity with the Insulin
receptor (IR) super family and it also shares almost 50% protein sequence
similarity with leucocyte tyrosine kinase (LTK). Together, ALK/LTK form a
unique subgroup under the IR superfamily [98, 99]. Human ALK is 1620
amino acids, encoding a protein of approximately 180kDa. However, post
translational modifications like N-linked glycosylation results in the full length
ALK being detected at 220kDa in SDS-PAGE [99].

1.3.1 Structure of ALK

Like other RTKs, ALK consists of an extracellular ligand binding domain, a
transmembrane domain and an intracellular kinase domain (Figure 4, 5).

LTK

1

. MAMI1 ALDLF MAM2 ==iel ) By TK ALK

NH2

|

extracellular intracellular

Figure 4- Domain structure of human LTK and ALK: The extracellular region of human
ALK contains two MAM domains (264-427 a.a and 480-626 a.a), an LDLa domain (453-
471 a.a) and a glycine rich domain (816-940 a.a). A transmembrane domain (1031-1057
a.a) links the extracellular region with intercellular region containing the tyrosine kinase
domain (1116-1383 a.a). On the top, leucocyte tyrosine kinase (LTK) domain structure is
shown.



ALK extracellular domain

The extracellular region of ALK consists of two MAM (Meprin, A-5 protein
and receptor protein tyrosine phosphatase Mu) domains, an LDLa (Low
density lipoprotein class A) domain, and a glycine rich domain (GRD) [98-
101]. The functions of the ALK extracellular domain are still unclear.
However, it has been speculated that these domains might be involved in ligand
assembly, interaction with substrates (co-receptors), dimerization and
proteolytic cleavage [102],[103]. Future studies should uncover the importance
of these domains for keeping the ALK receptor in a stable or quiescent form.

ALK intracellular domain

Like other kinases, the kinase domain of ALK consists of a conserved small
N-terminal lobe and a large C-terminal lobe [104-106]. The N-terminal lobe
consists of five stranded antiparallel B-sheets and a regulatory aC-helix which
is important for catalysis. The large C- terminal lobe is mainly helical and
contains the activation loop (A-loop). The N- and C-terminal lobes are linked
by a hinge region which forms a cleft for ATP or substrate binding (Figure 5)
[104, 106]. Furthermore, Kornev and colleagues showed that protein kinases
contain two hydrophobic motifs, termed regulatory (R-spine) and catalytic (C-
spine) spines [105]. Both spines are conserved across all kinases and contain
residues from both the N- and C- lobes. The R-spine is vital in determining the
active and inactive conformations of the ALK kinase. The regulatory-spine
consists of the hydrophobic residues namely 11171, C1182, H1247, F1271, and
D1311 in ALK. The C-spine regulates catalysis by governing ATP binding.
The C-spine consists of residues V1130, A1148, L1256, C1255, L1257,
L1204, L1318, 11322 in ALK [102, 105, 107, 108]. The A-loop in the C-
terminal lobe contains an autophosphorylation motif YxxxYY similar to that
of the IR super family (Figure 5). However, in the IR the second tyrosine is
first phosphorylated followed by the first and third. In contrast, in the case of
ALK fusion oncogenes it has been suggested that Y1278 in ALK is the first
tyrosine to be phosphorylated followed by the second (Y1282) and third
('Y1283) [104, 106]. Furthermore, it has been described that Y1278 is vital for
maintaining the quiescent form of ALK by hydrogen bonding with the C1097
residue in the N-terminal B-turn motif [104, 106]. Thus, conformational
changes in this inhibitory structural feature can potentially release ALK from
its quiescent conformation [104, 106].
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Figure 5- Kinase domain of ALK: On the left, possible tyrosine phosphorylation sites
in the tyrosine kinase domain of ALK are indicated. On the right, crystal structure of
ALK kinase domain (PDB: 3LCT) is shown. The kinase domain of ALK contains a
smaller N-terminal lobe and a larger C-terminal lobe. The smaller N-terminal lobe
(1093-1199 a.a) contains a major aC helix (magenta), the glycine loop (yellow) and five
anti-parallel p-sheets (green). The larger C-terminal lobe (1200-1399 a.a) is largely
helical which consists of activation loop (eAL- shown in blue). The activation loop
includes three auto-phosphorylation sites (Y1278, Y1282, and Y1283- shown in red).

1.3.2 ALK in model organisms

Drosophila melanogaster DAIk

The physiological function of ALK has been thoroughly studied in the
Drosophila model system. Like mammalian ALK, DAIk also contains several
putative domains, an extracellular ligand binding domain, a transmembrane
domain and an intracellular kinase domain, of which kinase domain of DAIk
shares high sequence similarity with IR superfamily [100]. Lorén and
colleagues have shown that ALK mRNA is mainly distributed in CNS and
visceral muscles of Drosophila melanogaster [100]. Further they have shown
that loss of function Drosophila Alk mutants resulted in gut-less phenotype
[109]. Overall DAIK plays an important role in formation of visceral
musculature of the gut during early embryogenesis [100] [109]. Jelly Belly



(Jeb) is the ligand for Drosophila Alk. The Jeb gene encodes a secreted protein
containing a LDL receptor motif which mediates its binding to DAIk and
activates DAIK in the visceral muscle founder cells, leading to the activation
of ERK signaling [109-112]. ERK activation mediated by Jeb/DAIk regulates
Duf (dumb-founded)/ Kirre (kin of irregular chiasm), Dpp (decapentalegic),
Hand and Org-1 (Optomotor-blind-related-gene-1) transcriptionally [110-
114]. DAIK also plays a role in the development of embryonic endoderm by
regulating the transcription of Dpp (homolog of mammalian TGF-f) [114].
Two independent studies have shown that Jeb/DAIk signaling plays an
important role in the visual system of the fruit fly and synaptic connectivity in
developing motor circuits [115, 116]. Further in 2011, Cheng and colleagues
reported that DAIK protects neuroblast growth in starvation conditions via the
PI3K/Akt pathway [117]. In the same year Gouzi and colleagues showed that
DAIk signaling plays a vital role in body weight determination and associative
learning in Drosophila by controlling neurofibromin 1 [118]. Recently, it has
been shown that DAIK signaling acts in the Drosophila mushroom body and
negatively regulates sleep [119].

Caenorhabditis elegans SCD-2

In C.elegans SCD-2 (suppressor of constitutive dauer formation) is an ALK
homologue which plays a critical role in dauer formation, which is a
developmentally arrested third larval stage in C.elegans [120-122]. SCD-2 was first
described as a suppressor in a screen of TGF-f signaling mutants which led to
constitutive dauer pattern, from which SCD name was derived [121]. Hen-1 is the
ligand for ALK homologue SCD-2 in C-elegans, which lacks a mammalian
ortholog. Hen-1 gene encodes a secreted protein with similarities to Drosophila Jeb
containing an LDL receptor repeat [123]. Hen-1 plays a vital role in sensory
integration and behavioural plasticity [123]. To show that SCD-2 and Hen-1
function in same genetic pathway, Shinkai and colleagues created a double mutants
scd-2;hen-1 and showed that double mutants exhibit a similar phenotype as each of
the single mutants [124].

Danio rerio DrAlk/DrLtk

The zebrafish Danio rerio has two members of the ALK family (DrAlk and
DrLtk) [125-127]. In zebrafish, DrAlk is found to be highly expressed in the
developing central nervous system [125]. Inhibition of DrAlk in this organism
resulted in severe complications in neuronal differentiation and neuron
survival in the CNS without affecting the neuron progenitor formation [125].
However, inhibition of DrLtk resulted in a failure to establish iridophores
(pigment cells that arise from the neural crest) [127]. As yet no ligand has been
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reported to activate ALK signaling in zebrafish. Recently, zebrafish has been
employed as a transgenic model system for neuroblastoma pathogenesis, a
solid extracranial childhood cancer [128].

Mammalian ALK

In mammals, the biological function of ALK is not well known. However, by
comparing with other model organisms, it has been suggested that ALK might
play a role in development of the mammalian nervous system. In 1997, Iwahara
and colleagues showed that ALK mRNA is expressed mainly in the brain and
spinal cord of the mouse [98]. Furthermore, using RNA in situ hybridization,
they indicated that ALK mRNA is expressed in different parts of nervous
system, such as the olfactory bulb, thalamus, and ganglia of embryonic and
neonatal mice [98]. Vernersson and colleagues have shown that mMALK mRNA
and protein expression overlap in specific regions of central and peripheral
nervous systems [129]. Pulford and colleagues have shown that human ALK
is expressed in tissue samples of adult human CNS, consistent with expression
patterns of mouse and Drosophila melanogaster [130]. However, the role of
ALK in mammals is still unclear. Several studies have indicated that ALK or
ALK/LTK knockout mice are viable and do not show any major altered
phenotype [131-133]. However, a recent study reported that ALK knockout
males had low testosterone levels in serum and a mild disorder of seminiferous
tubules, indicating a role of ALK in testis development and function [134].
Interestingly, treatment with crizotinib an FDA approved ALK inhibitor in
metastatic NSCLC patients resulted in low testosterone levels [135, 136].

The ligand for human ALK had remained a mystery until 2015. Two small
basic proteins, FAM150A and FAM150B, were recently identified as potential
ligands for LTK [137]. Further, they have shown that binding of both
FAM150A and FAM150B in the ECD of LTK, stimulated the receptor
activation, and activated ERK downstream signaling [137]. LTK shares high
sequence similarity with ALK and like ALK, it has a unique structural region
in the membrane proximal region called the glycine-rich domain (GRD). It was
also reported that mutations in the glycine-rich domain, led to an inactive
receptor in vivo [110]. Given these similarities, in 2015 Guan and colleagues
were the first to report that FAM150A and FAM150B are potential ligands for
human ALK [138]. This was further supported by Reshetnyak and colleagues
studies which showed that FAM150A (AUGP) and FAM150B (AUGa) are
potential ligands for human ALK [139]. Recently, the HUGO gene
nomenclature committee (HGNC) have designated the ligands as ALKAL1
(FAM150A) and ALKALZ2 (FAM150B) [140]. Several previous studies have
reported that the heparin binding molecules Pleiotrophin (PTN), Midkine
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(MK) and heparin itself are ligands for mammalian ALK [101, 141-145].
However, subsequent studies have reported that these molecules might not
have a role in ALK activation [103, 146-148]. Guan and colleagues also
reported that both FAM150A and FAM150B stimulate ALK signaling in
neuroblastoma cells and that co-expression of both FAM150 proteins with
human ALK, was able to drive human ALK activation in Drosophila
melanogaster. Furthermore, they showed that these molecules bind to the ECD
of ALK and enhance ALK activity in ALK positive neuroblastoma cells [138].
Taken together, the recently described potent ligands of human ALK might
have significance in human cancers with ALK overexpression, however their
role in other ALK positive cancers remains a crucial question.

1.4 Oncogenic ALK signaling core

Several ALK downstream signaling have been described, however most
studies are from ALK fusion forms like NPM-ALK and EML4-ALK rather
than from the mutated full length receptor. Understanding both types of
signaling events will be beneficial for ALK positive targeted therapies.

RAS-MAPK

The RAS-family is the small GTPase class of proteins that control the activity
of many signaling pathways of which the Mitogen Activated Protein Kinase
(MAPK) plays a vital role in tumorigenesis [149-153]. Activated RAS
translocate Raf-1 to the plasma membrane (active form) and activates MAPK
kinase (MEK) to activate the 41kDa and 43kDa (ERK1/2) MAP kinases
(Figure 6) [150-154].

In ALK fusion proteins such as NPM-ALK, MAPK signaling is mediated by
binding of adaptor proteins like insulin receptor substrate-1 (IRS-1), growth
factor receptor-bound protein 2 (Grb2) and src homology 2 containing (Shc)
to the activated/phosphorylated ALK tyrosine residues. Furthermore, it has
been shown that Grb2 binds to Y1507 and IRS-1 binds to Y1096 residue site
[155-157]. In 2007, Degoutin and colleagues showed that adaptor proteins like
Shc and Fibroblast Receptor substrate-2 (FRS-2) are recruited also upon ALK
full-length receptor activation [158]. Pharmacological inhibition of the MAPK
pathway induces apoptosis and reduces cell growth in ALK-positive ALCL
[159-161]. Recently, it has been suggested that the EML4-ALK fusion protein
is primarily dependent on RAS-MAPK pathway signaling, which can be used
as a polytherapy strategy to treat EML4-ALK positive lung cancers [162, 163].
Following this study, Eleveld and colleagues suggested that targeting the RAS-
MAPK pathway would be beneficial also for ALK-positive neuroblastoma
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patients, where ALK is a full-length receptor [164]. However, ALK positive
neuroblastoma cells are not primarily dependent on RAS-MAPK pathway
signaling as will be discussed in Paper III.

RAS-
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[ MEK1 ] MEK2

[ERKl] ERK2

Figure 6- Activation of RAS-MAPK pathway: The classical RAS-RAF-MEK-ERK
signaling pathway is shown here.

JAK/STAT

The JAK/STAT pathway plays an important role in several cellular processes
like proliferation, survival, apoptosis, differentiation, and oncogenesis. Upon
receptor activation, recruited JAKSs are activated and create a binding site for
STATs [165-171]. Tyrosine phosphorylated STATs form dimers and
translocate to the nucleus [167-171]. The dimerized STATS activate or repress
several transcription factors (Figure 7) [167-171].
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Activation of STAT3 by ALK has been mostly studied for the NPM-ALK
fusion protein; however, the mechanism of activation is still unclear [172-174].
Several studies have shown that NPM-ALK activates STAT3 in a JAK3
dependent manner [172, 174]. However, Marzec and colleagues have shown
that NPM-ALK phosphorylates STAT3 independent of JAK3 [173]. Inhibition
of PP2A activity, a serine/threonine kinase phosphatase positively regulates
STAT3 in ALK positive ALCL [175]. ALK positive ALCL possesses
enhanced STAT3 activity due to the absence of its inhibitor PIAS3 in these
cells [175]. Furthermore, selective inhibition of STAT3 results in induction of
apoptosis and suppression of proliferation in ALK-positive ALCL [172, 173].
In EML4-ALK positive lung cancer, the STAT3 signaling pathway is also
important for the transforming activity of EML4-ALK [176]. Taken together,
STAT3 may play an important role in ALK positive cancers. The role of
STAT3 as a downstream target of full length ALK receptor will be discussed
in Paper I.

Growth factors,

® A ikines W \ /;

Plasma membrane
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‘l Activation of transcription

Figure 7- Activation of JAK/STAT pathway: Basic steps involving the activation of
JAK/STATS upon receptor activation is shown here.

nucleus

PIBK-AKT

The PIBK/AKT signaling cascade plays an important role in carcinogenesis.
P13K consists of two subunits: (i) a regulatory subunit (p85), and (ii) a catalytic
subunit (p110) [177, 178]. The PI3K complex activates number of proteins, of
which Akt plays a vital role in several cellular processes [177, 178]. The
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mTOR complexes are important in PI3K/Akt signaling cascade where they act
both downstream and upstream of Akt (Figure 8) [179].

PI3K/Akt signaling cascade activation is important for the transforming
activity of NPM-ALK in ALK-positive ALCL [180-182]. In 2005, Polgar and
colleagues showed that PI3K activation is mediated by an interaction of NPM-
ALK with the regulatory subunit p85, resulting in decreased apoptosis [181].
Further, it has been shown that activated PI3K/Akt signaling activates mTOR
complexes and glycogen synthase kinase 3beta (GSK3B) to promote
oncogenesis [183-185]. The NPM-ALK/PI3K/AKkt signaling cascade regulates
survival and proliferation signals through activation of the FOXO3a
transcription factor [186]. It has also been shown that the PI3K signaling
cascade regulates the Sonic hedgehog (Shh) signaling pathway in ALK-
positive ALCL [187]. Pharmacological inhibition of PI3K activity using PI3K
inhibitors resulted in reduced cell proliferation and induction of apoptosis in
ALK-positive ALCL [180, 182]. The PI3K signaling cascade also plays an
important role in EML4-ALK positive lung cancers and in ALK-positive
neuroblastoma [188, 189]. Inhibition of PI3K activity using PI3K inhibitors
led to reduced tumor growth in mice xenografts and cell growth in vitro in
EMLA4-ALK positive lung cancers and in ALK-positive neuroblastoma [188,
189]. Taken together, the PI3K signaling cascade provides a bonafide target in
cancers that express ALK fusion proteins or mutated full length ALK receptor.

Growth factor receptor

~

e
| <>

mTORC1

Figure 8- PI3K-AKT-mTOR signaling pathway: The canonical PI3K-AKT-mTOR
signaling pathway is shown here.
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ERK5/BMK1

The MAPK?7 gene encodes the ERKS5 protein, identified by two independent
groups in 1995, as a member of Mitogen activated protein kinases (MAPKS)
[190, 191]. ERKS5 is found to be expressed in many tissue types, particularly
in lung, brain, heart, kidney, skeletal muscles, and placenta [190, 191].
Depending on its activation ERKS5 localizes to the cytoplasm or nucleus [192].
ERKS is also called Big MAP kinase 1 (BMK1) due to its unique C-terminal
region (Figure 9) [192]. The ERKS5 protein consists of a kinase domain in the
N-terminal region and a nuclear localization domain, two proline-rich-domains
(PR1 and PR2) and a transactivation domain in the C-terminal region (Figure
9) [190, 193-195]. Similar to ERK1/2, ERKS5 also has a dual phosphorylation
site (TEY) in the kinase domain which is important for activation [192, 194,
195]. Upon activation ERK5 autophosphorylates in the transactivation domain
to enhance its transcriptional activity [196]. In the cytosol, the N- and C-
terminal domains of ERK5 are connected together when ERKS5 is in an
unphosphorylated  state  (inactive form) and when ERK5 s
activated/phosphorylated it translocate to the nucleus [192, 197]. ERK5
responds to several mitogenic signals, such as cytokines and growth factors
(EGF, VEGF, FGF, and NGF) and to cellular stress [198-202]. ERKS5 is
believed to be activated by a linear signaling cascade, where MAPK kinase
kinase 2/3 (MEKKZ2/3) activates MAPK kinase 5 (MEKS5), which then
activates Big MAP kinase (BMKZ1) (Figure 9) [203, 204]. Upon activation by
MEKS5, ERKS5 regulates several transcription factors like the MEF2 family of
transcription factors, c-MYC, SRF accessory protein 1 (SAP1) and cyclic
adenosine monophosphate (CAMP) [194, 195].

ERKS5 plays a vital role in the regulation of several cellular processes like
proliferation, survival, angiogenesis, and differentiation [195, 205]. To
understand the physiological role of ERKS5, several ERK5 knockout mice have
been generated [201, 206, 207]. Similar to MEKK2/3 or MEK5, ERKS5
targeted deletion results in embryonic lethality in mice due to cardiovascular
defects and vascular integrity [201, 206, 207]. Hayashi and colleagues also
showed that ablation of ERKS5 in an inducible knockout mouse model leads to
endothelial cell apoptosis [206]. Kato and colleagues have shown that BMK1
is required for cell cycle regulation and proliferation stimulated by epidermal
growth factor (EGF) in HeLa cells [199]. Other studies have also indicated the
participation of ERKS signaling in the regulation of cell proliferation of breast
cancer and prostate cancer cell lines [208, 209]. However, the activation of the
ERKS5 signaling pathway (AKT-MEKKS3-ERK5) via oncogenic receptor
activation in a solid tumor was first described by Umapathy and colleagues in
2014 [210]. Yang and colleagues had shown that ERKS5 interacts with
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promyelocytic leukemia protein (PML) and controls its antitumor effect [211].
Furthermore, they showed that pharmacological inhibition of ERKS5
suppresses tumor growth and cells overcome G;-S transition checkpoint [211].
Recently, it has been shown that ERKS5 plays an important role in maintaining
the ‘stemness’ of cancer stem cells (CSCs) and also for maintaining the
embryonic stem cell identity [212, 213]. Overall, ERK5 marks itself as a vital
signaling event in several different cancer types and also maintains stem cell
identity. ERK5 as a downstream target in mutated full length ALK receptor
will be further discussed in Paper Il. Investigation of its role in ALK fusion
cancers should provide a more complete picture of regulation of ERK5 by ALK
and a better understanding of ERKS5 as a therapeutic target for ALK-positive
cancers.

Based on a phosphor-proteomics approach several other targets of ALK have
been identified, including Crk, CrkL, Dok2, ATIC, VASP, MAPK1, MAPK3,
FASP and PTPN11 [155, 214-216]. However, future research will tell us more
about their role in regulating cell proliferation and survival in ALK positive
cancers. Both ALK fusions and the full-length receptor share common
downstream targets, however they might regulate different signaling cascades
based on the tumor type. Therefore, understanding the oncogenic ALK
signaling axis will be essential to develop new polytherapy strategies in ALK
positive cancers
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Figure 9- ERKS structure and signaling: (A) Domain structure of ERKS5 is shown. ERK5
structure (816 a.a) consists of smaller N-terminal region and a larger C-terminal region.
The N-terminal region consists of a kinase domain (78-406 a.a), which comprises dual TEY
(T218/Y220) phosphorylation site. The larger C-terminal region consists of two proline
rich domains (PR1- 434-485 a.a and PR2- 578-701 a.a), a nuclear localization signal
domain (NLS- 505-539 a.a) and a transactivation domain (TAD- 664-789 a.a). (B) Linear
signaling cascade of ERKS5 is shown.

18



1.5 ALK positive cancers

ALK can be oncogenic in three ways (Figure 10),
1. Chromosomal translocation
2. Overexpression

3. Point mutations

Amplification

Fusion partners

Oncogenic ALK

Point Mutations

Figure 10- Oncogenic ALK in cancer: Figure represents various ALK positive cancer
types.

15.1 ALK chromosomal translocations

ALK was originally discovered as a fusion protein partner with nuclear protein
NPM in 1994 in ALCL [96], since then almost 30 different ALK fusion
partners have been identified (Figure 11), suggesting that the ALK locus is a
‘hot spot” for translocation, although the reasons are not clearly understood.
Almost all ALK fusion proteins share common features, including: (i) the
promotor of the fusion partner will initiate the transcription, (ii) subcellular
localization is also facilitated by the fusion partner, (iii) ALK fusion
dimerization/oligomerization is determined by the fusion partner, which leads
to trans-auto phosphorylation and by which it signals to its downstream targets
[102, 217-220].
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Anaplastic large cell lymphoma (ALCL)

In 1985, Stein and colleagues are the first to describe ALCL as a neoplasm,
which possess Ki-1 antigen in the abundant cytoplasm [221]. ALCL commonly
occurs in children and young adults, a rare type of Non-Hodgkin’s lymphoma
involving T-cell receptor rearrangement [222] [223]. In ALCL, the well-
studied ALK translocation fusion partner is NPM-ALK, which occurs almost
in 80% ALCL cases [220, 222, 224, 225]. NPM-ALK was first discovered in
1994 in ALCL, since then several other ALK translocation fusion partners
have been reported in ALCL like, Moesin (MSN), ALK lymphoma
oligomerization partner on chromosome 17 (ALO17), TRK-fused gene (TFG),
Tropomyosin 3 (TPM3), Tropomyosin 4 (TPM4), non-muscle myosin heavy
chain 9 (MHY9), ATIC, CLTC-1 and TRAF-1 [96, 102, 220, 226-234].

Inflammatory myofibroblastic tumor (IMT)

IMT are rare mesenchymal neoplasms that frequently originate in the lung,
abdomen, and retroperitoneal region and mostly affect young adults [235].
Almost 50% of IMT cases have rearrangement involving the ALK locus (2p23)
of which TPM3-ALK fusion protein is present in the half of the cases [236,
237]. Similar to ALCL, ALK possess several other fusion partners like, TPM4,
SEC31 homologue A (SEC31L1), protein-tyrosine phosphatase receptor-type
F polypeptide-interacting protein-binding protein 1 (PPFIBP1), Ras-related
nuclear protein-binding protein 2 (RANBP2), cysteinyl-tRNA synthetase
(CARS), ATIC, CLTC[102, 220, 238-244]. ALK translocations in both ALCL
and IMT are associated with better prognosis [225, 245, 246].

Diffuse large B-cell lymphoma (DLBCL)

DLBCL is the most common type of lymphoma, which accounts almost around
30 to 40% lymphoma cases [247]. In which ALK positive DLBCL is very rare,
however ALK rearrangement in DLBCL is associated with poor prognosis and
response to chemotherapy treatment is ineffective [248, 249]. This rare type of
DLBCL ALK positive group might benefit from ALK target therapies. The
common ALK translocation rearrangements observed in DLBCL are
sequestosome-1 (SQSTM1), NPM-ALK, CLTC-ALK, SEC31A [233, 250-
255].

Non-small cell lung cancer (NSCLC)

Lung cancer is the leading cause of cancer death worldwide, which is classified
into two subgroups: (1. Small cell lung cancer (SCLC) and (2) Non-small cell
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lung cancer (NSCLC) [256-258]. Almost 80% of lung carcinoma belongs to
NSCLC subgroup. EML4-ALK fusion protein was first described in the year
2007 by two independent groups, which accounts for around 7 to 9% of all
NSCLC cases [218, 259]. The fusion is linked by an inversion in 2p
chromosome locus, which results in the fusion of N-terminal region containing
coiled coil domain of EML4 gene with tyrosine kinase domain of ALK gene
[218]. Thirteen different EML4-ALK variants have been described to date
[102, 260]. Almost all EML4-ALK variants contain exons 20-29 of ALK,
whereas it contains different exons of EML4, which might play role in stability
or activity of the fusion protein [102, 261, 262]. Interestingly, Doebele and
colleagues demonstrated a new ALK fusion variant involving exon 6 of EML4
to exon 19 of ALK (E6;A19), however significance of these exon 19 of ALK
fusion variants are currently unknown [263]. ALK targeted therapies shows
promising results towards ALK positive NSCLC, however understanding the
resistance mechanisms that arise in response to ALK inhibitor therapy will be
a challenging in coming years [263-266]. ALK translocation other than
EML4-ALK reported in NSCLC are, HIP1-ALK, STRN-ALK, PTPN3-ALK,
TFG-ALK, KLC1-ALK, KIF5B-ALK, and TPR-ALK [102, 220, 259, 267-
271].

EMLA4 2p21

\ / TPM3 1q25
SEC31A 4q21 \ __— RANBP22q13

TPM4 19p13

MYHY 22q11 / \ CLTC 17q23
ATIC 2435 \ TFG 3q21
CARS 11p15 ALO17 17q25

NPMI1 5q35

Figure 11- ALK fusion proteins in cancer: Figure showing various different ALK fusion
partners.
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15.2 ALK overexpression

Overexpression of ALK protein has been described in many cancer forms
including retinoblastoma, astrocytoma, glioblastoma, melanoma, breast
cancer, NSCLC, Ewing’s sarcoma, rhabdomyosarcoma, and neuroblastoma

(Figure 12) [147, 272-274].The importance of these events in the progression
of disease is not known.

Astrocytoma

Neuroblastoma Rhabdomyosarcoma

Glioblastoma Retinoblastoma

Ovarian cancer .,
Ewing’s sarcoma

Melanoma NSCLC

Breast cancer

Figure 12- ALK overexpression in cancer: A pictorial representation of ALK
overexpression in different cancer types.
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1.5.3 ALK point mutations

Cancer forms like Anaplastic thyroid tumor (ATC), NSCLC, and
neuroblastoma have been associated with activated ALK point mutations
(Figure 13) [275-280].

Neuroblastoma

Mutations found in Kinase domain

/ALK
/Point Mutations'

NSCLC ATC

Gateway and resistance mutations Mutation found in Kinase domain

Figure 13- ALK point mutations in cancer: A pictorial representation of ALK point
mutations in various cancer types.

ALK-L1198F and ALK-G1201E were described as gain-of-function activating
point mutations in Anaplastic thyroid tumor (ATC) [280]. However, Guan and
colleagues have recently shown that neither ALK-L1198F nor ALK-G1201E
are constitutively active [281].

ALK point mutations observed in NSCLC are mostly secondary mutations
occurred after crizotinib treatment, the first ALK inhibitor approved by the
FDA for treatment of ALK positive NSCLC patients [282]. However, a few
oncogenic ALK point mutations have also been described in lung
adenocarcinoma [279]. These include mutations in the MAM domains (S413N,
V597A), glycine rich domain (G881D), between MAM2, and glycine rich
domain (H694R) and in the kinase domain (Y1239H, E1384K) [279]. Of these
V597A, G881D, H694R, E1384K showed high kinase activity and activated
downstream signaling components such as STAT3, AKT, and ERK [279]. The
secondary mutations observed after crizotinib treatment are mainly confined
around ATP binding site of ALK (Figure 14) [276]. These include two
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gatekeeper mutations found in crizotinib resistance patients namely L1196M
and C1156Y [276]. ALK-G1202R, S1206Y, G1269A, L1152R, L1198P,
D1203N, 11171T/N/S, F1174C/V, L1198F, E1210K, and V1180L are also
secondary mutations observed in NSCLC patients after ALK TKI treatment
(Figure 14) [263, 266, 283-291]. Currently, all described secondary mutations
can be overcome by current ALK TKI, however understanding the resistance
mechanisms, and implementing other treatment strategies represent significant
challenges.

Figure 14- Mutations in ALK kinase domain: ALK tyrosine kinase inhibitor resistance
mutations in ALK fusions are shown in orange. Activating ALK points found in
neuroblastoma are shown in blue. Mutations found in both ALK fusions and neuroblastoma
are shown in red.

1.6 Neuroblastoma

Neuroblastoma (NB) is a childhood cancer that gives rise to undifferentiated
neural crest precursor cells of the sympathetic nervous system. It accounts
almost 8-10% of all childhood cancer deaths, which makes it a most common
extra cranial solid tumor [292-297]. NB is a very complex disease which
affects very young children with median age of 22 months at diagnosis [298,
299]. Children can develop tumors at any point along the sympathetic chain,
however it most frequently originates in the adrenal medulla, then originates
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to nerve tissues of abdomen, chest, pelvis and neck region [292, 300, 301]. NB
is classified into five stages (stagel-4 and 4S) clinically according to
International Neuroblastoma Staging System (INSS) [293, 295, 302]. Stage
land 2 are designated as Early stage NB tumors which usually do not
metastasize to bone marrow and usually respond to chemotherapy and
radiation. Stage 3 and 4 are designated as advanced stage NB tumors that
usually metastasize and also become resistance to chemotherapy treatment.
Stage 4S is designated as fifth stage of NB tumors where children go through
spontaneous regression without treatment [293, 295, 302, 303]. In addition to
stage classification, NB tumors are divided into three risk groups (low,
intermediate and high risk) based on age, histology and MYCN status [303].
Chromosomal aberrations, age, disease stage, and genetic abnormalities are all
contributing factors in NB tumorigenesis.

1.6.1 Chromosomal aberrations and genetic lesions
in NB

The most common genetic anomalies seen in NB are deletion of parts of
chromosome arms 1p and 11q, 179 gain, triploidy, MYCN and ALK
amplifications [295, 304-308].

Loss of parts of chromosome arm 1 (1p36) usually accounts for 25-35% NB
tumors [292, 293, 295]. 1p loss of heterozygosity (LOH) correlates with
amplification of MYCN and leads to unfavorable conditions in NB clinical
groups [303]. To determine the importance of chromosome 1 in NB, Bader and
colleagues transferred the normal portions of chromosome 1 short arm into the
neuroblastoma cell line [309]. Transfer of chromosome led to differentiation
of neuroblastoma cells and suppression of tumorigenicity [309]. Several
potential tumor suppressor genes reside in this region which includes chromo-
domain helicase DNA-binding domain 5 (CHD5), kinesin superfamily protein
1B beta (KIF1Bp), microRNA-34a (mir-34a) calmodulin binding transcription
activator 1 (CAMTAL1) and p73. Introduction of CHD5, KIF1B, mir-34a or
CAMTAL decreased cell proliferation and leads to apoptosis [303, 310-313].
However, further studies indicate that there is no correlation between tumor
suppressor gene p73 and NB development [314].

Loss of parts of chromosome arm 11 (11g23) usually accounts for 30-40% of
NB tumors and inversely correlated with MYCN amplification [303]. 11q
LOH is usually correlated with unfavorable clinical outcome in NB patients
[303]. Similar to chromosome 1, transfer of chromosome 11 also induced NB
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cell line differentiation [309]. Potential tumor suppressor genes that localize to
this region are immunoglobulin superfamily 4 (IGFSF4) and Tumor suppressor
in lung cancer/cell adhesion molecule 1 (TSLC1/CADM1) [303, 315, 316].
Transfer of TSLC1 gene into NB cell lines expressing low TSLC1, led to
decreased NB cell proliferation [316].

Gain of parts of chromosome arm 17 (17922) usually accounts for 40-50% NB
cases and associated with poor prognosis [303]. Gain of 17q correlates with
MYCN amplification and leads unfavorable conditions in NB patients [293,
295, 303, 317]. Genes localized in this region include survivin, NM23A,
PPM1D [303]. Survivin (inhibitor of apoptosis) is associated with poor
prognosis and is frequently overexpressed in NB tumors [303, 318].

Another important prognostic marker in NB is near diploidy or hyper diploidy
(triploidy) state. Triploidy is correlated with less aggressive tumors and
malignant NB is associated with near diploidy [293, 295].

Amplification of MYCN gene on chromosome 2p24 is the one of the main
hallmarks of NB. Amplification of MYCN gene is usually accounts between
20-30% of all NB cases and associated with poor survival [293, 295, 319].
MYCN is involved in several cellular process like cell proliferation, apoptosis,
survival, and differentiation [320]. As in NB, MYCN has been reported to be
overexpressed in several other cancer forms like glioblastoma, retinoblastoma,
and SCLC [321-323]. To study NB tumorigenesis several transgenic mice have
been developed. In this system, overexpression of MYCN acts as an initiator
of NB tumor progression, however several studies have indicated that MYCN
cooperates with other oncogenes to drive NB tumorigenesis [324, 325].
Targeting MYCN in these cancer forms might improve clinical outcome.

Amplification of the ALK gene or overexpression of ALK protein has also been
described for the development of NB [326, 327]. Amplification of ALK gene
can lead to ALK activation which correlates with poor survival in NB patients
[326, 327]. Other than amplification of the ALK gene or overexpression, ALK
point mutations were also been reported in both familial and sporadic NB [304,
305, 328-330]. Most of these described mutations are confined within the ALK
kinase domain and are reported to be around 7-9% of all NB cases [331].
Mutations in ALK-F1174 (V, L, S, I, C) and ALK-R1275 (L or Q) are the two
most frequently observed hot spot mutations in the kinase domain, accounting
for 70-80% of all ALK mutant cases [304, 305, 328-330]. These two hot spot
mutations or ALK-K1062M mutations resulted in transforming phenotypes
when expressed in nude mice or NIH3T3 cells [328, 329]. Also, in co-
operation with MYCN, ALK-F1174L mutation enhances the tumorigenic
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activity in NB mouse models [325]. Further in 2011, Schonherr and colleagues
reported a kinase dead mutant (11250T) which potentially acts in a dominant-
negative manner [332]. Based on the activation of the receptor ALK mutations
can be characterized into three groups: (i) Ligand independent mutations
(F1174L, Y1278S, R1275Q), (ii) Kinase dead mutations (11250T) and (iii)
Ligand dependent mutations (A1234, A1099, T1151) [333]. Recently, it has
been reported that activating ALK point mutations (F1174L/S, Y1278S,
L1196M and T1151R) are observed in 30-40% relapsed NB cases [164, 334-
336]. Pharmacological inhibition or siRNA knockdown of ALK in NB cells
results in decreased cell proliferation [330, 337]. Taken together, targeting
ALK and its downstream target might benefit ALK positive NB patients.

Other factors which also contribute NB tumorigenesis are, LOH of 14q,
amplification of DDX1 gene at 2p24, Neurotrophin receptors, ganglioside
GD?2, polycomb complex protein Bmi-1, micro RNAs (miR-10b, miR-29a/b,
miR-335), paired-like homebox 2B (PHOX2B) mutations, Alpha
Thalassemia/Mental Retardation Syndrome X-linked (ATRX), checkpoint
kinase 2 (CHEK?2), BRCA-1 associated RING domain protein 1 (BARD1),
loss of cyclin dependent kinase inhibitor 2A (CDKN2A), mouse double minute
2 homolog (MDMZ2) and glycosyltransferase (B4GALT3) [303, 338-344].
Recently, Pandey and colleagues reported that long noncoding RNA, NBAT-
1 regulates NB tumorigenesis via cell proliferation and neuronal differentiation
[345].

1.6.2 Treatment strategies in neuroblastoma

Chemotherapy

Chemotherapy is preferred based on NB risk group. For intermediate NB risk
group carboplatin, cyclophosamide, doxorubicin, and etoposide are preferred
[346, 347]. For high NB risk group cisplastin, cyclophosamide, topotectan,
vincristine and etoposide are preferred [346, 347]. However the cure rates has
not been changed significantly in recent years [347].

Retinoids

NB is characterized as poorly differentiated cells, therefore induction of
differentiation in these cells should reduce the proliferation of NB cells.
Several studies have shown that 13-cis retinoic acid (RA) induces
differentiation in NB cells in culture [348, 349]. RA has been preferred in
children with high risk NB due to increases in survival rate and reduced
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toxicity in those patients [350]. However, combinatorial treatment with RA
produces even more better survival rates [351].

Immunotherapy

In 1977, Shochat and colleagues reported that NB cells express high levels of
sialic acid and gangliosides on their surface [352]. However, sialic acid did not
correlate with the prognosis of NB when compared to gangliosides [352].
These agents are required in cell migration, adhesion and metastasis [353].
Immunotherapy with the anti-GD2 (disialoganglioside) monoclonal antibody
dinutuximab, a tumor-associated surface antigen has been tested in several
clinical trials alone or in combination with differentiation therapy (13-cis
retinoic acid) or with granulocyte macrophage colony-stimulating factor GM-
CSF or with IL-2 [351]. Dinutuximab (Unituxin) was approved by FDA in
2015 as a first-line therapy for treating high risk NB patients [354].

Radionuclide therapy

1311-metaiodobenzylguanidine (**I-MIBG), a radionuclide has also been
implicated as a therapeutic agent in NB. NB cells actively take up **'1-MIBG
and improve the response of NB patients [355]. However, long-term toxicity
can be severe in these cases [355].

Programmed cell death (Apoptosis)

An alternative way to reduce the proliferation of NB cells is by inducing
apoptosis. Fenretinide, is a retinoid which induces apoptosis in a caspase
dependent manner in NB cells [356]. Combination of fenretinide with
chemotherapeutic drugs had a synergistic induction of apoptosis in NB cells
[357]. Targeting neurotrophin receptors also induce apoptosis in NB cells
[358]. Expression of TrkB, a neurotrophin receptor, correlates with MYCN
amplification and together leads to clinically unfavourable NB cases [303].
The FDA has provided Orphan Drug designation to a Trk inhibitor
(Entrectinib) for treating NB patients [359].

Targeting MYCN

MYCN status has been a bonafide prognostic marker in NB [293, 295].
Targeting of MYCN would be beneficial for high risk NB cases. Similar to
ot